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Preface

Diabetes mellitus is one of the most prevalent chronic diseases in the modern world. Plant

compounds have proven beneficial in in vitro and in vivo studies, reducing the systemic impact

of the disease and acting via multiple mechanisms: the antioxidant effect, the anti-inflammatory

effect, the hypoglycaemic effect, the lowering of blood lipids, and protection of the function of beta

cells. Plant compounds are important adjuvants in diabetes mellitus treatment, helping to reduce the

impact of hyperglycaemia and insulin resistance by acting at the molecular level on certain pathogenic

mechanisms. It is important to remember that plant compounds research does not replace the classic

medical treatment but is an adjuvant. Research in our Special Issue focusing mostly on diabetes

rat models demonstrates that key plant compounds have beneficial effects in diabetic retinopathy,

diabetic kidney disease, the vascular system as well as numerous biochemical parameters.

With 10 papers published, we consider this reprint as a valuable achievement for all of us,

authors and editors.

Cosmin Mihai Vesa and Dana Zaha

Editors
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The Potential of the Flavonoid Content of Ipomoea batatas L. as
an Alternative Analog GLP-1 for Diabetes Type 2
Treatment—Systematic Review
Ni Kadek Santi Maha Dewi 1,2 , Yan Ramona 3, Made Ratna Saraswati 4, Desak Made Wihandani 5

and I Made Agus Gelgel Wirasuta 2,6,*

1 Doctoral Study Program, Faculty of Medicine, Udayana University, Denpasar 80232, Indonesia;
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6 Forensic Sciences Laboratory, Institute of Forensic Sciences and Criminology, Udayana University, Kampus
Bukit Jimbaran, Denpasar 80361, Indonesia

* Correspondence: gelgel.wirasuta@unud.ac.id

Abstract: Ipomoea batatas L. (IBL) has gained significant popularity as a complementary therapy or
herbal medicine in the treatment of anti-diabetes. This review seeks to explore the mechanism by
which flavonoid compounds derived from IBL exert their anti-diabetic effects through the activation
of GLP-1. The review article refers to the PRISMA guidelines. In order to carry out the literature
search, electronic databases such as Science Direct, Crossref, Scopus, and Pubmed were utilized.
The search query was based on specific keywords, including Ipomoea batatas OR sweet potato
AND anti-diabetic OR hypoglycemic. After searching the databases, we found 1055 articles, but
only 32 met the criteria for further review. IBL contains various compounds, including phenolic
acid, flavonols, flavanols, flavones, and anthocyanins, which exhibit activity against anti-diabetes.
Flavonols, flavanols, and flavones belong to a group of flavonoids that possess the ability to form
complexes with AlCl3 and Ca2+. The intracellular L cells effectively retain Ca2+, leading to the
subsequent release of GLP-1. Flavonols, flavones, and flavone groups have been found to strongly
interact with DPP-IV, which inhibits the degradation of GLP-1. The anti-diabetic activity of IBL is
attributed to the mechanism that effectively increases the duration of GLP-1 in the systemic system,
thereby prolonging its half-life.

Keywords: anti-diabetic; GLP-1; Ipomoea batatas L. flavonoid; pharmacology

1. Introduction

The rise in diabetes cases worldwide can be attributed to several factors, including
aging populations, population growth, and the increasing prevalence of the disease among
different age groups [1]. According to projections made by the World Health Organization,
DM is anticipated to rank as the seventh highest cause of mortality on a global scale by
the year 2030. This forecast is based on the significant increase in the prevalence of this
disease in recent times. In 2015, the International Diabetes Federation reported a staggering
415 million cases of diabetes worldwide. Alarming as it may be, this number is projected to
climb even higher, reaching an estimated 642 million cases by the year 2040, according to
their latest forecasts [2].

1
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A total of 1055 publications have been identified to examine/report the potential of
Ipomoea batatas L. (IBL) as an alternative method for diabetes treatment (Figure 1). These
publications were categorized into 12 distinct research clusters, which were distinguished
by the size of their nodes. The majority of the extensive cluster focused on Ipomoea batatas L.
as an anti-diabetic and antioxidant, while a smaller portion delved into only one group,
reporting on the mechanism of Glucagon-like peptide-1 (GLP-1) on IBL.
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All the published articles searched for our review mentioned that IBL contains various
active compounds, including flavonoids, anthocyanins, phenolic acids, caffeoyl derivatives,
triterpenoids, and alkaloids. Each compound is still discussable regarding its pharma-
cological mechanism. Recent reports indicated that flavonoid compounds have been
demonstrated to have efficacy against diabetes mellitus (DM). The occurrence effect of
flavonoid consumption to reduce DM is signaled by several signaling pathways, namely
glucose transporters, liver enzymatic, tyrosine kinase inhibition, AMPK, PPARγ, and NF-
κB [3–5]. At present, researchers have identified 27 IBL cultivars that possess anti-diabetic
properties. These compounds exhibit pharmacological effects and target multiple sites of
action, namely the pancreas, liver, skeletal muscle, and adipose tissue [6]. IBL’s therapeutic
effect on diabetes is achieved through a multifaceted pharmacological mechanism that acts
on various chemical and pharmacological sites.

The compounds that have been identified were predicted to work in the gastroin-
testinal (GI) tract by α-glucosidase inhibition through the degradation of polysaccharides
into monosaccharides and the secretion of GLP-1. It can lead to a reduction in gastric
emptying, a decrease in gastrointestinal motility, and an increase in insulin secretion [7,8].
These findings also illustrated the effect on lowering blood pressure and cholesterol, both
of which were identified as risk factors for DM based on the resulting outcome. A study
IBL extract could induce the release of GLP-1, thereby making it an effective anti-diabetic
agent [9]. This review article explores the potential and action mechanism of flavonoid
compounds in IBL that can trigger GLP-1 activation.
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2. Materials and Methods
2.1. Search Strategy

Consistent with the PRISMA criteria, we implemented a search strategy to conduct
our study [10]. Searching for relevant articles, we conducted a systematic review of IBL’s
therapeutic potential in anti-diabetic treatment. We used several selected databases, such
as Science Direct, Scopus, Crossref, and Pubmed, to search extensively for the literature.
The keywords encompassed in the search query were (1) Ipomoea batatas OR sweet potato
AND (2) anti-diabetic OR hypoglycemic.

2.2. Inclusion Criteria

We selected research articles that focused on the effects, anti-diabetic potentials, phy-
tochemical compounds, and signaling mechanisms of Ipomoea batatas. English-written
articles that relied on in vitro and in vivo studies formed the core of these research pa-
pers. The selected studies evaluated at least three essential measures: (1) Ipomoea batatas,
(2) phytochemical compounds, and (3) the signaling mechanisms involved.

2.3. Exclusion Criteria

In order to proceed with our review, we excluded conference papers, thesis disserta-
tions, review articles, papers published for conferences, and manuscripts without abstracts
or that did not meet the inclusion requirements. Studies that looked into the relationship
between Ipomoea batatas and other diseases were not part of this analysis.

2.4. Data Extraction and Management

To compile the articles for this study, a reference manager called Zotero was utilized.
By examining the publications that met the inclusion criteria, we proceeded with our
analysis. The information gathered included the (1) type/cultivar, (2) part of the plant,
(3) identified compound, (4) bioactive compound, (5) site of action, and (6) anti-diabetic
mechanism pharmacology activity of IBL.

2.5. Data Extraction Strategy

In this literature review, the outcomes of various in vitro and in vivo studies examining
the influence of IBL on type 2 DM were presented. Sections 3 and 4 describe the results of
the reports regarding the phytochemicals involved. In Section 5, we analyze the findings,
considering the sites of action and pharmacological mechanisms of diabetes treatment.

3. Results
The Literature Search

The literature search identified 1055 articles relevant to the topic (Figure 1). Duplica-
tions were detected and removed, totaling 44 articles. Based on screening the titles and
abstracts, 865 articles were removed. Then, 125 articles were further excluded based on the
results of the screening of the inclusion criteria mentioned above. A total of 31 appropriate
articles were reviewed in more depth in Table 1. The successful data extraction is shown in
the flow diagram displayed in Figure 2.
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4. Discussion
4.1. Type or Cultivar

IBL has several varieties. These varieties are differentiated based on tuber color, skin
color, leaf color, texture, and size. The number of cultivars identified in this journal was 27,
with several variations, such as orange [16,22,28,33], purple [12,14,19,21,24,25,27,33,34,40],
and white IBL [8,9,14–16,18,21,24,27–30,34,36,37]. Differences in the cultivars will affect the
phytochemical contents and their anti-diabetic activity.

4.2. Parts of Plant and Phytochemical Identified of IBL

Many reports mentioned that parts of IBL used for its anti-diabetic effects include
the leaves, tubers, and tuber skin. Each part has different chemical compositions. In
purple IBL tubers, the anthocyanin content commonly used as a marker is higher than
in its leaves. The concentration of anthocyanins is also greater in purple IBL compared
to white or orange IBL. The phenolic acid content, such as 3,4,5-Tricaffeoylquinic acid,
chlorogenic acid, caffeic acid, Isochlorogenic acid C, Isochlorogenic acid A, and caf-
feoyl acid derivative [10,11,15,20], flavonoid groups such as C3R, C3G, C35G, cyanidin
3-caffeoyl-p-hydroxybenzolsophoroside-5-glucoside, P3G, peonidin 3-caffeoyl-p hydroxy-
benzoyl sophoroside-5-glucoside, peonidin 3-O-[2-O-(6-O-E-feruloyl-β-D-glucopyranosyl)-
6-O-E-caffeoyl-β-D-glucopyranoside]-5-O-β-D-glucopyranoside [21,27], quercetin, epi-
catechin, protocatechualdehyde, rutin, kaemferol, isoquercitrin, and jaceosidin, have
been identified in such type of potato. They directly serve as effective anti-diabetic
agents [10,11,22,35]. Flavonol, a subclass of flavonoids, is extensively found in various
natural sources. Flavonols, such as quercetin and epicacthecin, demonstrated their potential
for increasing GLP-1 secretion in a tissue culture of GLUTag cells [41]. Ground triterpenoid,
such as trans-N-feruloyltyramine, trans-N-(p-coumaroyl) tyramine, cis-N-feruloyltyramine,
and 7-hydroxy-5-methoxycoumarin, and alkaloid groups such as Indole-3-carboxaldehyde
also have potential as anti-diabetic agents [16].
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4.2.1. Site of Action

GLP-1 is produced in the intestine through the posttranslational processing of
proglucagon. The L cells, primarily found in the colon and ileum, are types of open-
type epithelial cells that directly interact with nutrients in the intestinal lumen. The level
of GLP-1 in circulation quickly rises due to nutrients such as carbohydrates, fats, proteins,
and dietary fiber [42]. Glucose is taken up through GLUT-2, fructose through GLUT-5, and
SCFAs are absorbed and metabolized intracellularly. The GLP-1 secretion is induced by
the closure of KATP channels, which is a result of carbohydrate uptake through SGLT1,
GLUT-2, and GLUT-5. Through intracellular metabolism, cell membrane depolarization is
triggered, leading to the production of ATP and the closure of KATP channels. Additionally,
this process facilitates the opening of voltage-gated Ca2+ channels. Furthermore, the uptake
of free amino acids and peptides also induces depolarization and the subsequent activation
of voltage-gated Ca2+ channels (VGCCs). The activation of VGCCs is brought about by the
coupled transport of Na+ for amino acids and PepT1 for peptides, leading to the stimulation
of GLP-1 secretion. The release of GLP-1 is triggered by the influx of extracellular Ca2+ and
the release of Ca2+ from intracellular reservoirs, resulting in additional depolarization and
the subsequent activation of the exocytotic machinery [43,44]. The excessive production of
GLP-1 within the cells results in its dispersion across the entire systemic system. It then
attaches to the GLP-1R receptor found in different organ tissues, including the skeletal
muscle, adipose tissue, liver, pancreas, and gastrointestinal tract. The binding of GLP-1
to the liver results in a decline in glucose production, while concurrently promoting an
elevation in glucose uptake within adipose tissue and muscle [45,46].

Various flavonoid compounds, including hispidulin, epicatechin, quercetin, C3G, 5,7-
dihydroxy-6-4-dimethoxyfavanone, and homoesperetin-7-rutinoside, have demonstrated
their ability to enhance GLP-1 release both in vitro and in vivo. GLP-1 stimulation has
been demonstrated in GLUTag cells when exposed to epicatechin, C3G, and hispidulin.
Homoesperetin-7-rutinoside has also exhibited stimulation through molecular docking [47].
The chelation of Ca2+ by quercetin, similar to the chelation of AlCl3, has been documented
in various studies. Complexes between quercetin and metals are formed at the ortho
positions O3/O4, O4/O5, and O3′/O4′, as detailed by numerous reports in the literature
(Figure 3) [48]. Compounds belonging to the flavonol, flavanol, and flavones groups
exhibit activity against AlCl3, resulting in a yellow color change. It is anticipated that these
compounds will operate via a similar mechanism against Ca2+. These compounds have
the ability to prolong the half-life of GLP-1, leading to an elevation in insulin release and a
modification in glucose absorption from systemic to cellular in the form of glycogen [49].
Furthermore, the A or B rings of flavonoids are capable of interacting with AlCl3 through
their ortho-dihydroxyl groups, resulting in the formation of complexes that are susceptible
to acid [50].

Increased oxidative stress is largely responsible for the development and improvement
of DM and its complications. Pancreatic islets have low expression levels of antioxidant
enzymes, which make them more vulnerable to oxidative damage. Biomarkers such as
MDA are used to assess oxidative stress, with increased levels indicating higher levels
of lipid peroxidation. Oxidative stress in diabetes is reduced by GLP-1, which activates
the cAMP, PI3K, and PKC pathways through receptors and Nrf-2. This also increases the
antioxidant capacity. Conversely, oxidative stress can be reduced by suppressing ROS
through radical scavenging and chelating mechanisms, thus protecting pancreatic beta
cells [51].
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4.2.2. Gastrointestinal Tract
Regulation of Carbohydrate Metabolism

The inhibition of α-glucosidase influenced the capability of the small intestine to inhibit
the absorption of carbohydrates. This particular enzyme inhibited the conversion of com-
plex carbohydrates and was unable to be assimilated into simple carbohydrates [52]. The
IC50 values of all the compounds were investigated to be in the range of 4.46 µM to 64.14 µM,
which were observed in various studies on the efficacy of α-glucosidase inhibitors in com-
parison to acarbose. Ethyl caffeate could inhibit α-glucosidase more effectively (about
6.77 times more than acarbose). These flavonoid compounds had a potent inhibitory effect
on α-glucosidase, such as rutine, isoquercitrin, quercetin, kaempferol, and hyperoside [12].
Compared to acarbose, Trans-N-(p-coumaroyl)tyramine, 3,4,5-Tricaffeoylquinic acid, trans-
N-feruloyltyramine, and cis-N-feruloyltyramine inhibited α-glucosidase 37.9, 36.6, 18.7,
and 11.8 times more effectively, respectively. Quercetin-3-O-glucosidase and 7-Hydroxy-
5-methoxycoumarin, with respective IC50 values of 22.38 ± 1.73 µM and 64.14 ± 9.23 µM,
also had good activity [16]. Chlorogenic acid was also predicted to have inhibition activities
on α-glucosidase and tyrosinase. The docking results also supported that Chlorogenic acid
binds to the active site of α-glucosidase and can act in a reversible competitive manner
through hydrogen bonds [19]. Peonidin 3-O-[2-O-(6-O-E-feruloyl-β-D-glucopyranosyl)-6-
O-E-caffeoyl-β-D-glucopyranoside]-5-O-β-D glucopyranoside showed that a potent mal-
tase inhibition was preferred over sucrase inhibition [27]. The aqueous fraction contained
an acidic glycoprotein (IC50 53 µg/mL) that exhibited anti-diabetic properties and was
predicted to have a mechanism of α-glicosidase inhibition, which is a significant break-
through for the care of DM. This finding is particularly noteworthy when compared to
acarbose [14].

Ethyl caffeic had an α-amylase activity that was 13.1 times stronger than acarbose.
This was possibly due to the contribution of the OH group of the ethyl caffeic binding to
the enzyme. The mixed-type inhibition of α-amylase by chlorogenic acid occurred as a
result of the binding of chlorogenic acid to amino acid residues near the active site through
hydrogen bonds. This binding process led to a modification in the secondary structure
of the enzyme’s protein, thereby inhibiting its activity [12]. C3G, C3R, C35G, and P3G
had IC50 values of 0.024 ± 0.003 (mM), 0.040 ± 0.007 (mM), 0.031 ± 0.007 (mM), and
0.075 ± 0.007 (mM), respectively, for porcine pancreatic α-amylase inhibition These four
anthocyanin compounds were proven in silico, and the active side of the compound was
thought to be mediated by interacting with the carboxylate group of GLU233. C3G was the
most potent inhibitor of the four compounds, with a low Ki of 0.0014 mM. The Ki values
of the other compounds were much higher: 0.019 nM for C3R, 0.020 nM for C35G, and
0.045 nM for P3G. The inhibition activity was observed to be conferred by the shared key
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side chain GLU233 [21]. Each compound induced absorption that exclusively took place as
fiber and was subsequently eliminated through the gastrointestinal tract.

Increased Insulin Secretion

GLP-1, a hormone known as incretin, is released by intestinal endocrine L cells, which
exhibit an effect of eaten food. The enhancement of GLP secretion in the gastrointestinal
tract can lead to an improvement in insulin secretion, a decrease in GI motility, and a delay
in gastric emptying. Various studies have identified compounds belonging to the phenolic
acid and flavonoid groups that exhibit potential for augmenting GLP-1 secretion [7,8].

The most potent chlogenic acid derivative was 3,4,5-Tricaffeoylquinic acid, which
increased GLP-1 secretion around 10-fold compared to the sulfonylure control tested on
GLUTag cells. The same effect was also produced during the in vivo test, where the treat-
ment group produced more GLP-1 secretion compared to the sulfonylurea control group.
Hence, GLP-1 has the ability to maintain glycemic balance without the potential of inducing
hypoglycemia. The elevation of cAMP concentrations may lead to the stimulation of GLP-1
secretion in both in the vivo model and a cell line. The noticed elevations in GLP-1 produc-
tion in L cells were caused by the activation of PKA and cAMP in the in vitro model using
GLUTag cells [9]. Cyanidin 3-O-glucoside (C3OG) and epicatechin functioned through the
activation of the cAMP/PKA and ERK 1

2 pathways. Ca2+ chelation’s mechanism of action
led to an elevation in the intracellular Ca2+ concentration, consequently resulting in an
augmentation of GLP-1 secretion. The activity of this compound seemed to be supported
by the appearance of a 3′4′ catechol group in the B ring, which was considered a crucial
chemical structural component [41]. Hispidulin was also recognized as an effective anti-DM
agent. Notably, the study demonstrated that hispidulin treatment led to an increase in the
intracellular cAMP levels in L cells [47].

An alternative approach that has shown clinical benefits involves inhibiting DPP-4
to prolong the duration of GLP-1. Flavonoids, namely flavonol, flavanol, and flavone
(Figure 3), displayed varying degrees of inhibitory activity, which were dependent on their
concentration. Notably, narcissoside, myricetin, C3OG, hyperoside, and isoliquiritigenin
demonstrated higher inhibitory activities. An analysis of the relationship between the
structure and activity revealed that incorporating hydroxyl groups at positions C3′, C4′,
and C6 in the flavonoid structure enhanced the effectiveness of DPP-4 inhibition. However,
the addition of a hydroxyl group at position three of ring C in the flavonoid configuration
was discovered to be disadvantageous for suppression. Additionally, the methylation of
the hydroxyl groups at positions C3’, C4′, and C7 of the flavonoid conformation tended to
reduce the inhibitory activity against the DPP-4 enzyme. Furthermore, it was determined
that the presence of a 2,3-double bond and a 4-carbonyl group on ring C of the flavonoid
configuration was crucial for achieving the inhibitory effect [53].

4.2.3. Pancreas
Inhibiting Apoptosis Beta Cell and Recovering the Islet Structure through Protective
Cell Beta

Pancreatic beta cells have a crucial function in regulating glucose balance and serve
as the primary producers of insulin. Their role encompasses the synthesis, storage, and
secretion of insulin [54]. The research findings indicated that the IC50 value for total
compound fell within the range of 9.69 ± 0.03 µM to IC50 125 ± 0 µM for Vit C. This
particular range demonstrated a significant efficacy for conferring natural antioxidant
properties to the compound. An elevation in ROS was the sole factor responsible for harm
to the beta cells. Antioxidants in abundance are believed to have the potential to diminish
ROS, leading to the recovery of islet beta cells. This recovery process will enhance the
insulin secretion process through protective cell beta.

Giving SPLP (sweet potato leave phenol) leaf extract from Beijing to T2DM mice for
4 weeks showed a recovery of pancreatic tissue with an increased area and complete islet
structure, increased mass, and clear borders. Giving SPLP treatment inhibited beta cell
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apoptosis. Phenolic compounds, including 1-caffeoylquinic acid, chlorogenic acid, caffeac
acid, and 3,4,5-tricaffeoylquinic acid, are believed to have the competence to govern the
process of beta cell regeneration. The IC50 value of 3,4,5-Tricaffeoylquinic acid indicated a
radical scavenging activity that was 10.8 times more potent than the control substance, ce-
vitamic acid. Subsequently, the other compounds exhibiting greater strength than ascorbic
acid included Isochlorogenic acid C, Isochlorogenic acid A, Isochlorogenic acid B, Caffeic
acid ethyl ester, and Caffeic acid. Additional research has documented the presence of
ABTS-induced antioxidant activity. Ethyl caffeate and 3,4,5-Tricaffeoylquinic acid have been
identified as exhibiting commendable activity, with IC50 values comparable to that of ascor-
bic acid. The order of antioxidant potency, in terms of descending activity, can be arranged
as follows: Isochlorogenic acid C exhibited the highest potency, followed by Chlorogenic
acid, Neochlorogenic acid, caffeic acid, Cryptochlorogenic acid, Isochlorogenic acid A,
1-Caffeoylquinic acid, Isochlorogenic acid B, esculin, and finally 7-hydroxycoumarin.

Protocatechualdehyde exhibited the most potent antioxidant activity, surpassing that
of ascorbic acid by a factor of 2.32. Quercetin exhibited the highest antioxidant activity
among the flavonoid group, with a remarkable 4.14-fold increase compared to ascorbic acid.
Following closely, kaemferol and jaceosidin demonstrated a commendable ABTS radical
scavenging activity, which was nearly on par with cevitamic acid. In the DPPH radical
scavenging test, protocatechualdehyde displayed the most potent DPPH activity, surpass-
ing ascorbic acid by a significant factor of 2.69. Ethyl caffeate and 3,4,5-tricaffeoylquinic
had a good DPPH activity. The descending order of DPPH antioxidant activity, ranging
from high to low, is as follows: caffeic acid, isochlorogenic acid C, chlorogenic acid, 1-
caffeoylquinic acid, neochlorogenic acid, isochlorogenic acid A, cryptochlorogenic acid,
isochlorogenic acid B, 7-hydroxycoumarin, and esculin. Quercetin exhibited a significantly
higher DPPH radical scavenging activity that was 1.8 times greater than that of cevitamic
acid. Notably, isoquercitrin, hyperoside, kaempferol, and routine also demonstrated com-
mendable scavenging capabilities. The remarkable DPPH radical scavenging capacity of
caffeic acid could be attributed to its 1,2-phenolic diol group, as well as its conjugation
involving the C=C and C=O bonds. Another mechanism using the FRAP method was that
protocatechualdehyde had a 2.22 stronger activity than cevitamic acid. Ethyl caffeate, caf-
feac acid, 3,4,5-tricaffeoylquinic acid, and Isochlorogenic acid also had a good activity. For
the flavonoid compounds, namely quercetin produced a stronger reducing power activity
of 1.54 compared to vitamin C. Hyperoside, kaempferol, isoquercitrin, and rutine exhibited
commendable FRAP capacities [11,16,55]. The IC50 values of SPLP were consistent with a
prior study, indicating a more potent oxidative stress protection compared to polyphenols
derived from tea and grape seed [56].

The significant increase in the enzymatic antioxidants SOD and GSH-Px were cor-
related with an antioxidant activity to reduce ROS. A decrease in ROS will cause the
recovery of pancreatic beta cells. The compound suspected in this process was protein-
bound anthocyanin from tuber. Anthocyanins that were identified from purple IBL
and possibly bound to protein were peonidin-3-cyanidin-3-sophoroside-5-glucoside and
sophoroside-5-glucoside [15,24,57]. Additional research indicated that Cyanidin 3-caffeoyl-
p-hydroxybenzoyl-sophoriside-5-glucoside exhibited the most potent antioxidant proper-
ties among the various anthocyanin compounds. This finding was determined through
the utilization of ascorbic acid and the ABTS and DPPH methods, as stated in the alterna-
tive investigations. Furthermore, peonidin 3-caffeoyl sophoroside-5-glucoside exhibited
superior antioxidant activities compared to peonidin3-(6′′-caffeoyl-6′′-feruoyl sophoroside)-
5-glucoside and peonidin3-caffeoyl-p-hydroxybenzoyl-sophoroside-5-glucoside [33].

Tuber extract and orange-fleshed IBL leaves as beta cell protectors can reduce lipid
peroxidation through a radical scavenging mechanism and the results of measuring the
antioxidant activity with FRAP and TEAC can significantly reduce ROS. The antioxidant
capacity values using FRAP were, respectively, 299.8 ± 2.5 and 296.9 ± 7.4 (µM AAE/mg
protein) and testing using the TEAC method were 127.9 ± 2.10 and 126.3 ± 2.51 (µM
TE/mg Protein). The results of this test were greater than standard ascorbic acid, namely

16



Metabolites 2024, 14, 29

271.0± 4.17 (µM AAE/mg protein) and 107.2± 1.68 (µM TE/mg protein). The compounds
predicted to be contained in the extract that had radical scanning activity were caffeic acid,
hyperoside, protocatechuic acid, quercetin, routine, and vanillic acid [22]. Caffeic acid was
reported to be a compound with a potent antioxidant activity [58,59]. MAE (microwave
assisted extraction) leaves of purple IBL cultivar antin-3, which were predicted to contain
the anthocyanin group, produced an IC50 value of 61.91 ± 1.11 ppm [37].

This compound worked directly in increasing insulin secretion through the repair of
islet beta cells. This compound was responsible for scavenging reactive oxygen species
(ROS) and elevating the AMP/ATP ratio within beta cells. The alteration in the AMP/ATP
ratio triggered the activation of mitochondrial targets, leading to the induction of mitogen-
esis and the stimulation of insulin secretion [60].

Suppression of the Anti-Inflammatory Pathway

The compounds identified from Bandungan, Java, Indonesia, were anthocyanin, cat-
echin, quercetin, proanthocyanin, and caffeic acid. These compounds were predicted to
work in the pancreas by inhibiting the anti-inflammatory mechanisms [20]. The administra-
tion of the leaf extract at a dose of 2.5 g/kgBW for a duration of 14 days demonstrated a
noteworthy 50% augmentation in pancreatic islet cells in comparison to the control group.
Conversely, the administration of caiapo at a dose of 5 g/KgBW over a period of 8 weeks
substantially enhanced the beta cell mass by a two-fold increase when compared to the
untreated diabetic control subjects (p < 0.05). The results indicated that increased dosages
of the extract could potentially result in a more significant restoration of islet beta cells. It
is important to highlight that the extract was thought to comprise quercetin, chlorogenic
acid, caffeic acids, and their derivatives. The anti-inflammatory characteristics of these
compounds are believed to play a crucial role in diminishing inflammation by inhibiting
inflammatory mediators. Quercetin is known to inhibit tyrosine kinase activity, which has
been shown to be anti-diabetic. The regulation of quercetin effects through the inhibition
of the NF-κB activation of beta cells also helps to improve glucose-stimulated insulin se-
cretion [14,61,62]. Apart from that, the content of chlorogenic acid, caffeic acids, and their
derivatives is thought to be able to inhibit the JNK, P38 MAP, and NF-κB pathways and
is also associated with various inflammatory mediators, including IL-6, CRP, and TNF-α.
It has also been reported that inhibiting oxidative stress may also induce hypoglycemic
effects [35].

4.2.4. Liver
Improving Insulin Secretion and Insulin Sensitivity by Reducing Glucose Synthesis

The primary structures of other acylated anthocyanins, namely C3S5G and P3S5G,
are anticipated to play a vital role in improving glucose absorption and increasing insulin
levels. According to the studies, this compound can lower glycolysis through p-AMPK
activity impairment. The treatment group given 200 mg/kg of free anthocyanin compound
of sweet potato (FAC-PSP) extract containing 40.74 ± 2.88 mg C3G/g for 4 weeks showed a
substantial rise in the p-AMPK expression levels. In the liver, the insulin-responsive glucose
transporter GLUT-2 is crucial for metabolism and glucose uptake. The manifestation of the
GLUT-2 protein possesses the capability to amplify the re-uptake and usage of glucose in
the liver [24]. Cyanidin 3-caffeoyl-p-hydroxybenzolsophoroside-5-glucoside and Peonidin
3-(6′′-caffeoyl-6′′′-feruloyl sophoroside)-5-glucoside have been found to restrain hepatic
gluconeogenesis in HepG2 cells. However, the outcomes of an in vivo study investigating
the effects of cyanidin revealed that oral administration significantly reduced fasting blood
glucose levels from their initial high values at time zero (186–205 mg/dL, respectively [33].

According to earlier studies, it was found that blackcurrant extract, which consists
of 45% anthocyanins and 82% total polyphenols, has potential to enhance plasma GLP-
1 levels by approximately 30% and stimulate AMPK in the liver. Cyanidin 3-caffeoyl-p-
hydroxybenzolsophoroside-5-glucoside and Peonidin 3-(6′′-caffeoyl-6′′′-feruloyl sophoroside)-
5-glucoside have been reported to restrain hepatic gluconeogenesis in HepG2 cells. How-
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ever, the outcomes of an in vivo study investigating the effects of cyanidin revealed that
oral administration significantly reduced fasting blood glucose levels from their initial high
values at time zero (186–205 mg/dL, respectively) [63,64]. The blocking of PEPCK and the
G6Pase expression exhibited remarkable effectiveness in thwarting the escalation of blood
glucose levels. This indicates that the process of gluconeogenesis will be suppressed, lead-
ing to a subsequent decrease in the production of glucose [65]. There is ongoing discussion
regarding the mechanism by which GLP-1 affects hepatic gluconeogenesis and glycogen
formation in the liver. Some argue that these effects are directly mediated by GLP-1R in
hepatocytes, while others suggest that they may be indirectly mediated by the central
nervous system (CNS) or insulin release. In vitro studies have shown that GLP-1 promotes
glycogen synthesis and reduces gluconeogenesis by upregulating glycogen synthase, which
is downstream of PI3K/PKB, PKC, and serine/threonine protein phosphatase 1. Addition-
ally, GLP-1 decreased the expression of the gluconeogenetic enzyme phosphoenol pyruvate
carboxykinase in rat hepatocytes [65].

The current research was primarily focused on the P13K/AKT pathway, which is con-
sidered to be one of the key insulin signaling pathways. [66]. Moreover, the PI3K/AKT/GSK-
3ß signaling pathway activation not only improves insulin sensitivity and glucose
metabolism, but also exerts a beneficial influence on dyslipidemia. A study conducted
using high doses of sweet potato leaf polyphenols (SPLP) at 150 mg/kgBB demonstrated a
more effective reduction in fasting blood glucose (FBG) over a period of 4 weeks compared
to low-dose treatment. These findings suggested that the reduction in FBG by SPLP was
both dose-dependent and time-dependent. The various components of SPLP, including 1-
caffeoylquinic acid, 3,4,5-tricaffeoylquinic acid (3,4,5-triCQA), chlorogenic acid, caffeac acid
derivative, quercetin, isoquercitrin, hyperoside, and rutin, play a crucial role in regulating
hepatic glycogen synthesis in the liver. This regulation is mediated by insulin through the
upregulation of PI3K/AKT and the downregulation of the GSK-3ß FOXO1 expression [11].

4.2.5. Muscle
Enhancing the Absorption of Glucose, Secretion, and Insulin Sensitivity

The regulation of glucose metabolism and the maintenance of energy homeostasis
heavily relies on the insulin-stimulated uptake of glucose in skeletal muscle. The PI3K/Akt
pathway is a critical target for the treatment of type 2 diabetes mellitus (T2DM) due to its
involvement in modulating the signaling pathways associated with muscle function [66].
In this study, it was hypothesized that the presence of arabinogalactan and epigallocatechin
in WSPP was expected to result in an elevation in the expression degrees of p-IR, p-Akt,
and M-GLUT-4. Remarkably, the administration of high doses of DM + 30% WSP-Tuber
and DM + 5% WSP-Leave resulted in a significant reduction in fasting blood glucose levels,
thereby improving the fasting glucose tolerance [23]. Epigallocatechin has recently been
demonstrated to enhance the secretion of GLP-1. By overexpressing GLP-1, it will be able to
enter the systemic circulation and bind to the GLP-1R receptor in different tissues, including
skeletal muscle. Consequently, this binding event can lead to an elevation in the level
of cAMP signaling through the Gs protein, thereby promoting AMPK phosphorylation.
By promoting the translocation of GLUT-4 from its intracellular depot to the sarcolemma,
this process effectively stimulates glycogen synthesis and enables the uptake of glucose in
skeletal muscle [45,67].

Insulin induced a notable rise in AKT phosphorylation in another fraction within the
≤10 kDA range from WSSp [32]. The expression of GLUT-4, the NRF1 gene, and MERF2a
was observed to increase after subjecting C2C12 skeletal muscle cells to tissue culture
testing. In this experiment, the cells were subjected to different concentrations of OSPT
(orange sweet potato tubers) and OSPL (orange sweet potato leaves) for a period of 3 h.
The doses used were 500 µg/mL of OSPT and 100 µg/mL of OSPL. The expression of
GLUT-4, a key factor in glucose absorption, was regulated by the transcription factors
MEF2a and NRF1. The metabolism of glucose absorption was significantly influenced by
these transcription factors. The close relationship between the expression and activity of
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the GLUT-4 gene and the NRF1 and MEF2a genes, as well as their association with insulin
sensitivity and glucose homeostasis in skeletal muscle, has been discovered. ACC2 and
CPT1 play crucial roles as regulators of mitochondrial fatty acid oxidation, and therefore,
any interventions that affect their expression can impact intracellular lipid levels and have
therapeutic implications in managing insulin resistance. The enhanced expression of these
genes in the treated cells indicated that a compound derived from aqueous methanol
extracts of orange-fleshed IBL, containing caffeaic acid, catechin, hysperoside, kaemferol,
rutin, isovanillic acid, quercetin, protocatechui acid, and vanillic acid, holds the potential
for enhancing insulin sensitivity [22].

4.2.6. Adiposa
Increasing Glucose Uptake and Insulin Secretion

In vitro experiments have confirmed the effectiveness of a pure compound com-
prising quercetin 3-O-β-D sophoroside, quercetin, benzyl β-d-glucoside, 4-hydroxy-3-
methoxybenzaldehyde, and methyl decanoate. This compound significantly increased
the expression of PI3K, AKT, and GLUT-4 phosphorylation in 3T3-L1 adipocytes when
tested at a dose of 0.01 mg/mL through a Western blot analysis. The activation of this gene
increased GLUT-4 translocation so that glucose uptake also increased [13,68,69]. Caiapo
containing aglycoprotein 4 g/day orally has been clinically tested on 30 patients and has
been effective in reducing HbA1c progressively in diabetes patients for 1–2 months when
compared to the placebo group [30]. Other studies also reported that caffeic acid could
increase insulin secretion and sensitivity by increasing the adiponectin expression [31].
Adiponectin, a hormone that enhances insulin sensitivity and possesses anti-apoptotic and
anti-inflammatory properties, is predominantly synthesized in adipose tissue. In individ-
uals with obesity and type 2 diabetes, there has been a notable reduction in adiponectin
levels. The administration of adiponectin has been shown to augment glucose uptake
stimulated by insulin through the activation of AMPK in primary rat adipocytes. Moreover,
adiponectin directly interacts with insulin receptor substrate-1 (IRS-1) and plays a pivotal
role in facilitating insulin-mediated glucose uptake in adipocytes [70,71].

5. Conclusions and Future Perspective

IBL was reported to have variety and cultivars that contain chemicals with anti-diabetic
properties. Such chemical compounds include flavonols, flavanol, flavones, antochyanin,
phenolic acid, and triterpenoid groups. IBL can be considered as a multi-chemical and
multi-pharmacological site since it functions in multiple organs through various ways. GLP-
1 therapy for DM will prove to be quite advantageous in the future due to its efficacious
nature. Flavonols, flavones, and flavone groups capable of forming complexes with AlCl3
can also form complexes with Ca2+ through a chelation mechanism. Therefore, it is crucial
to scientifically establish the correlation between chelated AlCl3 + flavonoids, which have
the potential to stimulate GLP-1 production. Additionally, it is important to determine
whether the active AlCl3–flavonoid compound can inhibit the DPP-IV enzyme, as GLP-1
has a short half-life due to the degradation by this enzyme. The group compounds play a
crucial role in increasing GLP-1 activity and exerting its anti-diabetic effects, which would
subsequently strengthen insulin production and the uptake of glucose into cells as glycogen
from the systemic circulation.

Consequently, this research presents significant challenges that necessitate rigorous
scientific validation. Once this hypothesis is confirmed, it will pave the way for the
development of new drugs with well-defined pharmacological mechanisms. The results of
the ALCl3 + flavonoid complex require an isolation and structure elucidation process. It is
hoped that the structure of the compound in IBL, a new drug candidate for treating DM,
can be determined. Therefore, future research should involve in silico, in vitro, and in vivo
testing of each isolated compound to strengthen the understanding of the pharmacological
mechanisms involved. Subsequently, a chronic toxicity test should be conducted to ensure
the safety and efficacy of the new drug candidate. The findings from this research are
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expected to be valuable for the pharmaceutical industry, which is interested in further
developing it into drug formulations. Health professionals will gradually recognize that
herbal medicines share similar pharmacological mechanisms with synthetic medicines,
leading to an inclination towards prescribing herbal medicines for diabetes mellitus patients.
Therefore, policymakers should consider legalizing the prescription of natural medicines
among health professionals in order to provide patients with a sense of comfort when
receiving DM medications made from herbal ingredients in the future.
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Mădălina Moldovan 1,*, Ana-Maria Păpurică 1 , Mara Muntean 2 , Raluca Maria Bungărdean 3,
Dan Gheban 3,4 , Bianca Moldovan 5, Gabriel Katona 5 , Luminit,a David 5 and Gabriela Adriana Filip 1

1 Department of Physiology, Iuliu Hatieganu University of Medicine and Pharmacy, Clinicilor Street, No. 1,
400006 Cluj-Napoca, Romania; papurica.ana.maria@elearn.umfcluj.ro (A.-M.P.);
gabriela.filip@umfcluj.ro (G.A.F.)

2 Department of Cell and Molecular Biology, Iuliu Hatieganu University of Medicine and Pharmacy, Pasteur
Street, No. 6, 400349 Cluj-Napoca, Romania; muntean.mara@elearn.umfcluj.ro

3 Department of Pathology, Iuliu Hatieganu University of Medicine and Pharmacy, Clinicilor Street, No. 3-5,
400340 Cluj-Napoca, Romania; maria.bungardean@elearn.umfcluj.ro (R.M.B.); dgheban@gmail.com (D.G.)

4 Department of Pathology, Emergency Clinical Hospital for Children, Motilor Street, No. 41T-42T,
400370 Cluj-Napoca, Romania

5 Faculty of Chemistry and Chemical Engineering, Babes-Bolyai University, Arany Janos Street, No. 11,
400028 Cluj-Napoca, Romania; bianca.moldovan@ubbcluj.ro (B.M.); gabik@chem.ubbcluj.ro (G.K.);
luminita.david@ubbcluj.ro (L.D.)

* Correspondence: moldovan.madalina@elearn.umfcluj.ro

Abstract: Diabetic retinopathy (DR) and cataracts (CA) have an early onset in diabetes mellitus
(DM) due to the redox imbalance and inflammation triggered by hyperglycaemia. Plant-based
therapies are characterised by low tissue bioavailability. The study aimed to investigate the effect of
gold nanoparticles phytoreduced with Rutin (AuNPsR), as a possible solution. Insulin, Rutin, and
AuNPsR were administered to an early, six-week rat model of DR and CA. Oxidative stress (MDA,
CAT, SOD) was assessed in serum and eye homogenates, and inflammatory cytokines (IL-1 beta, IL-6,
TNF alpha) were quantified in ocular tissues. Eye fundus of retinal arterioles, transmission electron
microscopy (TEM) of lenses, and histopathology of retinas were also performed. DM was linked to
constricted retinal arterioles, reduced endogen antioxidants, and eye inflammation. Histologically,
retinal wall thickness decreased. TEM showed increased lens opacity and fibre disorganisation. Rutin
improved retinal arteriolar diameter, while reducing oxidative stress and inflammation. Retinas were
moderately oedematous. Lens structure was preserved on TEM. Insulin restored retinal arteriolar
diameter, while increasing MDA, and amplifying TEM lens opacity. The best outcomes were obtained
for AuNPsR, as it improved fundus appearance of retinal arterioles, decreased MDA and increased
antioxidant capacity. Retinal edema and disorganisation in lens fibres were still present.

Keywords: diabetic retinopathy; cataracts; gold nanoparticles; Rutin; antioxidant; early; incipient

1. Introduction

Research on ocular complications of diabetes mellitus (DM), including diabetic retinopa-
thy (DR) and cataracts (CA), is currently shifting its focus towards early detection and ther-
apy [1,2]. This is a shift from what is now regarded as the standard method, which primarily
focuses on late-phase treatment. These strategies have a painful and limited curative ability
for DR, and pose a significant economic burden for CA [3,4]. Moreover, CA surgery, despite
being a customary practice, was found to be associated with an increased risk of DR develop-
ment in diabetic patients [5]. The transition from advanced-stage management to early-stage
prevention is being made possible, firstly by advancements in screening [6,7].

Numerous studies have emphasized the pressing issue of timely detection at sub-
clinical stages, defined by the presence of morphophysiological alterations with limited
characteristic symptoms. One study on diabetic patients [2] described peripheral spoke-like
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lesions on the eye lens through slit-lamp examination, typically associated with cortical
CA (a type often linked to diabetes). These lesions only became symptomatic with ac-
cumulation in the centre of the lens, leading to impaired vision, correctable by surgery.
Likewise, subclinical abnormalities in DR resulting from early microvascular and neuronal
degeneration were measured using spectral domain optical coherence tomography and
optical coherence tomography angiography [8].

Thus, the impact of subclinical diagnosis by various screening methods could be in-
creased by subsequent treatment. At present, lifestyle changes are primarily recommended,
specifically blood glucose management. A metanalysis study [9] found that, despite being
guideline advocated, strict glycaemic control could not be correlated to significant benefits
against microvascular complications. To address this research gap, recent studies have
postulated the use of plant-derived antioxidants as effective remedies for diabetes-induced
complications. This can be justified by the existing understanding of pathophysiology. Ac-
cording to Brownlee’s hypothesis [10], there is a singular common mechanism that causes
both diabetes and its complications—increased production of reactive oxygen species (ROS).
This model states that the typical diabetes-linked reduced amount of insulin and/or its
effects trigger a systematic chain of events. Firstly, the ensuing hyperglycaemia stimulates
an increased flux through the major pathways responsible for diabetes damage—polyol,
hexosamine, protein kinase C (PKC), advanced glycation end-product formation (AGEs)
and activation of Poly(ADP-ribose) polymerase. Secondly, vulnerable glial cells, such
as astrocytes, Müller cells and microglia, enter a state of oxidative stress, which is cou-
pled with an increase in the secretion of proinflammatory cytokines, TNF-α, IL-1β, and
IL-6 [11]. Furthermore, it has been proposed [12] that the retinal glia hosts a resident
renin-angiotensin system (RAS), which produces local Angiotensin II (Ang II). Intraocular
levels of Ang II have been shown to rise in diabetes and were associated with an increased
inflammatory and oxidative stress response. Ang II has also been found to stimulate the
retinal microglia through the Angiotensin type 1 receptor (AT1), leading to a decrease in
retinal blood flow, independent of systemic changes [13]. Similarly, RAS modulators have
demonstrated anticataract properties, possibly by inhibiting the AT1-mediated production
of ROS [14].

A variety of antioxidant plant compounds have been suggested as potential treatments
for diabetic ocular complications, each presenting individual strengths and weaknesses.
Among these compounds, Rutin, a flavonol from the flavonoid subclass of dietary polyphe-
nols, shows promising properties for managing DM. Rutin is known for its antioxidant and
anti-inflammatory abilities [15]. Additionally, a recent study has demonstrated that Rutin
can act as an inhibitor of AT1 receptors [16]. Moreover, it can lower glycaemia by inhibiting
carbohydrate absorption and gluconeogenesis, and it can promote insulin secretion and
the cellular uptake of glucose [15]. This compound has also been shown to decrease serum
triglycerides, LDL, and VLDL, with high HDL levels in experimental models [15].

The main disadvantage of Rutin is its low bioavailability, attributed to its highly
hydrophilic nature, which hinders diffusion through cell membranes. After ingestion,
Rutin is hydroxylated to quercetin, a compound quickly metabolised in the body, resulting
in limited bioavailability [17].

Delivering therapeutic agents to the eye poses an additional challenge. As such,
barriers exist for both topical administrations, the tear layer and corneal epithelium with
tight junctions [18], and systemic delivery, including the blood–aqueous barrier and blood–
retina barrier [19].

Considering the systemic nature of diabetes, and Rutin’s multiorgan action, oral
administration, together with a nanotechnology-based formulation, were proposed to
overcome delivery and bioavailability issues. Nanoparticles are accepted as efficient
drug delivery systems for both lens and retinal pathologies. Gold nanoparticles (AuNPs)
have been used in previous medical studies due to their ease of functionalisation with
various active molecules [20]. A recent study [21] demonstrated significant uptake of
AuNPs functionalised with resveratrol, a stilbene from the subclass of dietary polyphenols,
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in ocular lens epithelial cells, in both in vitro and in vivo models of CA, with no dose-
dependent toxicity. Similarly, improvements were demonstrated in a Wistar rat model
of diabetic retinopathy when treated with AuNPs phytoreduced with resveratrol [22].
Other authors [23] revealed increased in vitro glucose uptake by adipocytes using AuNPs
prepared with vicenin-2, a compound from the same flavonoid subclass as Rutin.

In the present study, we hypothesized that the administration of gold nanoparticles
conjugated with Rutin (AuNPsR) in an early rat model of DR and CA may present beneficial
therapeutic effects. The effects were evaluated by oxidative stress investigation in serum
and ocular tissues, and inflammatory cytokines levels in eye homogenates. Eye fundus
assessment of retinal arterioles, transmission electron microscopy (TEM) of eye lenses, and
histopathological examination of retinas were also performed.

2. Materials and Methods
2.1. Reagents

Tetrachloroauric acid trihydrate, 2-thiobarbituric acid, Bradford reagent, sodium
hydroxide, and Folin–Ciocalteu reagent were obtained from Merck (Darmstadt, Germany).
O-phthalaldehyde, osmium tetroxide and glutaraldehyde were purchased from Sigma–
Aldrich (Taufkirchen, Germany). IL1β, TNFα, and IL6 were measured in eye homogenates
by ELISA assays using the Elabscience ELISA kits (Houston, TX, USA), according to the
producer instructions. Results were expressed as pg/mg protein.

2.2. Gold Nanoparticles Synthesis and Characterisation

The synthesis of AuNPsR was carried out as follows: to a mixture of 61 mg Rutin and
100 mL distilled water, 2 M aqueous solution of NaOH was added dropwise (approximately
4 mL), until Rutin was totally dissolved, and the colour of the obtained solution turned
yellow-orange. An amount of 100 mL of 1 mM tetra chloroauric solution was added over
the Rutin solution and the mixture was stirred at room temperature for one hour. The
obtained AuNPsR were purified via centrifugation at 10,000 rpm followed by washing of
the resulting pellet twice with distilled water. The pellet was resuspended and used for
biological determination. The obtained AuNPsR were characterised using classical methods.
UV-Vis spectroscopy was applied to follow the progress of the reaction; to this end, a Perkin
Elmer Lambda 25 spectrometer was used. The absorbance of gold colloidal solution was
scanned between 300 and 800 nm, in a 1 cm quartz cuvette, with distilled water being used
as blank. Transmission electron microscopy (TEM), by using a Hitachi H-7650 transmission
microscope, made possible the morphological characterisation of AuNPsR. The ImageJ
1.53 t [24] software was used to measure the mean size of the synthesized AuNPsR, from
at least 100 AuNPsR. The zeta potential and hydrodynamic diameter of AuNPsR were
assessed using a Malvern Zetasizer Nanoseries compact scattering spectrometer. The
crystal structure and the crystalline grain size of the obtained gold nanoparticles were
analysed via X-ray crystallography. X-ray diffraction (XRD) data were acquired with a
Smart Lab Rigaku diffractometer with a graphite monochromator with Cu-Ka radiation
(k 1/4 1:54 Å) X-ray source: Anode Cu, 9 kW at room temperature over the 2Theta range
from 10 to 90 degrees, with a 0.01-degree step. For the Rietveld refinement, the Integrated
X-ray Powder Diffraction (PDXL) software was used.

2.3. Experimental Design

The study adhered to the ethical standards regarding animal research and received
approval from the University Ethical Board and the Veterinary and Food Safety Direction
(project authorisation no. 294/09.03.2022). Sixty-eight Wistar albino female rats, three
months old, weighing 300 ± 10 g, were provided by the Experimental Animal Facility of
Iuliu Hatieganu University of Medicine and Pharmacy in Cluj-Napoca, Romania. Rats
were housed in cages under standard environmental conditions, with a temperature of
21 ± 2 ◦C, a relative humidity of 55% ± 5%, and a 12 h light/12 h dark cycle. Conventional
food and water were provided ad libitum.
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The experiment consisted of three stages: induction of diabetes, development of
incipient ocular complications, and administration of treatment. The experimental design
is illustrated in Figure 1.
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Figure 1. Illustrative representation of the experimental design; DM = diabetes mellitus; STZ =
streptozotocin; i.p. = intraperitoneal; DR = diabetic retinopathy; CA = cataracts; TEM = transmission
electron microscopy; CMC = carboxymethylcellulose; s.c. = subcutaneous; p.o. = per os.

Prior to the induction of DM, blood samples were drawn from 68 animals to as-
sess glycaemic levels, which were found to be within the normal range (average of
110 ± 10 mg/dL). To induce DM, two doses of streptozotocin (STZ) were administered to
all 68 rats by intraperitoneal injection: 30 mg/kg STZ on day zero and 30 mg/kg STZ after
72 h. Animals were included in the study if their blood glucose levels exceeded 250 mg/dL
on the seventh days after the last dose of STZ. At this point, nine rats were excluded because
their glycaemic level was below 250 mg/dL. The average glycaemic value obtained for the
remaining 59 animals was 300 ± 20 mg/dL.

In the following six weeks after induction of DM, weekly anterior segment examination
and fundoscopy were performed to assess the incipient development of CA and DR. In
this timeframe, 13 animals were excluded due to death. On the last day of the sixth week,
46 rats survived and were further analysed. Early DR was defined through variations in
retinal arteriole diameter and was detected in all surviving animals. Similarly, all animals
exhibited the first signs of CA formation, including swollen fibres and subcapsular opacities,
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according to a previously described grading system of lens opacity [25]. Ten randomly
selected diabetic animals were sacrificed and used for the ultrastructural evaluation of
CA through TEM. Additionally, the same evaluation was performed for age-matched
healthy rats, which were considered controls. A side-by-side view of the anterior segment
photography and the corresponding TEM micrographs is presented in Figure 2.
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Figure 2. Side-by-side images obtained from a healthy rat and a six-week diabetic rat; (A) anterior
segment photography of healthy eye lens. (B) Transmission electron microscopy (TEM) micrograph
of healthy eye lens with lens fibres tightly packed together, separated by thin spaces. (C) Anterior
segment photography depicting peripheral spoke-like opacities of incipient cataracts; the larger oval
outlines the internal limit of the iris, while the smaller oval outlines the internal border of cataracts
lesions, more visible in the upper left quadrant (from eleven to one clockwise). (D) TEM micrograph
of eye lens with notable lens fibre disorganisation, characteristic of incipient cataracts. Arrowheads
point towards microscope reflection, not to be confused with central opacity.

Subsequently, 36 animals with signs of incipient diabetic ocular complications were
included in the study and were randomly divided in the following four treatment groups
(nine animals/group): CMC group (0.6 mL/day of 1% carboxymethylcellulose vehicle
solution), Insulin group (0.1 mg/kg of insulin), Rutin group (10 mg/kg/day), and AuNPsR
group (0.6 mL/day of AuNPsR). A fifth group with nine healthy age-matched animals,
without DM and treated only with CMC, was considered the Control group. Treatments
were administered daily for seven days, via oral gavage, between 7 a.m. and 8 a.m., except
for insulin, which was administered subcutaneously.

After seven days of treatment, five randomly selected animals/group were completely
sedated in order to perform fundoscopy, anterior segment evaluation, and image collection.
Then, all specimens (n = 45) were sacrificed by overdose as to not damage the eye from the
increased pressure. For microscopic studies, a total of eight eyes, from four animals/group,
were enucleated. These eight eyes/group were distributed evenly between histopathology
and TEM processing. Specifically, each of the four animals contributed one eye to TEM
processing and another eye to histopathology processing. This approach ensured that all
eyes subjected to microscopic studies were sourced from distinct animals, randomly chosen
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from each group. From five animals/group, blood was used to assess oxidative stress
levels, whilst their ten eyes were collected for biochemical analysis.

All eyes were collected using a technique specifically developed to maintain structural
integrity. The soft tissues overlaying the skull were removed. Then, an incision was made
along the frontonasal suture, and the dorsal part of the skull was gently lifted. This exposed
the ocular globes and their respective optic nerves, which were easily enucleated and
further processed.

2.4. Fundoscopy Examination

Fundus photographs were captured using a Leica Microsystems M320 T Surgical
Training Microscope. Pupils were dilated with a drop of 1% tropicamide, and the vibrissae
were trimmed to prevent them from obstructing the photographs. During the procedure,
eyelids were completely retracted, and a mound of propylene glycol water-based viscous
gel was applied to the external portion of the rodent’s eye. A glass microscope slide was
placed on top of the gel, and gentle pressure was exerted to flatten the cornea. The gel
prevents the image from distorting and provides a practical alternative to liquid oil in this
situation. The position of the specimen and the pressure applied to the glass slide were
permanently adjusted to achieve the proper focus. The specimen’s position and angle
were altered accordingly to examine different areas of the fundus. All photographs were
captured using the built-in camera of the surgical microscope.

2.5. Fundus Photography Processing and Analysis

Fundus photographs were analysed using ImageJ version 1.53 k [24]. Firstly, arterioles
were differentiated from venules based on the anatomical model described by McLenachan
et al. [26]. Thus, an alternating pattern was observed, with each arteriole being situated
next to a venule. Following the approach outlined by Miri et al. [27], the darker red vessels
were considered as venous in nature.

To facilitate the visualisation of red colour variance, all photographs were imported
into ImageJ, converted to the RGB format, and then split into greyscale colour channels.
For the red channel, brighter greys indicated higher red amounts, while darker greys meant
lower red amounts or no red. As a result, arterioles, associated with a bright red colour
due to oxygenated blood, appeared as washed-out brighter grey, while venules, associated
with a dark red colour due to deoxygenated blood, appeared as clearly distinguishable
dark grey. This facilitated successful arteriole isolation.

For measurements, the raw fundus photographs were used, as depicted in Figure 3.
Fundus photographs were obtained from both eyes of five randomly selected animals of
every group. For each eye, three arterioles were measured, resulting in 30 measurements
for every group (three arterioles × two eyes per animal × five animals per group). The
selected measurement area was within a disc diameter of 0.5 to 0.25 from the edge of the
fundoscopy disc margin. This area was chosen to account for the curvature of the eye
and to ensure measurement consistency across photographs. A central line was drawn
following the long axis of the vessel. To assess diameter, five distinct measurement lines
perpendicular to the central line were created. The width of each measurement line was
calculated, and the five values were averaged.
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Figure 3. A representative fundus photography from each group, in controls (A) and in rats with
six weeks of diabetes and one week of treatment as follows: CMC (carboxymethylcellulose) (B),
insulin (C), Rutin (D), AuNPsR (gold nanoparticles phytoreduced with Rutin) (E). The selected region
for measuring retinal arteriole diameter is defined as the area enclosed between the smaller circle and
the larger circle.

2.6. Oxidative Stress Investigation and Inflammation Assessment

Oxidative stress was evaluated in serum and eye homogenates by quantification of
malondialdehyde (MDA), as a marker of lipid peroxidation, using Conti’s method [28].
Additionally, catalase (CAT) activity was measured through Pippenger’s method [29].
Superoxide dismutase (SOD) activity was assessed through the method described by
Beauchamp and Fridovich [30]. Inflammation from eye homogenates was evaluated via
ELISA tests, and the results were expressed as pg/mg protein.

2.7. Retina Histopathological Examination

Extraocular tissues were excised immediately after enucleation, to ensure proper
penetration of the fixative. Then, the eyes underwent a two-step fixation process. For
this purpose, a 10% formaldehyde solution was utilized, at ten times the volume of the
tissue being studied. For the first 24 h, the ocular globes were submerged in the fixation
solution, as a whole. Subsequently, they were briefly removed from the fixative, and
sectioned in half, along the anatomical sagittal plane (with the blade placed perpendicular
to the superior and inferior rectus muscles). Then, the obtained halves were fixed for a
second 24 h period, in the same solution. Through employing a preliminary fixation of the
entire globe, collapse upon halving was avoided. Ultimately, samples were embedded in
paraffin and sectioned at 5 µ, then stained with haematoxylin-eosin and examined using
an Olympus BX43F light microscope (Olympus, Tokyo, Japan). Pictures of representative
areas were captured using the microscope mounted camera (Olympus UC30 camera with
the Olympus U-CMAD3 adapter).

2.8. Eye Lens Transmission Electron Microscopy

Following enucleation, eye lenses were removed as swiftly as possible. The ocular
globe was held in place with toothed microsurgical forceps whilst the cornea was removed
along the limbus, by gliding two surgical blades against each other and in opposing
directions. After extraction, eye lenses were first fixed in a 2.7% glutaraldehyde solution
in 0.1 M phosphate buffer, and then they were cut in halves. Afterward, samples were
washed four times, in the same buffer. Subsequent to postfixation with 1.5% osmium
tetroxide (OsO4) in 0.15 M phosphate buffer, eye lenses underwent dehydration in a series
of acetone solutions of increasing concentrations (from 30%, up to 100%), infiltration and
embedding in EMbed 812. Using a Diatome A382 diamond knife (Diatome, Hatfield,
USA), 70–80 nm thick ultrathin sections were obtained on a Bromma 8800 ULTRATOME
III (LKB, Stockholm, Sweden). These sections were then collected on 300 mesh copper
grids, contrasted with uranyl acetate and lead citrate, and examined at 80 kV using a
JEOL JEM-100CX II transmission electron microscope (JEOL, Tokyo, Japan). Images were
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captured with a MegaView G3 camera, equipped with a Radius 2.1 software (both from
Emsis, Münster, Germany).

2.9. Eye Lens TEM Photography Processing and Analysis

To assess opacity modifications in eye lenses using TEM micrographs, an adapted
protocol based on Wirahadikesuma et al. was implemented [31]. Micrographs were
analysed using ImageJ version 1.53 k [24].

Twenty micrographs from each group were examined. For each micrograph, 20 regions
of interest were measured by two blinded researchers, resulting in a total of 800 measure-
ments for each group (20 photos per group × 20 measurements per micrograph × two
independent researchers). Regions of interest were selected based on the homogeneity of
lens tissue and were defined as a square area, with the calculated side length of 365 pixels,
which would provide 95% coverage of each micrograph. As the measurement unit was not
significant to our outcome, the standard pixel unit was utilised.

To measure pixel density, the .tif micrographs were converted to the commonly used
8-bit integer format, yielding a possible range of pixel densities from zero to 255. Following
Ansel Adam’s Zone System, zero represents pure black, and 255 represents pure white.
Considering that the images are micrographs, where pure black corresponds to complete
electron density, such as a perfect saturation of the employed TEM fixative and contrasting
agent (OsO4), zero was considered the maximum opacity achievable by our tissue. Mea-
surements from the control group were used as a reference. Hence, the maximum pixel
density obtained in the control group was considered the transparency standard, with
a value of 166.949 pixels/area. To facilitate visualisation of opacity measurements, the
following formula was applied to convert pixel density to a percentage of opacity,

(255 − x)/255 × 100. (1)

Consequently, 100% opacity would correspond to zero pixels/area (maximum opacity),
and 0% opacity would correspond to 166.949 pixels/area (minimum opacity or maximum
transparency achievable). This conversion is depicted in Figure 4.
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Figure 4. Depiction of Ansel Adam’s Zone System according to a greyscale gradient, which ranges
from zero pixels, or the equivalent of pure black, to 255 pixels, or the equivalent of pure white. For
our experimental purpose of evaluating eye lens opacity using transmission electron microscopy
micrographs, 100% opacity was attributed to zero pixels, and 0% opacity, or standard transparency,
to 166.949 pixels. This value corresponds to the presented micrograph of a subject from the control
group, which demonstrated the highest transparency.

Any heterogeneity caused by CA-induced morphological modifications would be indi-
cated by higher electron density and consequently a tendency towards increased opacity.
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2.10. Statistical Analysis

Data were analysed using GraphPad Prism version 9.0.0 for Windows, GraphPad Soft-
ware, San Diego, CA USA, www.graphpad.com, accessed on 15 May 2021. All multi-group
assessments were performed using the Kruskal–Wallis test for not normally distributed
data. Outliers of TEM micrographs were identified using Robust regression and Outlier
removal (ROUT) with Q set at the default 1%. To describe the quantitative data from
arteriole diameter and eye lens opacity investigations, the minimum and maximum values,
median, and interquartile range (Q1–Q3, the range between the 25th percentile and the
75th percentile) were graphed. Additionally, quantitative data from serum oxidative stress,
eye tissue oxidative stress and inflammation examinations, was described through mean
and standard deviation. A p-value equal to or lower than 0.05 was considered statistically
significant. Photos were analysed using ImageJ 1.53 k [24].

3. Results
3.1. Characterisation of Gold Nanoparticles Functionalised with Rutin

In order to avoid the use of toxic solvents and the production of harmful waste, an
environmentally friendly synthesis method was applied for the production of AuNPsR.
Rutin was successfully used to reduce the gold ions at room temperature and also to
prevent the aggregation of the synthesized nanoparticles by acting as a capping agent at
their surface. The UV-Vis spectrophotometry was used to monitor the synthesis of AuNPsR
and to confirm their obtaining after reduction of the gold ions from the HAuCl4 solution,
obtaining that was first visually confirmed by the colour change from yellow to purple-red.
Figure 5 presents the recorded UV-Vis spectra of the Rutin solution and AuNPsR colloidal
solution. It is easy to observe that the Vis typical absorption band of Rutin at 399 nm [32]
disappeared during the progress of the synthesis, and the AuNPsR characteristic surface
plasmon resonance SPR band at λ = 523 nm appeared [33].
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Figure 5. UV-Vis spectra of Rutin and gold nanoparticles phytoreduced with Rutin (AuNPsR).

The morphology, diameter, and size distribution of the AuNPsR were analysed using
transmission electron microscopy (TEM). The TEM image, shown in Figure 6a, revealed
that the obtained AuNPsR were mostly spherical in shape, presenting homogenous size
distribution and an average diameter (Figure 6b) of 15 nm.
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Figure 6. TEM image (a) and size distribution (b) of gold nanoparticles phytoreduced with Rutin
(AuNPsR).

Dynamic light scattering (DLS) experiments allowed us to evaluate the stability of
the AuNPsR solution and their surface charge and also to analyse their hydrodynamic
diameter. The obtained negative zeta potential value, measured to be −19.0 eV (Figure 7),
suggests that the resulting colloidal solution of AuNPsR presents a rather good stability.
The negative surface charge of the AuNPsR is due to the Rutin molecules negatively
charged that are present at the surface of the nanoparticles, which confer them a good
stability [34].
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Figure 7. Zeta potential of gold nanoparticles phytoreduced with Rutin (AuNPsR). There are three
distinct measurement sets, each consisting of thirty individual runs. Every coloured line corresponds
to a singular measurement set.

The hydrodynamic diameter of the AuNPsR was found to be 78.48 nm.
X-ray diffraction analysis was used to determine the crystal structure of the obtained

gold nanoparticles. Figure 8 presents the XRD diffractogram of AuNPsR.
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Figure 8. X-ray diffraction pattern of synthesized gold nanoparticles phytoreduced with Rutin
(AuNPsR).

The presence of the four characteristic peaks at 2θ values of 38.28◦, 44.52◦, 64.74◦, and
77.90◦, corresponding to the reflection planes of (111), (200), (220), and (311) of faced centred
cubic gold was observed (identification ICDD DB card 00-001-1172). The Williamson–
Hall method was used to measure the crystallite size, which was found to be 58 Å, thus
confirming the formation of gold nanoparticles.

3.2. Fundoscopy Examination

To evaluate arteriole diameter differences between groups, the Kruskal–Wallis test for
not normally distributed data was used. The results are depicted in Figure 9.

In terms of arteriole diameter, diabetic specimens from CMC group demonstrated
a significant vasoconstriction compared to controls (p < 0.001). The administration of
insulin to diabetic rodents resulted in a statistically significant increase in arteriole diameter
compared to CMC (p < 0.001). The same pattern was obtained after treatment of diabetic
subjects with Rutin (p < 0.01). The administration of AuNPsR enhanced the diameter of
arterioles for diabetics compared to CMC (p < 0.001). All treatments used proved a good
effect on the retinal arteriole diameter. It is worth highlighting that administration of
Rutin and AuNPsR displayed a significant spread of values in relation to their respective
median lines.
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Figure 9. Retinal arterioles variation of diameter in Control group, and in rats with six-week di-
abetes, followed by one week of treatments: carboxymethylcellulose (CMC), insulin, Rutin, and
gold nanoparticles phytoreduced with Rutin (AuNPsR). Parameters are expressed as minimum and
maximum values, median, and interquartile range (Q1–Q3, the range between the 25th percentile and
the 75th percentile), with *** p < 0.001 compared to Control group; ˆˆ p < 0.01, ˆˆˆ p < 0.001 compared
to CMC group.

3.3. Blood and Eye Tissue Oxidative Stress Investigation

Results from the oxidative stress investigation of blood samples are presented in
Figure 10. Blood sample analysis revealed that animals with DM and treated with CMC
had high levels of MDA compared to controls (p < 0.001). Similar results were obtained
in the insulin treatment group. The administration of Rutin decreased blood MDA levels
compared to CMC group (p < 0.05). Accordingly, the administration of AuNPsR in diabetic
animals lowered MDA level in serum compared to CMC (p < 0.01). Notably, AuNPsR
administration did not show statistical difference when compared to Rutin (p > 0.05). The
activity of SOD in the CMC group decreased compared to controls (p < 0.001). Additionally,
similar results were observed for the insulin-treated group. Only AuNPsR administration
increased SOD activity compared to CMC group (p < 0.05). Catalase (CAT) activity dimin-
ished in CMC-treated rats when compared to controls, p < 0.001. Moreover, all treatments
improved CAT activity when compared to the CMC group, as follows: insulin, p < 0.05;
Rutin, p < 0.05; AuNPsR, p < 0.05.

The oxidative stress investigation outcomes of eye tissue homogenate are depicted in
Figure 11. Malondialdehyde (MDA) levels in the eye homogenate increased significantly in
the CMC group compared to controls (p < 0.001). Notably, similar results were observed in
the insulin treatment group. Rutin administration decreased ocular MDA levels compared
to CMC (p < 0.05). Similarly, AuNPsR-treated diabetics showed an important decrease in
the ocular MDA level when compared to the CMC group (p < 0.001). Ocular superoxide
dismutase (SOD) activity diminished in the CMC-treated diabetes group, when compared
to controls (p < 0.001). The compounds administered had no favourable effects regarding
ocular SOD activity. Eye homogenate catalase (CAT) activity decreased statistically in both
CMC (p < 0.001) and insulin (p < 0.001) groups, when compared to controls.

35



Metabolites 2023, 13, 955
Metabolites 2023, 13, x FOR PEER REVIEW 13 of 25 
 

 

 
Figure 10. Blood oxidative stress assessment. (A) Malondialdehyde (MDA) levels, (B) superoxide 
dismutase (SOD) and (C) catalase (CAT) activities in controls, and in diabetic animals treated with 
CMC (carboxymethylcellulose), insulin, Rutin, and AuNPsR (gold nanoparticles phytoreduced with 
Rutin). Parameters are expressed as mean and standard deviation, with *** p < 0.001 compared to 
Control group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared to CMC group. 

The oxidative stress investigation outcomes of eye tissue homogenate are depicted in 
Figure 11. Malondialdehyde (MDA) levels in the eye homogenate increased significantly 
in the CMC group compared to controls (p < 0.001). Notably, similar results were observed 
in the insulin treatment group. Rutin administration decreased ocular MDA levels com-
pared to CMC (p < 0.05). Similarly, AuNPsR-treated diabetics showed an important de-
crease in the ocular MDA level when compared to the CMC group (p < 0.001). Ocular 
superoxide dismutase (SOD) activity diminished in the CMC-treated diabetes group, 
when compared to controls (p < 0.001). The compounds administered had no favourable 
effects regarding ocular SOD activity. Eye homogenate catalase (CAT) activity decreased 
statistically in both CMC (p < 0.001) and insulin (p < 0.001) groups, when compared to 
controls. 

Figure 10. Blood oxidative stress assessment. (A) Malondialdehyde (MDA) levels, (B) superoxide
dismutase (SOD) and (C) catalase (CAT) activities in controls, and in diabetic animals treated with
CMC (carboxymethylcellulose), insulin, Rutin, and AuNPsR (gold nanoparticles phytoreduced with
Rutin). Parameters are expressed as mean and standard deviation, with *** p < 0.001 compared to
Control group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared to CMC group.

3.4. Eye Tissue Inflammation Investigation

Proinflammatory cytokines levels measured from eye homogenate are graphed in
Figure 12. In the CMC group, TNF alpha secretion increased significantly when compared to
controls (p < 0.05), while Rutin administration reduced TNF alpha levels, when compared to
the CMC group (p < 0.05). Accordingly, IL-1 beta levels were significantly enhanced in CMC-
treated diabetic animals, when compared to controls (p < 0.05), while insulin administration
showed a notable decrease in IL-1 beta (p < 0.001). Remarkably, AuNPsR administration
demonstrated a marked increase in IL-1 beta levels, when compared to insulin-treated
diabetic animals (p < 0.001). Moreover, out of all treatments administered, AuNPsR showed
the highest levels of IL-1 beta. In a similar manner to previous inflammatory cytokines,
CMC-treated diabetics showed a statistical increase in IL-6 levels, when compared to
controls (p < 0.001). Both insulin and AuNPsR yielded similar results, with a decrease in IL-
6, compared to the CMC group, but without statistical significance. A favourable outcome
was noted only in the Rutin group, which showed a statistically significant decrease in IL-6
when compared to CMC administered diabetics (p < 0.05).
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Figure 11. Oxidative stress parameters in eye tissues homogenates. (A) Malondialdehyde (MDA)
levels, (B) superoxide dismutase (SOD), and (C) catalase (CAT) activities, in controls and in rats with
DM (diabetes mellitus) and treated with CMC (carboxymethylcellulose), insulin, Rutin, and AuNPsR
(gold nanoparticles phytoreduced with Rutin). The parameters are expressed as mean and standard
deviation, with *** p < 0.001 compared to Control group; # p < 0.05, and ### p < 0.001 compared to
CMC group.

3.5. Retina Histopathological Investigation

Images from the histopathological investigation of retina samples are illustrated in
Figure 13.

In terms of global changes, a difference in average retinal thickness was observed.
In comparison to the CMC group (115.2 ± 4.2 µ), all treatments increased this parameter:
insulin (125 ± 1.2 µ), Rutin (179.4 ± 2.6 µ), and AuNPsR (204.4 ± 2.4 µ). In terms of neural-
related changes, the width of the individual retinal layers was measured. Our target treat-
ments, Rutin and AuNPsR, showed a higher width in all cell body layers, when compared
to CMC: ganglion cell layer (CMC, 7.4 ± 0.8 µ; Rutin, 7.9 ± 0.2 µ; AuNPsR, 10.9 ± 0.1 µ),
inner nuclear layer (CMC, 18.5 ± 0.4 µ; Rutin, 29.2 ± 0.4 µ; AuNPsR, 32.1 ± 0.3 µ), outer
nuclear layer (CMC, 30.7 ± 0.2 µ; Rutin, 39 ± 0.7 µ; AuNPsR, 45.1 ± 0.5 µ), bacillary layer
(CMC, 20.2 ± 0.1 µ; Rutin, 25.5 ± 0.1 µ; AuNPsR, 34.6 ± 0.2 µ). Insulin administration
increased the width (8.2 ± 0.2 µ) of the ganglion cell layer compared to both CMC and
Rutin, together with a slightly higher value (20.1 ± 0.1 µ) in the inner nuclear layer, when
compared to CMC. In the remaining nuclear layers, when compared to CMC group, subjects
treated with insulin showed a decrease in width: outer nuclear layer, 26.4 ± 0.8 µ; bacillary
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layer, 17.6 ± 0.2 µ. As per the synaptic layers, all substances administered increased the
width, when compared to CMC specimens: inner plexiform layer (CMC, 30 ± 0.2 µ; insulin,
40 ± 0.5 µ; Rutin, 61.4 µ ± 0.2 µ; AuNPsR, 56.5 µ ± 0.2 µ), outer plexiform layer (CMC,
5 µ ± 0.1 µ; insulin, 5.8 µ± 0.3 µ; Rutin, 6.8 µ± 0.1 µ; AuNPsR, 8.9 µ± 0.7 µ). Additionally,
edema formation was observed in all treatment groups, as follows: minimal for insulin,
moderate for Rutin, and advanced for AuNPsR.
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Figure 12. Proinflammatory cytokines levels in eye homogenates, (A) TNF alpha, (B) IL-1 beta, and
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compared to Insulin group.
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Figure 13. Histopathological investigation of retinas from (A) healthy specimens, and from six-week
diabetic animals, with a subsequent one week of the following treatments: (B) CMC (carboxymethyl-
cellulose), (C) insulin, (D) Rutin, (E) AuNPsR (gold nanoparticles phytoreduced with Rutin); a
significant difference in overall retinal thickness is visible, with varying width for each individual
layer; increasing levels of edema are perceptible, minimal for insulin (C), moderate for Rutin (D),
and advanced for AuNPsR (E); layers of retinas from each group are delineated: GCL (ganglion cell
layer), IPL (inner plexiform layer), INL (inner nuclear layer), OPL (outer plexiform layer), ONL (outer
nuclear layer), OLM (outer limiting membrane), and BL (bacillary layer).

3.6. Eye Lens TEM Investigation
3.6.1. Morphology Investigation

The TEM morphological investigation of eye lenses is depicted in Figure 14. Examina-
tion of eye lenses from the Control group demonstrated a conventional ultrastructure. As
such, upon inspection of randomly sampled sections, two components of higher interest
can be described: primarily, tightly packed lens fibres (Lf), with a finely granular cytoplasm,
and secondly, the notable delineations between them, consisting of thin, homogeneous
electron lucent spaces. Regarding the areas of Lf, in CMC group, as well as in the Insulin
group, most areas studied were of clear superior electron density, compared to controls. In
diabetics treated with AuNPsR or Rutin, the general aspect of the tissue was comparable to
that of the Control group. Additionally, a particular aspect was observed for animals with
diabetes that received AuNPsR, focal Lf disorganisation. Subsequently, an enlargement of
the spaces between Lf was noted in certain areas of lenses sampled from diabetic animals
treated with insulin. A similar phenomenon was observed in the CMC group, and in
the group treated with Rutin. Notably, in these two groups, spaces were less wide but
more dispersed.
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Figure 14. Transmission electron microscopy investigation of eye lenses from (A) age-matched con-
trols, and from six-week diabetic specimens, followed by one week administration of treatments:
(B) CMC (carboxymethylcellulose), (C) insulin, (D) Rutin, (E) AuNPsR (gold nanoparticles phy-
toreduced with Rutin); a superior electron density was observed in diabetic specimens from CMC
group (B) and in diabetic subjects treated with insulin (C); diabetic animals treated with AuNPsR (E)
showed focal lens fibre disorganisation; arrowhead points towards enlarged interfibrillar spaces (Lf,
lens fibres; Lf* disorganised lens fibres).

3.6.2. Opacity Investigation

The Kruskal–Wallis test for not-normally distributed data was employed to assess
variations in lens opacity between groups. Graphed results are depicted in Figure 15.
Diabetic specimens that received CMC showed a statistically significant increase in lens
opacity compared to controls (p < 0.001). Furthermore, statistical evidence supports that
in diabetic animals, the administration of insulin had similar effects to CMC, increasing
opacity in the eye lens (p > 0.05). Rutin statistically decreased opacity compared to CMC
(p < 0.01), while AuNPsR yielded the most favourable outcomes (p < 0.001). In comparison
to insulin treatment of diabetics, our experiment returned a statistically stable decrease in
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lens opacity for rodents treated with AuNPsR (p < 0.001). Moreover, AuNPsR proved to
have a statistical difference when compared with Rutin (p < 0.05).
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controls and in rats with diabetes and treated with CMC (carboxymethylcellulose), insulin, Rutin,
and AuNPsR (gold nanoparticles phytoreduced with Rutin). Parameters are expressed as minimum
and maximum values, median, and interquartile range (Q1–Q3, the range between the 25th percentile
and the 75th percentile), with *** p < 0.001 compared to Control group; ## p < 0.01 compared to Rutin
group; ˆ p < 0.05, ˆˆˆ p < 0.001 compared to AuNPsR group.

4. Discussion

Diabetes is a chronic metabolic disorder associated with endothelial dysfunction and
altered vascular contractility. Its various complications, which are of clinical importance,
include diabetic retinopathy and cataracts. The underlying pathophysiology is related
to hyperglycaemia, oxidative stress imbalance, and inflammation of the vascular wall,
with the accompanying activation of the major pathways responsible for diabetes-related
damage. The present study demonstrated that DM induced the vasoconstriction of retinal
arterioles, with a marked reduction in diameter. Additionally, DM increased the lipid
peroxidation in eye tissues and in serum, decreased the antioxidant defence, and triggered
an inflammatory response. These findings were also associated with a decrease in retinal
wall thickness, and a reduction in the width of retinal layers. Additionally, DM increased
lens opacity and caused marked lens fibre disorganisation. Treatment with Rutin improved
the retinal arteriolar diameter, increased the antioxidant enzymatic activity and reduced
the ocular levels of TNF alpha and IL-6. Consequently, Rutin administration reduced the
retinal edema and preserved eye lens structure. The administration of AuNPsR improved
the appearance of retinal vessels upon fundus examination, decreased MDA formation
and increased the overall antioxidant capacity. However, retinal edema and a degree of
disorganisation in the eye lens fibres were still observed.

This study brings a new perspective regarding the early detection and treatment
of ocular complications in DM. Additionally, this work proposed a solution to the gap
in research delineated in previous articles—namely, that despite its beneficial effects in
diabetic microvascular complications, Rutin has poor bioavailability and delivery, and thus
lowered potency. Therefore, it was hypothesized that using gold nanoparticles as a delivery
system would yield, together with an increase in systemic concentration and better ocular
uptake, superior antihyperglycemic, antioxidant, and anti-inflammatory effects.

Diabetes was induced via the administration of STZ, a substance widely used due
to its time and dose-dependent induction of apoptosis in pancreatic beta-cells [35]. The
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early development of CA and DR were closely monitored through serial examination of
eye structures, using relevant studies from the literature as a guide.

Firstly, CA was considered to be in an incipient stage at the six-week mark, when,
according to Muranov et al. [25], peripheral opacities were observed on anterior segment
evaluation. Similarly, Aung et al. evaluated the development of CA in a rat model of
post-STZ-induced diabetes and found that subcapsular CA, with characteristic spoke-like
lesions, was developed only after six weeks of hyperglycaemia [36]. Moreover, they noted a
gradual decline in visual acuity even before statistically significant CA formation; however,
contrast sensitivity only began to decrease after nine weeks of diabetes. Thus, the studied
hypothesis is further delineated, with a significant need for therapeutic strategies aimed at
early-stage CA, before evident vision loss. Additionally, incipient CA development was
evaluated by TEM analysis at the six-week mark, to reassure anterior segment examination
findings. Similarly to our results, Majaw et al. observed a more severe disorder of lens fibres
in four-week diabetic mice, compared to healthy controls, upon TEM examination [37].

The development of DR was monitored in parallel. Therefore, weekly fundus exam-
ination was used to compare diabetic subjects and healthy animals. Arteriole diameter
modifications, indicative of early DR, were noted at the six-week mark. Accordingly, Lai
et al. described a reduction in blood flow through the retinal arterioles between the fourth
and sixth week of hyperglycaemia, in a Goto–Kakizaki rat model, a strain derived from the
Wistar strain [38].

Furthermore, the therapeutic agent was chosen based on the pathophysiology of
ocular diabetic complications. The mechanisms involved in incipient CA are related to lipid
peroxidation, a process significantly increased in diabetes due to the imbalance between
prooxidant and antioxidant systems [39]. This pathophysiological substrate justifies the use
of TEM micrographs to study lens opacity. The compounds that form in the eye lens due to
lipid peroxidation include dienes, a subclass of alkenes, chemical group readily reacted
with OsO4, the employed TEM fixative, and contrasting agent [40,41].

Early DR has been associated with reduced retinal blood flow, as observed in an
experimental model by Muir et al. [42]. This mechanism is currently explained through
the hyperactivation of retinal glia by diabetes caused oxidative stress [12], which then
triggers the synthesis of Ang II by the intraocular RAS, which in turn leads to a decrease
in retinal blood flow by acting on AT1 microglial receptors. Additionally, the same study
found that Ang II increases the production of proinflammatory cytokines through its
binding to AT1 microglial receptors. This pathophysiological explanation of incipient DR is
further supported by Eshaq et al. [43]. Their study demonstrated that the administration of
candesartan, an AT1 receptor blocker, to diabetic Wistar rats, decreased the angiotensin
converting enzyme (ACE) level, and increased the retinal blood flow. Moreover, they
concluded that candesartan reduced ROS production through a decrease in p22phox levels.

In terms of treatment, insulin was utilised as a positive control because STZ destroys
pancreatic beta-cells and induces type 1 diabetes (T1D). On fundoscopy examination
of retinal arteriole diameter, insulin showed favourable results, restoring normal width
parameters. This is an accepted action of insulin, a known vasodilator agent [44]. However,
vessel diameter could be altered immediately after treatment administration, and swiftly
reverted. On TEM investigation of lens opacity induced by diabetes, insulin returned
results that require a more in-depth discussion, as it increased the opacity in eye lenses,
similarly to vehicle administration. The discrepancy between the worsening of CA with
insulin administration and its beneficial effects upon fundus examination require further
detailed investigations.

The mechanism through which insulin might worsen early CA is not well known.
However, Papadimitriou et al. highlighted a possible direction of research, presenting a
T1D patient under an intense insulin regime, that had an elevated insulin autoantibody
count at the time of bilateral CA formation [45]. Additionally, a widely accepted hypothesis
is related to early worsening of DR by severe insulin therapy. Meng et al. explained this
phenomenon through the overexpression of NADPH oxidase 4 enzyme activity, and thus,
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through the overproduction of ROS, as a result of high doses of insulin [46]. Furthermore,
a possible link could exist between the early worsening of DR and early lens opacification,
based on the reasoning that both CA and DR develop in the same intraocular medium,
frequently in tandem [47]. The early worsening of DR can be explained by the osmotic force
theory, which states that a forceful reduction in glucose, an osmotically active molecule, by
insulin use, can lead to a shift in intraocular pressure [48]. Okamoto et al. correlated this
process to an aggravated eye lens state, where a series of patients developed hyperopia
because of a rapid decrease in glycaemia after insulin administration [49]. This latter expla-
nation was consistent with the changes seen in the present study upon TEM analysis and
histopathological examination. Thus, the increased interfibrillar space observed through
TEM, after insulin treatment, could be caused by an alteration of intraocular pressure. This
could also be correlated with the edema observed upon the retinal histopathological inves-
tigation of diabetic rats treated with insulin. Moreover, the histopathological examination
yielded a smaller width of both outer nuclear and photoreceptor layers, findings which
have not been previously reported, as to our knowledge. An alternative explanation for
edema formation in insulin-treated rats could be related to the increased production of IL-6.
It is known that IL6 mediates retinal inflammation and vascular leakage, with significant
in vivo effects as early as four weeks of hyperglycaemia, as shown by Rojas et al. in a
DR model of IL-6 deficient mice [50]. In addition to this, anti-IL-6 antibodies have been
demonstrated to have beneficial effects in the treatment of diabetic macular edema [51].

In terms of the target therapeutic agent, an evident pattern that supports the initial
claim can be observed. Regarding CA, results confirmed the present hypothesis as the best
outcomes were attributed to AuNPsR treatment. On TEM investigation of lens opacity
induced by diabetes, AuNPsR restored the transparency and improved the arteriolar
diameter in fundoscopy. This outcome was similar to that obtained by Rutin administration
alone. In fact, it can be concluded that all treatments induced vasodilation and restored the
retinal arteriole diameter in DM. Moreover, Rutin and AuNPsR showed a wide range of
beneficial effects, additional to those produced by insulin. Thus, upon histopathological
investigation, AuNPsR restored the width of all retinal layers, lowered MDA levels and
increased SOD and CAT activities.

To our knowledge, no previous study has described the benefits of AuNPsR on DR
and CA. However, a similar compound, resveratrol, from the same dietary polyphenol
family has been examined. Chen et al. demonstrated a statistically significant in vitro eye
lens epithelial cell uptake of gold nanoparticles functionalised with resveratrol (AuNPsRes)
with high biocompatibility and reduced cytotoxicity [21]. Furthermore, this study show-
cased the anticataractogen abilities of AuNPsRes, as it delayed the eye lens opacification
upon slit-lamp examination of the studied rats. In terms of restoring transparency, the
present study results are consistent with those described by Chen et al., the AuNPsR treat-
ment showing promising benefits. This can be correlated to the favourable antioxidant
effect observed in both serum and homogenised eye tissue, where AuNPsR significantly
decreased MDA formation, a factor responsible for early CA onset. However, an additional
focal disarray of Lf was observed upon TEM structural examination. To our knowledge,
no previous study highlighted this modification after administration of gold nanoparti-
cles. Additionally, Cosert et al. underlined the significant discrepancies between in vivo
and in vitro effects of gold engineered nanomaterials, offering supplementary reasoning
for the conflicting results [52]. Nonetheless, Zhang et al. reported vacuolisation of eye
lenses in developing zebrafish embryos after silver nanoparticles administration, which
could imply a lens deterioration by a metal-based drug delivery system [53]. Notably, this
study underlined no morphological modifications in the retinas of the same specimens.
Subsequently, Dong et al. highlighted the implications of AuNPsRes in treatment of DR
in a Wistar albino rat model [22]. They noticed a decrease in retinal vessels permeability
compared to vehicle-treated diabetic rats. This would be physiologically correlated to the
effect of gold nanoparticles on arteriolar vasoconstriction. Notably, they associated these
findings with low levels of vascular endothelial growth factor (VEGF), a molecule that,
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when targeted in early DR, yielded no significant results in restoring vision, in a recently
published clinical trial [54]. Probably, the involvement of VEGF in early DR is limited, and
there are multiple other factors with a vasodilator role in the retina. It is worth noting
that Dong et al. evaluated retinal changes after 14 weeks of hyperglycaemia, compared
to the 7 weeks in our study. Thus, VEGF-related mechanisms may be characteristic for
more advanced DR. This supposition is further supported by Shi et al. and Xiao et al.,
who found that retinal vessel permeability was significantly increased only after the eighth
week of diabetes [55,56]. Furthermore, upon histopathological examination of the retina, a
characteristic of early DR was noticed, neural degeneration [57]. Retinal layers showed a
decrease in width in rats with DM treated with CMC in alignment with the existing litera-
ture. Thus, Lai et al. reported lowered cellularity in both the ganglion cell layer and outer
nuclear layer, coupled with a reduction in total retinal width [38]. The retinal thickness
and width of all individual layers were most significantly restored in the rats treated with
AuNPsR. This could be explained by the levels of ocular IL-1 beta, which were highest in
the AuNPsR group. Baptista and Alveleira et al. found that IL-1 beta plays a significant
role in the proliferation of retinal microglia [58]. The size of the nanoparticles studied in the
present work was 15 nm, therefore, a high penetrability in the ocular tissues was obtained.
Despite their benefits against neural deterioration, administration of AuNPsR induced the
accumulation of retinal edema, more severe than the other treatments administered. This
finding could be correlated to an IL-6-induced edema formation.

Based on the presented data, further toxicological studies are needed in order to assess
the safe use of gold nanoparticles and the real benefits for the management of early ocular
diabetes complications. The present study investigated the effects of a lower dose, so as to
maintain feasibility to human treatment extrapolation. However, varying doses should be
examined in order to obtain the ideal therapeutic cutoff.

5. Conclusions

Our study demonstrated that STZ administered in two doses induced DM in rats
and caused the development of ocular complications after six weeks of hyperglycaemia.
These pathological changes were observed both macroscopically, upon anterior segment
and fundus examination, and microscopically through TEM and histopathological inves-
tigation. These changes were triggered by an oxidative stress imbalance, together with a
proinflammatory status. Rutin had beneficial effects on the incipient form of cataracts and
diabetic retinopathy. After one week of treatment with AuNPsR, there were noticeable
antioxidant as well as anti-inflammatory effects. Morphologically, AuNPsR restored the
retinal arteriole diameter, previously constricted due to hyperglycaemia. Moreover, this
therapeutic agent favoured the neural restoration of the retina, alongside a reduction in eye
lens opacity.
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Abstract: Our previous study uncovered potent inhibitory effects of two naphthoquinones from Im-
patiens balsamina, namely lawsone methyl ether (2-methoxy-1,4-naphthoquinone, LME) and lawsone
(2-hydroxy-1,4-naphthoquinone), against α-glucosidase. This gave us the insight to compare the
hypoglycemic and hypolipidemic effects of LME and lawsone in high-fat/high-fructose-diet- and
nicotinamide-streptozotocin-induced diabetic rats for 28 days. LME and lawsone at the doses of 15,
30, and 45 mg/kg, respectively, produced a substantial and dose-dependent reduction in the levels
of fasting blood glucose (FBG), HbA1c, and food/water intake while boosting the insulin levels
and body weights of diabetic rats. Additionally, the levels of total cholesterol (TC), triglycerides
(TGs), high-density lipoproteins (HDLs), low-density lipoproteins (LDLs), aspartate transaminase
(AST), alanine transaminase (ALT), creatinine, and blood urea nitrogen (BUN) in diabetic rats were
significantly normalized by LME and lawsone, without affecting the normal rats. LME at a dose
of 45 mg/kg exhibited the most potent antihyperglycemic and antihyperlipidemic effects, which
were significantly comparable to glibenclamide but higher than those of lawsone. Furthermore, the
toxicity evaluation indicated that both naphthoquinones were entirely safe for use in rodent models at
doses ≤ 50 mg/kg. Therefore, the remarkable antihyperglycemic and antihyperlipidemic potentials
of LME make it a promising option for future drug development.

Keywords: diabetes mellitus; hyperglycemic; hyperlipidemia; lawsone; lawsone methyl ether

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by hyperglycemia
and disturbances of carbohydrate, fat, and protein metabolism resulting from defects in
insulin secretion, insulin action, or both. Insulin is a hormone produced by the pancreas,
and it plays a crucial role in regulating the uptake and utilization of glucose in the body. In
type 1 diabetes, the pancreas does not produce enough insulin, while in type 2 diabetes,
the body is unable to effectively utilize the insulin it produces [1]. DM is indeed the most
prevalent metabolic disease of the contemporary age. Therefore, it is termed a “modern-day
epidemic”. It is a growing global public health issue that compromises living standards
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and places an undue financial burden on the healthcare systems. Based on the International
Diabetes Federation (IDF), DM has affected around 463 million individuals in 2019. Of
these, 4.2 million patients succumbed to death, costing a total of USD 760 billion in diabetes-
related medical expenses [2].

Aside from glucose metabolism, insulin also regulates lipid metabolism. Hence, diabetic
patients with poorly controlled glycemic levels frequently develop dyslipidemias. This
implies that any fluctuations in insulin level or action may disrupt the body’s lipid profiles,
which usually leads to cardiovascular diseases [3]. Although controlling glycemic levels
is a fundamental approach to managing DM, normalizing elevated lipid levels in diabetic
individuals should also be a therapeutic necessity. For this purpose, a plethora of conventional
antihyperglycemic and antihyperlipidemic medications are commercially available.

Insulin analogs, biguanides, sulfonylureas, thiazolidinedione (TZD), dipeptidyl
peptidase-4 (DPP-4) inhibitors, sodium-glucose cotransporter (SGLT-2) inhibitors, and
glucagon-like peptide-1 (GLP-1) receptor agonists are the major classes of antidia-
betic medications [4]. On the other hand, statins, fibric acid derivatives, nicotinic acid
derivatives, bile acid binding resins, and cholesterol absorption inhibitors are the com-
monly used antihyperlipidemic agents [5,6]. Although these conventional antihyper-
glycemic and antihyperlipidemic drugs are commonly prescribed, they are expensive,
less efficacious, produce tolerance, and have undesirable side effects [7–9]. Biguanides
(metformin) can cause anemia and neuropathy. DPP-4 inhibitors (sitagliptin) and sul-
fonylureas (glipizide) have the potential to cause hypoglycemia, weight gain, nausea,
vomiting, headache, and dizziness. Similarly, insulin analogs and GLP-1 agonists (li-
raglutide), apart from being expensive, can cause hypoglycemia, allergy, and injection
site reactions [10]. Statins, which are the most commonly used antihyperlipidemic
drugs, can cause severe side effects like myopathy, rhabdomyolysis, nephrotoxicity,
cardiomyopathy, and elevated serum transaminases. Recent clinical trials have linked
statin use with an increase in the incidence of type 2 DM [11]. Ezetimibe is also asso-
ciated with unwanted effects in the form of headaches, abdominal pain, and diarrhea.
Moreover, it elevates the functional markers of the liver, namely alanine transaminase
and aspartate transaminase [12].

The aforementioned limitations associated with conventional antihyperglycemic and
antihyperlipidemic medications emphasize the necessity for novel drugs that offer im-
proved efficacy and safety in lowering blood sugar and lipid levels. The World Health
Organization (WHO) has also recommended the use of traditional plants for the treatment
of DM, due to their effectiveness, non-toxic nature, and minimal or no side effects. These
plant-based treatments are considered excellent options for oral therapy in the management
of DM [13]. This research impetus led to the discovery of phytochemicals with remark-
able antihyperglycemic potentials including berberine, curcumin, resveratrol, quercetin,
epigallocatechin gallate (EGCG), etc. [14]. Plumbagin, shikonin, and rhinacanthin-C are
noteworthy among these phytochemicals. They are the naphthoquinones, which not
only demonstrate marvelous antihyperglycemic effects but also exhibit promising antihy-
perlipidemic activities [15–17]. Likewise, lawsone methyl ether (LME) and lawsone are
naphthoquinones found in Impatiens balsamina L. [18]. Our previous in silico and in vitro
studies uncovered potent inhibitory actions of LME and lawsone against α-glucosidase
with excellent in silico ADMET (absorption, distribution, metabolism, excretion, and tox-
icity) profiles, revealing no toxicity in terms of tumorigenic, irritant, and reproductive
effects [19]. This increased our interest in validating the in silico and in vitro results using
animal models. Therefore, the present study aimed to investigate the antihyperglycemic
and antihyperlipidemic effects of LME and lawsone in high-fat/high-fructose diet (HFFD)-
and nicotinamide-streptozotocin (NA-STZ)-induced diabetic rats. Currently, LME can be
semi-synthesized from lawsone with a high yield and low cost of production [20]. Thus, it
might be a promising option for future drug development. Notably, this is a comprehensive
and comparative study to discover new antidiabetic candidates that possess hypoglycemic
and hypolipidemic potentials for further drug development.
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2. Materials and Methods
2.1. Drugs and Chemicals

Lawsone, glibenclamide, streptozotocin (STZ), nicotinamide, cholesterol, and fructose
were obtained from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. LME was semi-
synthesized by methylating lawsone using a method previously reported [20]. All the other
chemicals and reagents were preferably of analytical grade.

2.2. Experimental Animals

A total of 90 adult male Wistar rats (6 weeks old), weighing approximately 130 ± 10 g,
were obtained from the Pakistan Council of Scientific & Industrial Research (PCSIR) Labora-
tories Complex, Karachi. Before experimentation, the animals were allowed to acclimatize
in the laboratory for almost one week and fed on a normal chow diet. The animals were
provided with free access to food and water under standard environmental conditions at a
room temperature of 24 ± 2 ◦C, humidity of 55 ± 10%, and 12 h/12 h of light/darkness.
All experimental protocols were approved by the Institutional Animal Care and Use Com-
mittee, PCSIR Laboratories Complex, Karachi, Pakistan (Ref. PCSIR–KLC/IEC/2022/02).

2.3. Induction of Obesity, Hyperlipidemia, and Insulin Resistance

After acclimatization, the animals were randomly split into two groups. Their body
weights along with various biochemical indices, including fasting blood glucose (FBG), total
cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), low-density lipoprotein
(LDL), and insulin levels were determined before the commencement of diet interventions.
One group was fed a normal chow diet, while another group was fed a high-fat/high-
fructose diet (HFFD). This diet was formulated indigenously in our laboratory in accordance
with the method described earlier [21], with a few modifications. HFFD contained high-
calorie meals by adding Banaspati ghee (hydrogenated oil), coconut oil, and raw cholesterol
to the normal chow diet. It also included an additional 30% of refined coarse fructose in
the drinking water ad libitum. The given diet plans were followed for each group of rats
for 10 weeks (and continued during the treatment period). At the end of the 10th week,
blood samples were collected from the tail veins of both groups. Their body weights along
with the relevant biochemical indices were measured to evaluate the induction of obesity,
hyperlipidemia, and insulin resistance.

2.4. Standardization of STZ Dose for the Induction of DM

After the 10th week of dietary intervention, the rats manifesting obesity and dyslipi-
demia were fasting overnight. Subsequently, a pilot study was conducted using various
concentrations of STZ (35, 40, and 45 mg/kg) to determine its optimal dose for inducing
diabetes. Based on the results, a single intraperitoneal dose of STZ (40 mg/kg) diluted
in 0.1 M cold citrate buffer (pH 4.5) with a pre-nicotinamide (100 mg/kg) injection to
minimize pancreatic damage was standardized to induce DM [22]. After 72 h of NA-STZ
injection, the animal’s tail vein was pricked to collect blood for the FBG determination
using a glucometer (Accu-Chek, Roche, Burgdorf, Switzerland). Animals with an FBG level
above 400 mg/dL and having symptoms of polyphagia, polydipsia, and polyuria were
marked as diabetic.

According to the results of an acute toxicity investigation, the no observed adverse
effect level (NOAEL) for LME and lawsone was 50 mg/kg. Furthermore, several previous
studies reported varying doses of 1,4-napthoquinones that were therapeutically active in
rodent models [15–17]. Based on these reports, three doses of LME and lawsone (15, 30, and
45 mg/kg) were selected for this experiment. In the present study, the antihyperglycemic
and antihyperlipidemic effects of LME and lawsone were compared with the standard
drug, glibenclamide. Its well-established mechanisms of action and widespread use in
clinical practice make it a valuable drug for evaluating the antihyperglycemic effects of
other compounds in rat models of diabetes. In addition, the ability of glibenclamide to
reduce the elevated biomarkers of oxidative stress, liver function, kidney function, and
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lipid peroxidation during DM makes it a suitable choice to be used as a reference drug in
antihyperglycemic and antihyperlipidemic assays [23,24].

Treatments with LME, lawsone, and glibenclamide (0.6 mg/kg) were started after 72 h
of NA-STZ injection and were recorded as the first day. LME and lawsone were dissolved
in a cosolvent system consisting of propylene glycol, Tween 80, and water (4:1:4). The
required amounts of the drugs in a solution not exceeding 1 mL were administered once
daily to the rats via feeding tubes for 28 days.

2.5. Experimental Design

The rats were experimentally assigned into 15 groups with six (6) rats per group as
described below.

Group 1: normal control rats receiving cosolvent only.
Groups 2, 3, and 4: normal control rats receiving 15, 30, and 45 mg/kg of LME, respectively.
Groups 5,6, and 7: normal control rats receiving 15, 30, and 45 mg/kg of lawsone, respectively.
Group 8: diabetic control rats receiving cosolvent only.
Groups 9, 10, and 11: diabetic rats receiving 15, 30, and 45 mg/kg of LME, respectively.
Groups 12, 13, and 14: diabetic rats receiving 15, 30, and 45 mg/kg of lawsone, respectively.
Group 15: diabetic rats receiving 0.6 mg/kg of glibenclamide.

2.6. Determination of Body Weight, Food and Water Intake, and FBG

All animals’ initial and final body weights as well as their daily food and water
consumption were recorded. The FBG was determined on days 0, 7, 14, 21, and 28 with the
help of a glucometer using the blood drawn from the animals’ tails. On the final day of
the experiment (the 28th day), the rats were fasted overnight and were euthanized with an
intraperitoneal dose of phenobarbital ranging from 100 to 150 mg/kg. After performing a
cardiac puncture, blood was collected from each rat and centrifuged at 4 ◦C and 800× g for
15 min. The collected serum was then utilized for various biochemical examinations.

2.7. Measurement of HbA1c and Insulin Levels

The iChroma™ HbA1c self-analyzer (Boditech Med Inc., Gangwon-do, Republic of Ko-
rea) was used to test HbA1c levels of whole blood samples. The electro-chemiluminescence
technique with a Roche kit and a Cobas 6000 (Roche Diagnostics, Rotkreuz, Switzerland)
was employed to detect insulin levels in serum.

2.8. Determination of Insulin Resistance and β-Cell Functioning Indices

Based on the fasting levels of insulin and blood glucose, the insulin resistance index
(HOMA-IR) and β cell functioning index (HOMA-β) of all animals were calculated with
the help of homoeostatic model assessment (HOMA) [25].

2.9. Measurement of Biochemical Indices for Lipid Profiles, Liver, and Kidney Functions

The levels of various biochemical indices, including total cholesterol (TC), triglyc-
erides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), aspartate
aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), and
creatinine were measured using standard kits (Martin Dow, Meymac, France) with the help
of a hematology analyzer (Stat Fax 3300, Awareness Technology, FL, US). The following
formulae were used to determine the atherogenic index (AI), atherogenic coefficient (AC),
and cardiovascular risk index (CRI) [26].

AI = TC − HDL/HDL

AC = LDL/HDL

CRI = TC/HDL
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2.10. Histopathological Findings of Pancreas

After blood sampling, the pancreases from euthanized rats were preserved in 10%
neutral buffered formalin for 24 h. The specimens were washed in tap water, dehydrated
using a graded alcohol series, cleared with xylene, and embedded in paraffin. Tissue blocks
were prepared, and sections of 3–5 µm thickness were obtained using a microtome. The
sections were mounted on glass slides, deparaffinized, and stained with hematoxylin-eosin
(HE). Histopathological examination was performed at 10× magnification using a light
microscope (Optika, Bergamo, Italy), and images were captured with a digital camera
(Model B9, Optika, Bergamo, Italy) attached to the microscope at the microscopy unit of the
Department of Pharmacy, COMSATS University Islamabad, Abbottabad Campus, Pakistan.

2.11. Statistical Analysis

The statistical analyses were performed using version 25 of the statistical software SPSS
(SPSS Inc., Chicago, IL, USA). The analyses were conducted by using one-way ANOVA
followed by Duncan’s multiple comparison test. The statistical significance was declared
at p < 0.05. In accordance with Duncan’s multiple comparison test, all groups within the
same parameter (e.g., food intake, ALT, or insulin levels) were compared not only with the
control group but also with every other group within that parameter. The values obtained
were expressed as means of six replicate determinations (n = 6) ± S.E.M.

3. Results and Discussion
3.1. Determination of a Non-Toxic Dose for LME and Lawsone

Prior to evaluating hypoglycemic and hypolipidemic activities, LME and lawsone
were comprehensively evaluated for their possible hazardous effects using acute and sub-
acute oral toxicity assays. Acute oral toxicity was conducted in mice according to the
Organization of Economic Cooperation and Development (OECD) 423 guidelines [27]. In
this study, animals were given a single oral dosage of LME (50, 300, and 2000 mg/kg) and
lawsone (50 and 300 mg/kg) and monitored for 14 days to determine their acute toxic
effects. In addition, a sub-acute toxicity study was carried out in Wistar rats by following
the OECD 407 guidelines [28], with a few modifications. Based on previous reports, a
28-day repeated-dose oral toxicity study was performed using 15, 30, and 45 mg/kg of
LME and lawsone [15–17]. The results of acute and sub-acute toxicity studies concluded
that LME and lawsone were entirely safe for use in rodent models at doses ≤50 mg/kg.

3.2. Induction of Obesity, Hyperlipidemia, and Insulin Resistance

Obesity is a significant risk factor for type 2 DM. It contributes to the development of
insulin resistance, which can progress to type 2 DM over the long run. High-calorie meals,
particularly those rich in fats and carbohydrates, are the main contributors to obesity [29].
Using a high-fat (45% fat by energy) and high-fructose (30% fructose in drinking water
ad libitum) diet in conjunction with NA-STZ injections was the focal point of the current
study. This produced a perfect model of type 2 DM in adult male Wistar rats. This rat
model precisely replicated the human stages of obesity, insulin resistance, prediabetes, and
hyperlipidemias [30,31].

The effects of HFFD and a normal fat diet (NFD) on body weights, TC, TG, HDL, LDL,
FBG, and insulin levels of rats fed for 10 weeks are illustrated in Table 1. Obesity was
readily apparent in the rats fed an HFFD, which gained up to 45% more weight than the
rats fed an NFD. Similarly, increased levels of TC, TG, and LDL but decreased levels of
HDL were observed in HFFD-fed rats. However, no significant impact was found on the
lipid profiles of rats given an NFD. In addition, FBG levels of rats given an HFFD were
found to be considerably higher when compared to those rats fed a regular diet. In contrast,
no marked difference was found in the insulin levels of the two groups. The overall results
clearly indicated that rats fed an HFFD had developed obesity, hyperlipidemia, and insulin
resistance, characteristics of prediabetes.
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Table 1. Body weight changes and serum biochemical indices of rats fed on NFD and HFFD.

Parameters
Before Diet Intervention After 10 Weeks of Diet Intervention

NFD HFFD NFD HFFD

Weight (g) 132.8 ± 3.9 a 125.7 ± 4.3 a 193.9 ± 6.2 b 214.1 ± 6.0 c

BWG (g) N/A N/A 61.7 ± 6.0 88.6 ± 6.9
TC (mg/dL) 78.6 ± 5.1 a 84.3 ± 5.9 a 89.1 ± 4.3 a 113.3 ± 7.8 b

TG (mg/dL) 57.9 ± 3.7 a 60.6 ± 5.5 a 68.4 ± 6.0 a 97.1 ± 6.2 b

HDL (mg/dL) 28.3 ± 2.6 ab 32.9 ± 3.0 b 34.8 ± 3.3 b 21.4 ± 1.9 a

LDL (mg/dL) 8.5 ± 1.0 a 11.9 ± 0.9 a 12.3 ± 1.3 a 18.9 ± 2.1 b

FBG (mg/dL) 82.8 ± 4.6 a 89.6 ± 4.1 ab 91.4 ± 5.1 ab 103 ± 5.6 b

Insulin (µIU/mL) 9.9 ± 0.7 a 11.3 ± 0.4 a 12.0 ± 0.8 a 10.8 ± 1.2 a

NFD: Normal fat diet, HFFD: High-fat/high-fructose diet, BWG: Body weight gain, N/A: Not available. Data are
expressed as mean ± S.E.M. (n = 6). Based on Duncan’s multiple range test, the values with different letters of the
alphabet or superscripts (a–c) indicate significant differences from one another at a significance level of p < 0.05.
However, the values labeled with the same letters of the alphabet or superscripts indicate no significant differences.

3.3. Effects of LME and Lawsone on Body Weights, Food, and Water Consumptions

Hyperglycemia, a typical characteristic of DM, frequently appears as a range of symp-
toms, such as polydipsia (unusual thirst), polyphagia (extreme hunger), polyuria (frequent
urination), and unexplained weight loss [32]. Insulin deficiency primarily results in two
major clinical outcomes: hyperglycemia and protein catabolism. Hyperglycemia manifests
itself in the form of increased hunger, unusual thirst, and frequent urination. Conversely,
protein catabolism leads to muscle atrophy and weight loss. These symptoms are the char-
acteristics of the metabolic imbalances caused by insufficient insulin levels in the body [33].
In this study, diabetic rats exhibited the aforementioned symptoms of DM after receiving
NA-STZ for 72 h. Diabetic control rats consumed more food and water and lost weight
faster than normal rats (Table 2). Interestingly, body weight and water/food intake in
diabetic rats were markedly normalized in a dose-dependent manner after oral adminis-
tration of LME and lawsone, with no effect on normal rats. These findings suggest that
LME and lawsone possess therapeutic benefits in managing weight and regulating water
and food intake in diabetic conditions. Although glibenclamide (0.6 mg/kg) generated the
most potent effects, they were statistically equivalent to the effects of LME and lawsone
given at 45 mg/kg. The results indicated that hypoglycemic effects of LME and lawsone
were demonstrated by their restoration of normal body weight, water intake, and food
consumption in diabetic rats.

3.4. Effects of LME and Lawsone on FBG, HbA1c, and Insulin Levels

Insulin is a hormone of utmost importance in regulating the body’s metabolism. That
is why any glitch in its action or production results in DM. In the current study, we firstly
induced insulin resistance in rats by manipulating their diet. Subsequently, they received
injections of NA-STZ, causing partial damage to the pancreatic ß-cells [34]. After 72 h
of STZ injection, all of the rats showing elevated levels of FBG (above 400 mg/dL) and
having symptoms of polyuria, polyphagia, polydipsia, and also weight loss were declared
as diabetic.

Figures 1 and 2A indicated that nondiabetic rats receiving cosolvent, LME, and lawsone
presented normal FBG and insulin levels over the course of the 28 days. However, diabetic rats
treated with 15, 30, and 45 mg/kg of LME and lawsone showed a significant drop in FBG and
a marked rise in insulin levels in a dose-dependent manner (Figures 1 and 2A). Glibenclamide
(0.6 mg/kg) exhibited the most potent hypoglycemic effect, which was almost identical to the
effect generated by LME at its maximal dose (45 mg/kg). However, lawsone’s therapeutic
impact on FBG at 45 mg/kg was markedly weaker when compared to the effect of LME at a
similar dosage. In fact, lawsone at 45 mg/kg was able to create a hypoglycemic effect that was
statistically comparable to LME at 30 mg/kg. This discrepancy in the hypoglycemic potentials
of two naphthoquinones is consistent with our previous in vitro study, which found that
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LME exhibited a higher inhibitory activity on α-glucosidase than lawsone. The hypoglycemic
effects of LME and lawsone were correlated with the histopathological images of the pancreas,
as depicted in Figure 3. These images apparently illustrated that the islets of Langerhans in
the diabetic control group were noticeably shrunk with marked loss of its cells as compared to
the normal control group. However, the repeated oral administration of LME and lawsone
at doses of 15, 30, and 45 mg/kg resulted in a gradual increase in the size of the islets in
the diabetic rats. In addition, both LME and lawsone exhibit pancreatic protective effects, as
they have previously been reported to possess promising antioxidant and anti-inflammatory
characteristics [35]. These properties suggest that LME and lawsone can mitigate oxidative
stress and inflammation within the pancreas, potentially contributing to the preservation and
improved function of pancreatic tissues. Moreover, significant hypoglycemic actions have
been documented for several other 1,4-naphthoquinones, such as plumbagin, shikonin, and
rhinacanthin-C. These compounds, like LME and lawsone, exhibit notable antihyperglycemic
effects. The shared hypoglycemic actions among these 1,4-naphthoquinones highlight their
potential as a class of compounds for the management of hyperglycemia and related metabolic
disorders [15–17].

Table 2. Effects of LME and lawsone on body weight, food, and water intake in rats.

Group Compound Dose
Parameters

Initial BW (g) Final BW (g) BWG (g) Food/day (g) H2O/day (mL)

Normal

Control 197.6 ± 5.1 b 233.7 ± 7.7 bc 36.1 31.1 ± 3.1 ab 22.1 ± 1.9 a

LME—15 mg/kg 189.4 ± 4.6 ab 216.9 ± 7.5 ab 27.5 28.6 ± 2.7 a 19.9 ± 1.5 a

LME—30 mg/kg 189.5 ± 5.0 ab 221.3 ± 6.6 b 31.8 31.9 ± 3.4 ab 21.2 ± 1.4 a

LME—45 mg/kg 199.6 ± 5.6 b 238.4 ± 8.1 bc 38.8 38.1 ± 4.2 b 24.2 ± 1.8 ab

Lawsone—15 mg/kg 198.8 ± 4.9 b 225.1 ± 6.7 b 26.2 30.1 ± 2.9 ab 20.3 ± 1.6 a

Lawsone—30 mg/kg 178.5 ± 3.6 a 211.7 ± 6.1 ab 33.2 33.4 ± 3.3 ab 23.1 ± 2.1 ab

Lawsone—45 mg/kg 203.9 ± 6.1 abc 241.3 ± 8.7 bc 37.4 37 ± 3.9 b 24.9 ± 2.0 ab

Diabetic

Control 218.9 ± 6.3 c 194.1 ± 6.1 a −24.8 64.9 ± 4.8 d 40.9 ± 3.7 c

LME—15 mg/kg 213.3 ± 7.0 bc 227.9 ± 7.3 b 14.6 50.1 ± 4.5 cd 35.3 ± 2.9 bc

LME—30 mg/kg 208.4 ± 4.5 bc 234.5 ± 7.9 bc 26.1 45.3 ± 3.9 c 30.8 ± 3.3 abc

LME—45 mg/kg 221.1 ± 7.1 c 257.8 ± 8.9 c 36.7 40.8 ± 3.4 bc 29.9 ± 2.7 abc

Lawsone—15 mg/kg 209.4 ± 5.1 bc 222.3 ± 4.9 b 12.9 53.7 ± 4.2 cd 39.1 ± 3.5 c

Lawsone—30 mg/kg 217.1 ± 6.5 bc 239.2 ± 8.1 bc 22.1 46.9 ± 4.5 bc 38.2 ± 2.9 c

Lawsone—45 mg/kg 205.7 ± 5.6 bc 238.1 ± 7.3 bc 32.4 41.3 ± 3.0 bc 30.8 ± 3.1 abc

Glb—0.6 mg/kg 219.2 ± 6.9 c 257.1 ± 9.1 c 37.9 39.9 ± 3.6 bc 29.7 ± 2.8 abc

LME: Lawsone methyl ether, BW: Body weight, BWG: Body weight gain, Glb: Glibenclamide. Data are expressed
as mean ± S.E.M. (n = 6). Based on Duncan’s multiple range test, the values with different letters of the alphabet
or superscripts (a–d) indicate significant differences from one another at a significance level of p < 0.05. However,
the values labeled with the same letters of the alphabet or superscripts indicate no significant differences.

HbA1c is a clinical marker that indicates persistent hyperglycemia. It is widely
regarded as the most reliable index for evaluating the long-term effectiveness of antidiabetic
medications. HbA1c provides valuable insights into overall glycemic control and serves
as an important tool for assessing the long-term efficacy of these drugs in managing
diabetes [36]. As shown in Figure 2B, LME and lawsone substantially and dose-dependently
decreased the elevated levels of HbA1c in diabetic rats. The most prominent reduction in
HbA1c level was observed with 45 mg/kg of LME (6.9 ± 0.5%), which was equivalent to
the standard drug, glibenclamide (6.95 ± 0.6%), but likely higher than lawsone (7.2 ± 0.5%)
at its maximal dose. In contrast, both LME and lawsone exhibited no effect on the HbA1c
levels of normal rats. These results are in line with those of previous studies, which have
revealed that different plant-derived phenolics may exert their hypoglycemic effects via
antioxidant and anti-glycation mechanisms [37].

The remarkable hypoglycemic effects induced by LME or lawsone are justified through
multiple mechanisms. These mechanisms may include enhanced insulin secretion or
synthesis, regeneration of pancreatic β-cells, improved insulin sensitivity, and potential
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modulation of glucose metabolism pathways. In the present study, both LME and lawsone
are found to act as insulin secretagogues. This mechanism is supported by a substantial
rise in the insulin levels of diabetic rats treated with LME or lawsone (Figure 2A). Both of
these compounds may exhibit a mechanism of action similar to glibenclamide by blocking
ATP-sensitive potassium channels. This action results in the depolarization of pancreatic
β-cells, subsequently leading to the release of insulin [38].
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Figure 1. Comparative effects of LME and lawsone at weekly intervals on FBG levels. N: Nondiabetic
control; D: Diabetic-control; N + LME or lawsone: nondiabetic receiving lawsone methyl ether or
lawsone; D + LME or lawsone: Diabetic receiving lawsone methyl ether or lawsone; and D + GLB:
Diabetic receiving glibenclamide.

Another mechanism that supports the antihyperglycemic effects of LME and lawsone
is their potential to promote the regeneration of pancreatic β-cells. This regenerative
action contributes to increased insulin production and secretion. Many antidiabetic drugs
including GLP-1 receptor agonists and DPP-4 inhibitors are incretin-based therapies that
have shown the potential to enhance β-cell function by promoting their proliferation [39].
The histopathological images of the pancreas from the current study provide apparent
support for the aforementioned phenomenon (Figure 3). Observations revealed that the
Islets of Langerhans in the diabetic control group were noticeably shrunk with marked
loss of its cells as compared to the normal control group. However, the repeated oral
administration of LME and lawsone at doses of 15, 30, and 45 mg/kg resulted in a gradual
increase in the size of the islets in the diabetic rats. Furthermore, no significant effect was
observed on the Islets of Langerhans in normal rats treated with different dosages of LME
and lawsone. These findings suggest that LME and lawsone exhibit a potential role in
promoting the regeneration or preservation of pancreatic β-cells in diabetic conditions.
Nonetheless, it is important to note that β-cell regeneration is a complex process, and more
research is needed to fully understand the antidiabetic mechanisms of LME and lawsone in
terms of β-cell proliferation.

Additionally, our prior in vitro study showed that LME and lawsone have strong
α-glucosidase inhibitory effects. Their hypoglycemic effects can be explained, in part,
by the fact that they slow the digestion and absorption of dietary carbohydrates in the
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gut. Slowing the process of gluconeogenesis or enhancing the uptake and utilization of
glucose in adipose tissues, skeletal muscles, and the liver are proposed mechanisms of
action for LME and lawsone that warrant further investigation [40]. Additionally, activating
peroxisome proliferator-activated receptor gamma (PPARγ) and inhibiting DPP-4 or SGLT-
2 can also be the potential antidiabetic mechanisms of LME and lawsone that require
further exploration [41]. These mechanisms, if confirmed, could contribute to the overall
understanding of the multifaceted therapeutic potentials of LME and lawsone in the
management of DM.
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Figure 2. Effects of LME, lawsone (LAW), and glibenclamide (GLB) on insulin (A) and HbA1c
(B) levels. White bars: Normal rats and black-colored bars: Diabetic rats. LME–15, LME–30, and
LME–45: 15, 30, and 45 mg/kg of LME, respectively; LAW–15, LAW–30, and LAW–45: 15, 30, and
45 mg/kg of lawsone, respectively; and GLB: 0.6 mg/kg of Glibenclamide. Data are expressed as
mean ± S.E.M. (n = 6). Based on Duncan’s multiple range test, the values with different letters of the
alphabet or superscripts (a–e) indicate significant differences from one another at a significance level
of p < 0.05. However, the values labeled with the same letters of the alphabet or superscripts indicate
no significant differences.
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Figure 3. Effects of LME, lawsone, and glibenclamide (GLB) on the apparent size of the islets of
Langerhans. Black dashes outline the islets of Langerhans. N + LME or lawsone: Normal rats
receiving lawsone methyl ether or lawsone; D + LME or lawsone: Diabetic rats receiving lawsone
methyl ether or lawsone; and D + GLB: Diabetic rats receiving glibenclamide. Scale bar = 100 µm.
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3.5. Effects of LME and Lawsone on HOMA-IR and HOMA-β

In type 2 DM, two primary characteristics are observed: insulin resistance in peripheral
tissues and inadequate insulin production from pancreatic β-cells. These factors, insulin
resistance and insulin secretion, are commonly quantified using HOMA-IR and HOMA-β,
respectively. Both HOMA indicators are clinically related to one another and have been
carefully linked to the etiology, progression, and complications of DM [42]. HFFD- and
NA-STZ-induced diabetic control rats exhibited a fivefold increase in insulin resistance
(HOMA-IR) and a ninefold decrease in β-cell function (HOMA-β) as compared to the
normal control rats (Table 3). The oral administration of LME and lawsone for 28 days
showed a dose-dependent decrease in HOMA-IR and a dose-dependent increase in HOMA-
β. However, there was no significant alteration in the HOMA indices for the normal
rats treated with the same doses of LME and lawsone. The significant normalization of
HOMA indicators (HOMA-IR and HOMA-β) observed after the administration of LME and
lawsone suggests an improvement in glucose homeostasis. This normalization indicates
an enhancement in insulin action, leading to increased insulin sensitivity, as well as an
improvement in β-cell function. These findings imply that LME and lawsone may have
the potential to improve the overall regulation of glucose levels by enhancing both insulin
action and β-cell function.

Table 3. Effects of LME and lawsone on HOMA indices of adult male Wistar rats.

Group Compound Dose
Parameters

HOMA Insulin Resistance HOMA β-Cells Function

Normal

Control 2.7 ± 0.1 a 126.1 ± 7.5 f

LME—15 mg/kg 2.2 ± 0.2 a 172.3 ± 5.6 h

LME—30 mg/kg 2.1 ± 0.2 a 164.9 ± 4.8 g

LME—45 mg/kg 2.5 ± 0.1 a 137.3 ± 4.6 f

Lawsone—15 mg/kg 2.4 ± 0.3 a 125.4 ± 7.9 f

Lawsone—30 mg/kg 2.5 ± 0.1 a 144.4 ± 8.6 g

Lawsone—45 mg/kg 2.4 ± 0.2 a 184.6 ± 6.9 h

Diabetic

Control 9.9 ± 0.5 d 13.9 ± 0.9 a

LME—15 mg/kg 4.5 ± 0.6 c 21.1 ± 1.0 ab

LME—30 mg/kg 3.5 ± 0.3 bc 40.8 ± 5.3 c

LME—45 mg/kg 2.9 ± 0.3 b 67.6 ± 4.1 e

Lawsone—15 mg/kg 4.9 ± 0.6 c 17.5 ± 1.4 a

Lawsone—30 mg/kg 3.8 ± 0.5 bc 31.9 ± 2.9 b

Lawsone—45 mg/kg 3.2 ± 0.1 bc 51.5 ± 3.4 cd

Glb—0.6 mg/kg 3.0 ± 0.4 b 69. 4 ± 3.9 e

LME: Lawsone methyl ether, Glb: Glibenclamide. Data are expressed as mean ± S.E.M. (n = 6). Based on Duncan’s
multiple range test, the values with different letters of the alphabet or superscripts (a–h) indicate significant
differences from one another at a significance level of p < 0.05. However, the values labeled with the same letters
of the alphabet or superscripts indicate no significant differences.

3.6. Effects of LME and Lawsone on Lipid Profiles

DM has an intimate link with hyperlipidemia. This often leads to cardiomyopathy,
a major cause of mortality among diabetics [43]. In the present study, a similar positive
correlation was observed between hyperglycemia and hyperlipidemia. An ideal animal
model of diabetic hyperlipidemia should closely resemble the human condition. One ap-
proach to achieve this is by inducing obesity/hyperlipidemia through dietary intervention
and causing pancreatic damage via nicotinamide-streptozotocin. This combination better
reflects the human scenario and provides a more suitable representation of diabetic hyper-
lipidemia in rats. Similarly, in the present study, an ideal model of diabetic hyperlipidemia
was created in rats using NA-STZ injection in conjunction with a high-fat (45% fat by
energy) and high-fructose (30% fructose in drinking water ad libitum) diet. Insulin defi-
ciency is primarily responsible for diabetic hyperlipidemia. It instigates hormone-sensitive
lipase that promotes lipolysis and boosts the release of free fatty acids [44]. Excessive fatty
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acids enhance the production of TC, TG, and LDL while decreasing HDL biosynthesis, as
observed in untreated diabetic rats of the current study.

Regular oral administration of LME and lawsone (15, 30, and 45 mg/kg) for 28 days
delivered a substantial and dose-dependent amelioration of deteriorated effects on TC,
TG, LDL, and HDL (Table 4). However, normal rats, which were given similar doses of
LME and lawsone, showed no discernible change in their lipid profiles. LME at 45 mg/kg
seemed to be the most effective in normalizing TC, HDL, and LDL levels in diabetic rats,
which were better than the standard drug, glibenclamide. These findings suggest that
LME has potent therapeutic benefits in improving lipid profiles in diabetic conditions,
surpassing the efficacy of glibenclamide in this particular study. Lawsone at 45 mg/kg
was the most potent in lowering the TG level without any distinguishable impact on other
lipid parameters. The hypolipidemic effects of LME and lawsone are attributed to their
potential for stimulation of residual β-cells. This stimulation could result in increased
insulin synthesis, secretion, or sensitivity. The precise mechanism underlying these effects
requires further investigation. However, it is hypothesized that the improvement in lipid
profiles seen with LME and lawsone could be related to their impact on β-cell function and
insulin-related pathways, which ultimately contribute to the regulation of lipid metabolism
in the body. The findings of this study align with previous research that has demonstrated
the hypolipidemic properties of other 1,4-naphthoquinones, including plumbagin, shikonin,
and rhinacanthin-C [15–17].

Table 4. Effects of LME and lawsone on lipid profiles in adult male Wistar rats.

Group Compound Dose
Parameters (mg/dL)

TC TG HDL LDL

Normal

Control 92.6 ± 5.2 ab 76.2 ± 6.1 ab 50.8 ± 6.1 bc 11.2 ± 1.2 a

LME—15 mg/kg 94.8 ± 5.9 ab 68.6 ± 5.0 a 48.6 ± 5.0 bc 10.6 ± 1.4 a

LME—30 mg/kg 97.8 ± 6.9 ab 71.6 ± 5.4 a 50.6 ± 4.8 bc 10.7 ± 0.8 a

LME—45 mg/kg 88.9 ± 4.3 a 78.2 ± 4.9 ab 49.8 ± 5.1 bc 11.9 ± 1.1 a

Lawsone—15 mg/kg 94.9 ± 4.8 ab 74.8 ± 4.2 ab 47.9 ± 4.0 bc 11.5 ± 1.4 a

Lawsone—30 mg/kg 101.2 ± 6.8 ab 81.2 ± 5.1 ab 54.7 ± 3.9 c 12.1 ± 0.9 a

Lawsone—45 mg/kg 89.0 ± 6.5 a 80 ± 6.9 ab 45.9 ± 3.8 abc 10.3 ± 1.2 a

Diabetic

Control 201 ± 11.1 f 168.4 ± 8.2 e 28.6 ± 4.7 a 71.8 ± 5.9 g

LME—15 mg/kg 167.8 ± 9.5 de 147.2 ± 7.4 e 35.1 ± 4.2 ab 50.8 ± 5.6 ef

LME—30 mg/kg 122.6 ± 7.9 bc 113.2 ± 5.4 cd 42.2 ± 3.8 abc 31.6 ± 3.4 cd

LME—45 mg/kg 109 ± 5.7 ab 95.4 ± 4.9 bc 50.5 ± 5.7 bc 16.5 ± 2.2 ab

Lawsone—15 mg/kg 184.4 ± 8.9 ef 145.9 ± 6.9 e 34.8 ± 3.9 ab 57.8 ± 4.4 f

Lawsone—30 mg/kg 151.8 ± 7.1 cd 119.4 ± 6.3 d 40.8 ± 5.0 abc 38.9 ± 4.3 de

Lawsone—45 mg/kg 121.2 ± 6.4 b 89.4 ± 4.9 ab 45.4 ± 4.7 abc 27.6 ± 2.2 bcd

Glb—0.6 mg/kg 116.2 ± 5.1 ab 96. 2 ± 5.4 bc 48.6 ± 5.1 bc 19.8 ± 1.6 abc

LME: Lawsone methyl ether, Glb: Glibenclamide. Data are expressed as mean ± S.E.M. (n = 6). Based on Duncan’s
multiple range test, the values with different letters of the alphabet or superscripts (a–f) indicate significant
differences from one another at a significance level of p < 0.05. However, the values labeled with the same letters
of the alphabet or superscripts indicate no significant differences.

Dyslipidemia is associated with an increased risk of cardiovascular pathology, which
is quantified by measuring atherogenicity indicators, such as the AI, AC, and CRI. As
illustrated in Table 5, the diabetic control rats had noticeably higher atherogenicity risk
indicators compared to the normal control rats. A substantial and dose-dependent reduction
in atherogenicity indicators was observed in diabetic rats treated with LME/lawsone (15, 30,
and 45 mg/kg) for 28 days. LME at 45 mg/kg caused the most potent decline in atherogenic
indicators, followed by glibenclamide (0.6 mg/kg) and lawsone (45 mg/kg). The most
striking impact of LME (45 mg/kg) was found on CRI, decreasing it to a level of 2.1 ± 0.2,
which was significantly comparable with that of the normal level (1.78 ± 0.2). Indeed,
numerous studies have reported that antioxidant and anti-inflammatory agents derived from
plants have the ability to protect against the formation and progression of atherosclerosis,
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which is the underlying cause of atherogenicity [45]. Thus, lowering of the aforesaid markers
is an indication of the cardioprotective potential of LME and lawsone due to their antioxidant,
anti-inflammatory, and antihyperlipidemic potentials. By targeting these mechanisms, LME
and lawsone demonstrate potential as therapeutic agents for promoting heart health and
reducing the risk of cardiovascular complications in diabetic patients.

Table 5. Effects of LME and lawsone on atherogenicity indicators for adult male Wistar rats.

Group Compound Dose
Atherogenicity Indicators

AI AC CRI

Normal

Control 0.82 ± 0.1 a 0.22 ± 0.02 a 1.82 ± 0.2 a

LME—15 mg/kg 0.95 ± 0.1 a 0.21 ± 0.03 a 1.95 ± 0.1 a

LME—30 mg/kg 0.93 ± 0.2 a 0.2 ± 0.01 a 1.93 ± 0.2 a

LME—45 mg/kg 0.81 ± 0.1 a 0.23 ± 0.02 a 1.78 ± 0.2 a

LAW—15 mg/kg 0.98 ± 0.2 a 0.24 ± 0.03 a 1.98 ± 0.3 a

LAW—30 mg/kg 0.85 ± 0.09 a 0.18 ± 0.01 a 1.85 ± 0.2 a

LAW—45 mg/kg 0.93 ± 0.1 a 0.22 ± 0.03 a 1.93 ± 0.1 a

Diabetic

Control 6.1 ± 0.9 e 2.51 ± 0.3 e 7.02 ± 1.0 d

LME—15 mg/kg 3.8 ± 0.4 cd 1.44 ± 0.1 d 4.78 ± 0.3 c

LME—30 mg/kg 1.9 ± 0.2 ab 0.74 ± 0.05 bc 2.9 ± 0.3 ab

LME—45 mg/kg 1.15 ± 0.1 ab 0.32 ± 0.04 ab 2.1 ± 0.2 a

LAW—15 mg/kg 4.3 ± 0.5 d 1.66 ± 0.2 d 5.29 ± 0.5 c

LAW—30 mg/kg 2.7 ± 0.3 bc 0.95 ± 0.1 c 3.72 ± 0.4 bc

LAW—45 mg/kg 1.66 ± 0.2 ab 0.6 ± 0.07 abc 2.66 ± 0.2 ab

GLB—0.6 mg/kg 1.39 ± 0.2 ab 0.4 ± 0.06 ab 2.39 ± 0.3 ab

LME: Lawsone methyl ether, Glb: Glibenclamide. Data are expressed as mean ± S.E.M. (n = 6). Based on Duncan’s
multiple range test, the values with different letters of the alphabet or superscripts (a–e) indicate significant
differences from one another at a significance level of p < 0.05. However, the values labeled with the same letters
of the alphabet or superscripts indicate no significant differences.

3.7. Effects of LME and Lawsone on Liver and Kidney Function Parameters

The liver maintains healthy blood glucose levels by performing various metabolic
processes, including glycogenesis, glycogenolysis, and gluconeogenesis. AST and ALT are
the enzymes, which are the indicative markers of liver health. Due to a liver injury, they
may seep into the bloodstream, leading to their increased levels [46]. In the current study,
increases in levels of AST and ALT were observed in the untreated diabetic rats, indicating
an altered liver function that can be linked to hyperglycemia. The higher levels of AST and
ALT in diabetic rats were significantly reduced by LME/lawsone (15, 30, and 45 mg/kg)
in a dose-dependent manner (Table 6). Amongst these, lawsone at 45 mg/kg caused the
maximum reduction in AST and ALT levels in diabetic livers, followed by LME (45 mg/kg)
and glibenclamide (0.6 mg/kg). On the other hand, LME and lawsone did not significantly
alter the liver biomarkers in normal rats. In the present study, lawsone demonstrated
the most significant reduction in liver functional markers. These findings align with
previous reports highlighting the hepatoprotective effects of lawsone [47]. Moreover,
the prior studies on lawsone and LME have provided additional evidence supporting
their hepatoprotective effects, specifically due to their promising antioxidant and anti-
inflammatory activities [35].

Long-term uncontrolled hyperglycemia may result in diabetic nephropathy, which
is one of the serious complications of DM. It develops from undue oxidative stress that is
induced by an excess of free radicals [48]. In nephropathic conditions, serum creatinine
and BUN levels are useful markers to assess the functional efficiency of kidneys [49]. In
this study, elevated levels of creatinine and BUN were observed in untreated diabetic
rats, indicating impaired renal function resulting from hyperglycemia. The elevated
levels of creatinine and BUN in diabetic rats were significantly reduced by LME/lawsone
(15, 30, and 45 mg/kg) in a dose-dependent manner (Table 6). The highest decline in the
renal biomarkers of diabetic rats was observed with LME at a dose of 45 mg/kg, followed
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by glibenclamide at 0.6 mg/kg and lawsone at 45 mg/kg. Neither LME nor lawsone
significantly altered the renal biomarkers in normal rats. These findings are consistent
with the antioxidant and anti-inflammatory properties of LME and lawsone [34]. These
results suggest that LME and lawsone not only demonstrate efficacy as hypoglycemic
agents but also have the potential to ameliorate diabetic nephropathy. These effects
of LME and lawsone are similar to those observed with another 1,4-naphthoquinone
compound, rhinacanthin-C [50]. The ability of LME, lawsone, and rhinacanthin-C to
exhibit hypoglycemic and nephroprotective properties further highlights the potential
of 1,4-naphthoquinones in managing diabetes and its related complications.

Table 6. Effects of LME and lawsone on liver and kidney functions in adult male Wistar rats.

Group Compound Dose
Parameters (mg/dL)

AST (IU/dL) ALT (IU/dL) Cr (mg/dL) BUN (mg/dL)

Normal

Control 88.6 ± 6.0 a 44.0 ± 3.6 ab 0.39 ± 0.06 a 28.1 ± 3.2 a

LME—15 mg/kg 90.9 ± 5.7 ab 39.8 ± 3.0 a 0.38 ± 0.04 a 26.9 ± 3.0 a

LME—30 mg/kg 88.4 ± 6.6 a 41.8 ± 5.1 ab 0.40 ± 0.06 a 30.9 ± 3.7 abc

LME—45 mg/kg 92.3 ± 5.4 ab 38.6 ± 4.1 a 0.41 ± 0.05 a 31.6 ± 4.3 abc

Lawsone—15 mg/kg 89.3 ± 6.1 a 47.9 ± 4.7 ab 0.45 ± 0.06 ab 28.6 ± 3.2 ab

Lawsone—30 mg/kg 99.0 ± 7.6 abc 51.1 ± 4.3 ab 0.37 ± 0.03 a 33.8 ± 2.9 abc

Lawsone—45 mg/kg 100.8 ± 7.3 abc 40.3 ± 63.5 a 0.40 ± 0.05 ab 30.8 ± 4.0 abc

Diabetic

Control 169.8 ± 11.1 f 98.4 ± 6.0 g 1.1 ± 0.09 e 61.9 ± 5.1 e

LME—15 mg/kg 157.8 ± 7.3 ef 89.1 ± 5.4 fg 0.85 ± 0.06 cd 53.4 ± 4.3 de

LME—30 mg/kg 136.6 ± 5.3 de 75.6 ± 6.0 cdef 0.61 ± 0.03 abc 45.6 ± 4.0 cde

LME—45 mg/kg 118.9 ± 5.7 bcd 60.1 ± 3.6 abcd 0.39 ± 0.04 a 33.8 ± 3.0 abc

Lawsone—15 mg/kg 153.9 ± 7.6 ef 85.3 ± 4.6 efg 0.86 ± 0.09 d 54.9 ± 5.1 de

Lawsone—30 mg/kg 139.6 ± 5.3 de 79.9 ± 5.4 defg 0.73 ± 0.07 bcd 45.0 ± 4.3 bcd

Lawsone—45 mg/kg 117.8 ± 7.5 bcd 54.2 ± 4.5 abc 0.51 ± 0.05 ab 41.9 ± 3.7 abcd

Glb—0.6 mg/kg 120.2 ± 6.5 cd 63. 6 ± 5.5 bcde 0.42 ± 0.04 a 35.1 ± 4.1 abc

LME: Lawsone methyl ether, Cr: Creatinine, Glb: Glibenclamide. Data are expressed as mean ± S.E.M. (n = 6).
Based on Duncan’s multiple range test, the values with different letters of the alphabet or superscripts (a–g)
indicate significant differences from one another at a significance level of p < 0.05. However, the values labeled
with the same letters of the alphabet or superscripts indicate no significant differences.

4. Conclusions

The present study supports that LME is a potent antidiabetic drug. Furthermore, the
study suggests that LME is also a potential compound to mitigate the lethal complications
associated with DM due to its promising antihyperlipidemic, hepatoprotective, and nephro-
protective properties. The optimum dose of LME possessing maximum efficacy and safety
was found to be 45 mg/kg. Interestingly, LME was found to be more potent and safer than
lawsone. Various mechanisms could define the antidiabetic potential of LME; however,
in the present study, LME was found to act via α-glucosidase inhibition and pancreatic
β-cell regeneration. These findings highlight the multifaceted therapeutic potential of
LME in managing DM along with its complications, thereby emphasizing its significance
as a potential treatment option. Nevertheless, further research is warranted to explore
the antidiabetic mechanisms of LME using various pathways and targets involved in glu-
cose regulation, such as gluconeogenesis, glucose transportation, ATP-sensitive potassium
channels, incretin hormones, and ghrelin.
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Abstract: Type 1 diabetes mellitus is related to the vascular oxidative and nitrosative stress, the trigger
for atherosclerosis and cardiovascular complications. The effects of moderate swimming training
associated with quercetin oral administration were evaluated in aorta of rats with experimentally
induced type 1 diabetes mellitus (T1DM), by analysing the nitric oxide-endothelial dependent
relaxation (NO-EDR). T1DM rats received daily quercetin 30 mg/kg and followed the protocol of
5-weeks swimming exercise (30 min/day; 5 days/week). Aorta relaxation to acetylcholine (Ach) and
sodium nitroprusside (SNP) were measured at the end of the experiment. Ach-induced endothelial
dependent relaxation was significantly decreased in phenylephrine (PE) pre-contracted aorta of
diabetic rats. Swimming exercise with quercetin administration preserved Ach-induced EDR but
did not have any impact on SNP-induced endothelium-independent relaxation in the diabetic aorta.
These findings suggest that quercetin administration associated with moderate swimming exercise
could improve the endothelial NO-dependent relaxation in the aorta of rats with experimentally
induced type 1 diabetes mellitus, showing that this therapeutical combination may improve and even
prevent the vascular complications that occur in diabetic patients.

Keywords: acetylcholine; endothelium; diabetes; quercetin; moderate swimming training; aorta

1. Introduction

The endothelial dysfunction (ED) that occurs in type 1 diabetes mellitus (T1DM) in-
volves numerous and diverse pathogenetic mechanisms including inflammation, hypergly-
caemia, production of reactive oxygen species (ROS) and of reactive nitrogen species (RNS),
the decrease of nitric oxide (NO) availability or dyslipidemia [1–9]. Endothelial dysfunction
is characterised by altered endothelial-dependent relaxation (EDR) produced by the de-
creased NO levels in the vessel wall [8–10], a process that leads to micro- and macrovascular
complications, increasing significantly the morbidity and mortality in T1DM [1].

Endothelial dysfunction decreases the EDR to vasorelaxant substances like acetyl-
choline (Ach) and represents a preliminary phase in the development of vascular alter-
ations. ED development is based on oxidative stress and ROS production, especially of the
superoxide anion, which has an important role in NO scavenging.
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The moderate training physical effort enhances the insulin sensitivity and the car-
bohydrates metabolism in T1DM. Several recent studies made on T1DM presented the
ameliorated endothelial dysfunction and the improved EDR after moderate exercise train-
ing that decreased the inflammation, the ROS/RNS production, and increased NO levels
in vessel walls [4,6,11–14]. The type of the performed physical effort and its duration
were correlated with the training efficacy in T1DM [11], the favourable effects in EDR
enhancement and on the oxidative/nitrosative stress being recorded only after moderate
exercise training [15] while the strenuous training intensified the ROS production [11,15].

Numerous studies present the flavonoids like potent natural antioxidants in diabetes
mellitus, preventing the cardiovascular complications [16,17].

Quercetin is a flavonol of plant origin found in numerous vegetables and fruits like
onion, tea, grapes, apple, berries, etc. [18]. Quercetin presents beneficial effects: antioxidant,
hypoglycaemic, vasodilator, anti-inflammatory, antiapoptotic, anti-atherogenic, hypolipi-
demic, etc. [18–24]. It is a flavonol that protects the function and the viability of β-pancreatic
cells against oxidative stress and may stimulate the insulin secretion regenerating the islets
of Langerhans [25]. Quercetin is an efficient antioxidant, being able to scavenge directly the
ROS and to increase the endogenous antioxidants [18,21]; it may improve the endothelial
function in hyperglycaemic conditions through its vasodilator endothelium-dependent
effects, protecting the eNOS levels, decreasing the iNOS and enhancing the NO bioavail-
ability [4,21,26].

In the present study, the effects on endothelium dysfunction of moderate exercise
training associated with quercetin administration in an experimentally induced type 1
diabetes mellitus were investigated. Since the Ach-induced EDR was affected in aorta
at 6 weeks after diabetes mellitus development, the authors hypothesised that moderate
swimming training associated with oral administration of quercetin may restore the EDR.

2. Material and Methods
2.1. Drugs and Chemicals

Streptozotocin (STZ), phenylephrine (PE), indomethacin (IND), acetylcholine chloride
(Ach), sodium nitroprusside (SNP), and quercetin (Que) were all obtained from Sigma-
Aldrich Chemical Company Inc. (Gillingham, Dorset, UK). Streptozotocin was freshly
dissolved in citrate sodium buffer (0.1 mol/L, pH 4.5) and maintained on ice before be-
ing used. Quercetin was suspended in 0.5% carboxymethyl cellulose (CMC) solution as
a vehicle.

2.2. Equipment

Biopac MP150, modular tissue baths DA 100C, UgoBasile, Trappe, PA, USA was used
to analyse the aorta rings responses at different solutions.

2.3. Procedure

The study was realised in the Physiology Department of Iuliu Hatieganu University of
Medicine and Pharmacy Cluj-Napoca Romania, with the approval of Ethical Committee on
Animal Welfare (No. 44/13.03.2017) of A.N.S.V.S.A. (The National Sanitary Veterinary and
Food Safety Authority) and following the Guidelines in the Use of Animals in Toxicology.

2.3.1. Experimental Protocol

Male albino Wistar rats, with ages of three months, weights between 260 and 310 g,
were purchased from the Biobase of Iuliu Hatieganu University of Medicine and Pharmacy,
Cluj-Napoca, Romania. The animals were fed with a standard diet, water ad libitum, and
were kept in standard conditions (22 ± 2 ◦C, 45–50% relative humidity) with a day–night
cycle of 12 h.

For induction of type 1 diabetes mellitus, streptozotocin (STZ) 60 mg/kg intraperi-
toneal single injection was used. Carboxymethyl cellulose was used for streptozotocin
solution [4,20,27]. After 96 h post-injection, all the rats developed T1DM which was con-
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firmed through the fasting blood glucose levels that were above 250 mg/dL (13.89 mmol/L).
After 7 days from the T1DM development, exercise training was started in association with
quercetin (Que) administration (30 mg/kg body weight/day/5 weeks. The animals from
the control group received carboxymethyl cellulose (CMC) 0.6 mL/day for 5 weeks.

The animals were randomly allocated into four control groups (N = 10): Group S-
sedentary, untreated animals; Group T-trained, untreated animals; Group SQ-sedentary an-
imals, treated with quercetin; Group TQ-trained animals, treated with quercetin (Figure 1);
and into four experimental diabetic groups: Group DS-diabetic, sedentary, untreated an-
imals; Group DT-diabetic, trained, untreated animals; Group DSQ-diabetic, sedentary
animals, treated with quercetin; and Group DTQ-diabetic, trained animals, treated with
quercetin (Figure 2).
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Figure 1. The time course of scheduled experiment for the groups of rats without T1DM: (A) healthy
sedentary rats (S group); (B) healthy trained rats, 30 min/day, 5 days/week for 5 weeks (T group);
(C) healthy sedentary rats treated with quercetin 30 mg/kg/day, for 5 weeks (SQ group); (D) healthy
trained rats, 30 min/day, 5 days/week and treated with quercetin 30 mg/kg/day, for 5 weeks
(TQ group).

At the end of the experiment, after the last night with food deprivation, the gly-
caemia was measured from retro-orbital venous plexus with the ACCU-CHEK Sensor
System from Roche Diagnostics GmbH (Mannheim, Germany). Deep anaesthesia of all
the rats was realised with ketamine 10% (5 mg/100 gbw) and xylazine hydroxychloride
2% (100 mg/100 gbw), to collect the samples of thoracic aorta while the connective tissue
was removed.
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Figure 2. The time course of scheduled experiment for the groups of rats with T1DM: (A) diabetic
sedentary rats (DS group); (B) diabetic trained rats, 30 min/day, 5 days/week for 5 weeks (DT
group); (C) diabetic sedentary rats treated with quercetin 30 mg/kg/day, for 5 weeks (DSQ group);
(D) diabetic trained rats, 30 min/day, 5 days/week and treated with quercetin 30 mg/kg/day, for
5 weeks (DTQ group).

2.3.2. Moderate Swimming Training Protocol

The rats were trained through a moderate swimming exercise inside a cylindrical tank
(60/100/45 cm) at a temperature maintained constantly at 36 ◦C. The swimming exercise
was performed for 30 min/day, 5 days/week, for 5 weeks [4,28–30].

2.3.3. Preparation of Aortic Tissue and Measurement of Isometric Force

Thoracic aorta fragments between aortic arch and diaphragm were taken and inserted
in ice-cold, oxygenated, modified Krebs–Henseleit solution (KHS) that consisted of (in mM)
118 NaCl; 25.0 NaHCO3; 4.7 KCl; 1.6 CaCl2; 1.2 KH2PO4; 1.2 MgSO4 and 11.1 Glucose.
Thoracic aortas were segmented into fragments of 2–2.5 mm width. The aorta rings were
placed between stainless steel triangles into individual tissue bath (Tissue Bath Station:
for baths of 20 mL with MP150 Data Acquisition System-BIOPAC System Inc., Goleta,
CA, USA), with oxygenated (95% O2, 5% CO2) modified KHS (37 ◦C, pH 7.4), one end
connected to a tissue holder and the other to a force-displacement transducer (Isometric
Force Transducers-BIOPAC System Inc., USA).

To evaluate the endothelial dysfunction, isolated vessel in tissue bath was performed
using the experimental protocol for endothelial vasomotor response, and to analyse the
vascular reactivity, cumulative doses of vasodilator agents were used. In the tissue bath,
indomethacin (10−5 M) was added to inhibit the prostaglandin release. The aorta samples
were maintained for 60 min at 1.5–2 g resting tension (the optimal tension obtained through
prior experiments) with KHS solution changed every 20 min.

The viability of the aorta smooth muscle was evaluated before the beginning of the
vessel reactivity test by achieving two similar contractile responses at KCl, 80 mM/L,
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the contraction to KCl representing the standard of maximum contraction. The response
through contraction to PE must be 80–100% from the KCl contraction.

The vasodilator response to Ach (10−5 M) above 10–15% of the contraction produced
by KCl ensures the viability of the endothelium.

2.3.4. Testing Phase: The Evaluation of Phenylephrine (PE), Acetylcholine (Ach), and
Sodium Nitroprusside (SNP) Effects on Aorta Rings

The endothelial integrity was established, and then, the aorta rings were precontracted
with phenylephrine (PE), an α1-adrenergic agonist, in increasing concentrations (10−9 to
10−6 M) in organ bath, until a stable plateau of the vessel smooth muscle tension was
obtained. For all the investigated aorta rings, vasoconstrictor substance was added in
cumulative concentrations inside the organ bath. The percentage of the KCl contraction
was used to express the contractile response to PE. This test was done to investigate the
maximum contraction of the aorta rings.

To evaluate the maximum endothelium-dependent relaxation of rats’ aortas, the aorta
rings were pre-contracted with PE before being exposed to the cumulative concentrations
of acetylcholine (10−9 to 10−5 M), an endothelium-dependent vasorelaxant. Subsequently,
the aorta rings were washed with Krebs solution and then pre-contracted with a similar
concentration of PE, before being treated with cumulative concentrations of SNP (10−11 to
10−6 M), an endothelium-independent vasorelaxant. This test was done to investigate the
maximum endothelial-independent relaxation in the rats’ thoracic aortas.

2.3.5. Statistical Analysis

The precontraction PE-induced was expressed as dose–response assessment calculated
as percentage of contraction produced by high KCl solution/mg tissue weight against PE
concentration (logarithmic scale). For the relaxation Ach-induced, the dose–response curves
were obtained as a percentage of PE (0.1 µM) contraction/mg tissue weight against Ach
concentration (logarithmic scale), while for the relaxation SNP-induced, the dose–response
graphs were calculated as percentage of PE (0.1 µM) contraction/mg tissue weight against
SNP concentration (logarithmic scale).

The relaxation, Ach- and SNP-induced, was calculated at every concentration as the
percentage of relaxation from the maximum PE contraction. The contraction force was
calculated as a percentage of maximum contraction at the highest dose of PE.

The statistical interpretation of the data was realised using Two-way ANOVA followed
by the Post-test Bonferroni. The significance threshold was set at p < 0.05.

3. Results
3.1. Blood Glucose and Animal Body Weights in the Control and Experimental Groups

At the beginning of our study, all the rats had similar values of the fasting blood
glucose (FBG) and of the body weights (BW). At 7 days after streptozotocin (STZ) ad-
ministration, FBG levels increased significantly in diabetic groups (DS, DT, DSQ, DTQ),
compared to the control groups (S, T, SQ, TQ). In comparison with DS group, moderate
swimming training produced significant decreases of the FBG levels in DT group (p < 0.05),
and when this type of exercise was associated with quercetin administration (DSQ group),
a greater reduction (p < 0.0001) of this investigated parameter was recorded.

The body weights of rats did not present significant modifications among the groups,
with one exception: sedentary diabetic rats (DS group) showed significant decreases
(p < 0.05) compared to sedentary untreated control (S) group of rats (Table 1).
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3.2. Aortic Contractile Responses to Phenylephrine (PE) in Control and Experimental Groups

The responses of aorta rings to phenylephrine (PE) were investigated using cumulative
doses (10−9 to 10−6 M). Sedentary diabetic rats (DS group) had significant increases of
aorta rings contractile responses, compared to healthy sedentary (S group) or trained rats
(T group) (p < 0.001), especially at PE between 3 × 10−7 and 10−6 M (not signalised in
Figure 1 because of too many points of significance). The quercetin administration (DSQ
group) or moderate swimming training associated with quercetin treatment (DTQ group) in
diabetic rats decreased significantly (p < 0.001) the vessels’ contraction, compared to seden-
tary diabetic rats (group DS), between the same concentrations of PE (3 × 10−7–10−6 M)
(Figure 3).
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Figure 3. The aorta rings contractile response to cumulative concentrations of phenylephrine (PE)
(10−9–10−6 M) in: sedentary, untreated animals (S); trained, untreated animals (T); sedentary animals,
treated with quercetin (SQ); trained animals, treated with quercetin (TQ); diabetic, sedentary, un-
treated animals (DS); diabetic, trained, untreated animals (DT); diabetic, sedentary animals, treated
with quercetin (DSQ) and in diabetic, trained animals, treated with quercetin (DTQ). Contraction was
expressed as % of high KCl contraction. Values are expressed as mean ± SEM (* p < 0.05; ** p < 0.01;
*** p < 0.001 compared to S group).
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3.3. Aortic Relaxation Responses to Acetylcholine (Ach) in Control and Experimental Groups

To determine the effects of the moderate swimming training associated or not with
quercetin administration on endothelium-dependent relaxation, acetylcholine (Ach) of
different concentrations (10−9–10−5 M) was used. The responses in the pre-contracted aorta
rings of healthy and of diabetic rats were recorded. Figure 4 presents all the results of all
the investigated groups; the numerous significant values are not marked on the graph but
explained in the separated next images.
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Figure 4. The aorta rings relaxation responses to cumulative concentrations of acetylcholine (Ach)
(10−9–10−5 M) in: sedentary, untreated animals (S); trained, untreated animals (T); sedentary animals,
treated with quercetin (SQ); trained animals, treated with quercetin (TQ); diabetic, sedentary, un-
treated animals (DS); diabetic, trained, untreated animals (DT); diabetic, sedentary animals, treated
with quercetin (DSQ) and in diabetic, trained animals, treated with quercetin (DTQ). The relaxation
responses are expressed as percentages of relaxation from an induced maximal contraction at PE. The
values are expressed as mean ± SEM (* p < 0.05; ** p < 0.01; *** p < 0.001 compared to S group).

Sedentary diabetic rats (DS group) had the lowest relaxation along the experiment
(p < 0.001), compared to the sedentary rats that received quercetin, healthy or with T1DM
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(S, SQ and DSQ groups), especially at Ach concentrations between 3 × 10−7 and 10−5 M.
Quercetin administration in healthy sedentary rats (SQ group) improved the vessel relax-
ation only at Ach concentration of 10−8 (p < 0.01) and of 3 × 10−5 M (p < 0.001), compared
to the healthy rats that did not receive treatment (S group) (Figure 5).
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Figure 5. The aorta rings relaxation responses to cumulative concentrations of acetylcholine (Ach)
(10−9–10−5 M) in: sedentary, untreated animals (S); sedentary animals, treated with quercetin (SQ);
diabetic, sedentary, untreated animals (DS); diabetic, sedentary animals, treated with quercetin
(DSQ). The relaxation responses are expressed as percentages of relaxation from an induced maximal
contraction at PE. The values are expressed as mean ± SEM (* p < 0.05, ** p < 0.01, *** p < 0.001
compared to S group; ˆ p < 0.05, ˆˆˆ p < 0.001 compared to SQ group; ### p < 0.001 compared to
DS group).

Quercetin administration improved significantly the vessel relaxation in diabetic
trained rats (DTQ group) at 10−7 M (p < 0.05) and at 10−5 M (p < 0.001) compared to diabetic
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trained animals (DT group), and at 10−5 M (p < 0.01) compared to the healthy trained rats
(T group). In diabetic rats (DT group), moderate physical training produced similar aorta
responses like in healthy animals (T group) with only one significant modification (p < 0.05)
recorded at 10−7 M Ach concentration (Figure 6).
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Figure 6. The aorta rings relaxation responses to cumulative concentrations of acetylcholine (Ach)
(10−9–10−5 M) in: trained, untreated animals (T); trained animals, treated with quercetin (TQ);
diabetic, trained, untreated animals (DT); diabetic, trained animals, treated with quercetin (DTQ). The
relaxation responses are expressed as percentages of relaxation from an induced maximal contraction
at PE. The values are expressed as mean ± SEM (* p < 0.05, ** p < 0.01 compared to T group; ˆ p < 0.05
compared to TQ group; # p < 0.05; ### p < 0.001 compared to DT group).

In healthy rats, moderate swimming training did not modify significantly the aorta
rings responses to Ach. In diabetic rats, compared to DS group, moderate physical training
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(DT group) improved significantly (p < 0.001) the aorta relaxation at Ach, at concentrations
between 10−7 and 10−5 M (Figure 7).
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Figure 7. The aorta rings relaxation responses to cumulative concentrations of acetylcholine (Ach)
(10−9–10−5 M) in: sedentary, untreated animals (S); trained, untreated animals (T); diabetic, sedentary,
untreated animals (DS); diabetic, trained, untreated animals (DT). The relaxation responses are
expressed as percentages of relaxation from an induced maximal contraction at PE. The values are
expressed as mean ± SEM (* p < 0.05, *** p < 0.001 compared to S group; ˆ p < 0.05, ˆˆ p < 0.01,
ˆˆˆ p < 0.001 compared to T group; ### p < 0.001 compared to DS group).

3.4. Aortic Relaxation Responses to Sodium Nitroprusside (SNP) in Control and
Experimental Groups

Moderate swimming training and quercetin effects were evaluated on endothelial-
independent relaxation responses to sodium nitroprusside (SNP) (10−11 to 10−6 M), and not
significant modifications were recorded among the investigated groups of rats (Figure 8).
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Figure 8. The relaxation responses of the aorta rings, precontracted with phenylephrine (PE), to
cumulative concentrations of sodium nitroprusside (SNP 10−11 to 10−6 M) in: sedentary, untreated
animals (S); trained, untreated animals (T); sedentary animals, treated with quercetin (SQ); trained
animals, treated with quercetin (TQ); diabetic, sedentary, untreated animals (DS); diabetic, trained,
untreated animals (DT); diabetic, sedentary animals, treated with quercetin (DSQ) and in diabetic,
trained animals, treated with quercetin (DTQ). The relaxation responses are expressed as percentages
of relaxation from an induced maximal contraction at PE. The values are expressed as mean ± SEM.

4. Discussion

Streptozotocin (STZ) intraperitoneal administration induces type 1 diabetes mellitus
(T1DM), a metabolic disease characterised by significant increases of blood glucose levels
associated with altered endothelial-dependent relaxation [31,32].

The present study showed that, in streptozotocin-induced diabetes mellitus rats,
5 weeks of moderate swimming training associated with quercetin administration signifi-
cantly reduced the blood glucose levels and restored the endothelial function.

The patients with diabetes mellitus (DM) have a high risk of death because of cardio-
vascular diseases. The main risk factor involved in cardiovascular diseases development
is represented by the endothelial dysfunction [1,7,33]. In T1DM, endothelial dysfunction
may be produced by numerous factors including hyperglycaemia, dyslipidemia, decreases
of NO bioavailability, insulin resistance or ROS increased synthesis [2,3,34]. Endothelial
dysfunction is characterised by altered endothelial-dependent relaxation with satisfactory
endothelial-independent vessel relaxation.

Hyperglycaemia produces endothelial dysfunction through NF-kB (nuclear factor-kB)
activation. Therefore, the iNOS (inducible nitric oxide synthase) expression increases,
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leading to NO increased synthesis. Nitric oxide reacts with superoxide anion radical
producing peroxynitrite, a strong oxidant with numerous noxious effects [7,33–35].

Streptozotocin is a natural compound produced by Streptomyces achromogenes that
produces specific inflammation of pancreatic β-cells with the result of insulin absolute
deficit [31,32]. In our experiment, fasting blood glucose (FBG) levels increased significantly
after STZ administration. The results of our study showed that quercetin administration
(30 mg/kg body weight/day/5 weeks) may produce significant decreases of glycaemia in
T1DM. Recent studies revealed the mechanisms through which quercetin exerts its hypo-
glycaemic effects: it increases insulin sensitivity, inhibits α-glycosidase activity (in vitro),
stimulates the hexokinase activity, increases the GLUT-4 (insulin-dependent glucose trans-
porter) mRNA expression and this transporter translocation to the plasma membrane, and
stimulates the glycogen production [21,36].

In the present study, the diabetic rats with moderate swimming training for 5 weeks
showed significant decreased levels of FBG, in comparison with sedentary diabetic rats.
These results are concordant to recent studies that presented the hypoglycaemic effects
of moderate physical effort in diabetic rats [3,6,11,20,24,37]. The group of rats with DM
and moderate swimming training treated with quercetin (DTQ group) showed a greater
improvement of FBG levels, compared to the groups with only one approach: only training,
or only quercetin treatment. Our results, in concordance with recent studies, may indicate
the preservation of β-cells function and GLUT-4 expression as effects of quercetin and
moderate swimming training which increase the glucose transport inside the cells [14,37].

In the present study, the vessel response to PE (α1-adrenoreceptor agonist) in diabetic
rats was investigated. The thoracic aorta rings were precontracted with PE in cumulative
doses (10−9 to 10−6 M). The results of our study showed a significant increase of contractile
response in aortas of sedentary diabetic rats, while the quercetin administration or mod-
erate swimming training associated with quercetin treatment decreased significantly the
vessels’ contraction. These results may be the effects of endothelial impairment caused
by hyperglycaemia, oxidative stress, NO decreased bioavailability, increased synthesis of
superoxide anion and dyslipidemia. In our previous study [4], we observed the increased
production of ROS, nitrites, and iNOS in diabetic rats’ aortas. In the present study, quercetin
administration decreased significantly the levels of mentioned parameters in aorta of dia-
betic rats while the association of quercetin treatment with moderate physical training had
the best effects.

Acetylcholine produces the relaxation of the vessel smooth muscle layer through an
endothelium-dependent mechanism by increasing the synthesis and release of vasodilator
substances from this layer, including the NO and prostacyclin. Several studies showed
the overreaction to Ach of the diabetic vessels in rats [33–36], but in our study the diabetic
aortas’ response to this neurotransmitter was decreased. The group of rats with DM and
moderate swimming training had an improved vascular function. The sedentary and
trained diabetic rats treated with quercetin presented an EDR restoring to acetylcholine.
These results may be produced in diabetic rats by hyperglycaemia, reduced insulin level
in plasma, and by the decrease of NO bioavailability from endothelial cells while the
quercetin administration, with or without moderate physical effort training, blocked the
NO oxidative inactivation by the superoxide anion. Our findings suggest that quercetin may
have antioxidant properties, acting directly on ROS in aorta wall. Recent studies performed
on diabetic thoracic aorta showed that endothelial dysfunction is partially determined by
the decreased NO release and bioavailability, and by the altered signalling cascades post-
NO release from the endothelial cells [36]. Hyperglycaemia induces vessel lesions through
different mechanisms including the increase of ROS synthesis, production of advanced
glycation end products (AGEs), activation of polyol pathway, and apoptosis. The high
levels of plasma glucose increase significantly the ROS synthesis in endothelial cells but
also in smooth muscle cells through glucose auto-oxidation, NO decreased synthesis, NO
inactivation in a high rate and the increase of PCK activity [37].
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The mechanisms through which the moderate physical training re-establish the en-
dothelial function in T1DM are still not completely understood. It is presumed that the
beneficial effects of moderate exercise training may be produced by the increase of blood
flow that increases the shear stress on the endothelium leading to the increased NOS activity
and NO bioavailability [4,38]. Moderate exercise training decreases the oxidative stress and
the expression of the proinflammatory molecules [38], both mechanisms being considered
trigger factors for the endothelial dysfunction, and it also re-establishes the function of the
endothelial progenitor cells, promoting the endothelium repair and angiogenesis [38].

Quercetin, a flavonoid found in vegetables and fruits, has numerous favourable effects
on health. In diabetes mellitus type 1, quercetin has hypoglycaemic effects through the
increase of glucose intracellular transport and glycogen synthesis, decrease of insulin resis-
tance, activation of enzymes involved in glucose metabolism, inhibition of apoptosis and
damages through oxidative stress of the β-pancreatic cells, repair of these insulin secreting
cells, etc. [39]. Quercetin has antioxidant effects in DM, scavenges the ROS, and also en-
sures anti-inflammatory and antiapoptotic protection participating in different protective
mechanisms [36,39]. The results of the present study related to the quercetin properties in
endothelial function recovery are concordant with recent literature data [4,6,36,39].

In our study, SNP (NO donor) did not modify significantly the aorta rings responses,
among the groups.

5. Conclusions

Moderate swimming training associated with quercetin administration had hypo-
glycaemic effects and recovered the aorta reactivity to vasoconstrictor and vasodilator
substances in streptozotocin-induced diabetes mellitus, this combination showing better
results than their individual effects. The results of our study present the value of combined
moderate physical training with quercetin administration in the management of diabetes
mellitus type 1.
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Abstract: Diabetes mellitus is a metabolic disorder caused by either the total destruction of the
pancreatic beta cells that secrete insulin for the uptake of glucose from the circulation or as a result of
the inability of body cells to respond to the presence of insulin in the blood. The present study inves-
tigated the effect of a flavonoid-rich fraction of Monodora tenuifolia seed extract (FFMTSE) on blood
parameters in streptozotocin (STZ)-induced diabetic male Wistar rats. The rats were divided into
seven groups (n = 6). Group 1: normal control rats, Group 2: rats + FFMTSE (25 mg/kgbwt), Group
3: rats + FFMTSE (50 mg/kgbwt), Group 4: diabetic control rats, Group 5: diabetic rats + FFMTSE
(25 mg/kgbwt), Group 6: diabetic rats + FFMTSE (50 mg/kgbwt), and Group 7: diabetic rats + Met-
formin. The assessment of the lipid profile, kidney functions (urea and creatinine), and cardiac
biomarkers (LDH and CK-MB) were carried out in the plasma using established protocols. The results
showed a significant increase in the concentrations of triacylglycerol, cholesterol, LDL-cholesterol,
VLDL-cholesterol, urea, and creatinine, as well as in cardiac enzyme activities in diabetic rats. How-
ever, the administration of the FFMTSE significantly improved the observed biochemical parameters.
In addition, an increased concentration of HDL-cholesterol concentration was observed in the di-
abetic rats upon treatment with FFMTSE. These findings indicate that FFMTSE could be a potent
anti-nephropathy and anti-cardiomyopathy agent in diabetic conditions.

Keywords: diabetes mellitus; M. tenuifolia; lipid profile; kidney functions; cardiac functions

1. Introduction

Diabetes mellitus is a global disease that results in substantial morbidity, mortality, and
long-term complications, including retinopathy, nephropathy, peripheral nerve damage,
and cardiovascular diseases [1]. It is characterized by chronic hyperglycemia and impaired
metabolism of carbohydrates, fat, and protein associated with an absolute or relative
deficiency in insulin secretion or insulin action [2]. Obesity, genetic disposition, sedentary
lifestyle, and unhealthy diets are well-known risk factors associated with the development
of type 2 diabetes mellitus (T2DM). The International Diabetes Federation (IDF) established
that about 415 million adults between the ages of 20 to 79 years were living with diabetes
mellitus as of 2015. In addition, diabetes mellitus has proven to be a global public health
burden, and it has been projected that the number of diabetic patients will increase to
200 million by 2040 [3]. Diabetes mellitus is characterized by chronic hyperglycemia, which
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is in synergy with other metabolic aberrations, such as cardiovascular diseases (CVD),
obesity, hypertension and fatty liver diseases. These metabolic disorders can cause damage
to various organs or tissues, leading to the development of disabling and life-threatening
health complications [4]. Medicinal plants contain potent substance(s) that can be used
in the treatment of disease(s) or can be used as basic raw materials to produce synthetic
drugs [5]. They are rich sources of phytochemicals and bioactive metabolites that can act in
synergy as preventive or chemotherapeutics against different diseases or as complementary
or alternative therapeutics to modern medicines [6,7]. Recently, there has been an upsurge of
interest in the therapeutic potentials of medicinal plants as antioxidants against free radical-
induced tissue injury. Besides, well-known and traditionally used natural antioxidants are
derived from tea, wine, fruits, vegetables, and spices, while some natural antioxidants are
exploited commercially either as antioxidant additives or as nutritional supplements [8].
These bioactive compounds, such as phenols, flavonoids, alkaloids, saponins, tannins,
steroids, terpenoids, and stilbenes, in medicinal plants are involved in the management
of different diseases [9]. The active ingredients of plants are also extracted and used as
raw materials in pharmaceutical industries for the synthesis of drugs [10]. These bioactive
compounds possess therapeutic effects, such as blood thinning, antibiotics, anti-malaria,
anti-depression, laxative, and anticancer effects [11].

Monodora is a genus of plants in the family ‘Annonacaea.’ The species of Monodora in-
clude Monodora myristica and Monodora tenuifolia Benth, which are widely used as spices [12].
It is a plant endowed with rich ethnobotanical history, and its medicinal properties have
been reported [13,14]. In traditional medicine practice, it is widely used against toothache,
dysentery, diarrhea, dermatitis, headache, and parasitic worms [15,16]. The seeds are
aromatic and used as an ingredient in herbal medicines in Southern Nigeria. In the food
industry, the seeds are used as spices in condiments and flavors; also, when roasted, the
ground seeds are rubbed on the skin for skin diseases [17,18]. The present study investi-
gated the effects of a flavonoid-rich fraction of Monodora tenuifolia seeds extract (FFMTSE)
on some biochemical parameters in the blood of streptozotocin-induced diabetic male
Wistar rats.

2. Materials and Methods
2.1. Collection of Plant Materials

The fruits of Monodora tenuifolia were collected from the Botanical Garden, Obafemi
Awolowo University (OAU), Ile-Ife, Nigeria. It was identified by a botanist in the De-
partment of Botany, Faculty of Science, Obafemi Awolowo University (OAU), Ile-Ife, and
deposited at the IFE Herbarium with an identification number (IFE17979). The fruits were
cut open to remove the hard-coated seeds and dried. Next, the dried seeds were deshelled
to remove the seed coat, followed by the grinding of the seeds to fine powder with an elec-
tronic blender according to the method of Akinwunmi and Oyedapo [19]. The powdered
seed was soaked in 80% (v/v) ethanol in the ratio of 1:5 (w/v) for 48 h and filtered using
a clean cellophane material and white cotton wool, followed by concentration to a thick
slurry in a rotary evaporator.

2.2. Reagents and Chemicals

All reagents used in the study were of analytical grade and obtained from various
sources. Ethanol, n-hexane, and ethylacetate were from Fisher Scientific U.K, Merck KGaA,
Germany, and Guandang Guanghan Chemical, China, respectively. D-fructose was from
Mumbai, India, HCl was from Mumbai, India, and disodium hydrogen phosphate and
monosodium dihydrogen phosphate were from Guandong, China. Other reagents, such as
sodium citrate, trichloroacetic acid, hydrogen peroxide, aluminum chloride, and sodium
nitrite, were all bought from BDH laboratories in Poole, UK. Diagnostic kits for plasma
urea, plasma creatinine, and lipid profile were purchased from Randox Laboratories Ltd.,
UK. Diagnostic kits for CK-MB and LDH were purchased from Biorex diagnostics UK.
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2.3. Preparation of Flavonoids-Rich Fraction of the Extract

Hydro-ethanolic extract of Monodora tenuifolia seeds was partitioned using a solvent-
solvent extraction method according to Akinwunmi and Oyedapo [20] as reported by
Chukwuma and Chiamaka [21] with slight modification.

The extract was dissolved in hot distilled water in a ratio of 1:5 (w/v). Next, the
solution was hydrolyzed with 1% H2SO4 (1:4 v/v) by refluxing using a condensation
assembly mounted on a magnetic stirrer for 5 min and filtered after cooling on an ice
pack to obtain the filtrate. The filtrate was mixed thoroughly with ethylacetate (1:4 v/v)
successively and poured into a separating funnel, and it was then allowed to settle. The
ethylacetate fraction of the extract was then concentrated in a rotary evaporator and used
as the flavonoid-rich fraction, according to the work of Gupta et al. [22] and Bala et al. [23].

2.4. Determination of Total Flavonoid Content

The total flavonoid concentration in the ethylacetate fraction of M. tenuifolia seed
extract was determined using the method of Kostic et al. [24] with slight modifications,
with rutin as the standard. Rutin (1 mg/mL) was prepared in methanol-distilled water
(1:1 v/v) to form the stock solution, then further diluted into 6 serial dilutions of 0–1000 µL
and made up to 1 mL with distilled water. The dilutions (200 µL) and sample (5 mg/mL)
were pipetted separately and added to 300 µL of freshly prepared 5% NaNO3, followed
by the addition of 300 µL of 10% AlCl3 and then 1 mL of 4% NaOH. After incubation at
25 ◦C for 10 min, the absorbance of the reaction mixture was read at 500 nm. The standard
calibration graph was plotted, and the concentrations of flavonoids were determined and
are expressed as mgRE/g extract.

where, RE = Rutin Equivalent.

2.5. Collection of Experimental Animals

Forty-two (42) male Wistar rats weighing 150–200 g were purchased from the Depart-
ment of Anatomy, LAUTECH, Ogbomoso, Nigeria. The animals were acclimatized for
2 weeks in the animal House, Department of Biochemistry, Adeleke University and main-
tained under 12 h light/dark cycle in normal conditions of temperature and humidity. They
were fed with standard pellets and water ad-libitum according to the method described by
Hamid et al. [25].

2.6. Induction of Diabetes Using Streptozotocin (STZ)

Twenty-four (24) male Wistar rats were fed with 10% fructose in drinking water for
2 weeks before the intraperitoneal administration of a single dose of streptozotocin (STZ)
(40 mg/kg bwt) injection [26]. Diabetes was confirmed using an Acu-check glucometer
72 h after induction, and the rats with ≥250 mg/dL glucose level were considered diabetic.
The diabetes-induced groups were allowed to stabilize for 21 days with routine checks for
glucose levels at 7-day intervals using an Acu-check glucometer.

2.7. Grouping and Treatment of Experimental Animals

The rats were divided into seven groups of six (6) rats in each group.
Group 1: Normal control rats
Group 2: Normal rats + 25 mg/kg FFMTSE
Group 3: Normal rats + 50 mg/kg FFMTSE
Group 4: Diabetic control rats
Group 5: Diabetic rats + 25 mg/kg FFMTSE
Group 6: Diabetic rats + 50 mg/kg FFMTSE
Group 7: Diabetic rats + 500 mg/kg Metformin
After 21 days of maintaining diabetes in the rats, plant extracts (25 mg/kg FFMTSE

and 50 mg/kg FFMTSE) and standard drugs (metformin, 500 mg/kg) were administered in
a single dose daily. Group 1 served as the control group taking water and feed only. Groups
2 and 3 were normal rats that received 25 mg/kg and 50 mg/kg FFMTSE, respectively.
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Group 4 served as the untreated diabetic (diabetic control) group, while groups 5 and 6 were
diabetic groups that were administered 25 mg/kg and 50 mg/kg FFMTSE, respectively.
Group 7 was the diabetic group treated with 500 mg/kg metformin. The treatments were
administered in single doses of the extract and metformin daily in 1ml for 14 days.

2.8. Sacrificing of Experimental Animals and Blood Collection

At the end of the experimental period, the rats were sacrificed after overnight fasting
using diethylether anesthesia according to the method of Akinwunmi and Oyedapo [19].
The blood samples were collected through venous punctures using different anticoagulant
(lithium heparin)-coated vials and kept on ice. The blood samples were then centrifuged
at 4000 rpm in centrifuge 800D, and the plasma was separated and frozen at 20 ◦C for
subsequent biochemical analysis.

2.9. Determination of Lipid Profile
2.9.1. Estimation of Total Cholesterol Concentration

Cholesterol concentration was determined according to the procedure described in
the Randox manufacturer’s instructional manual.

2.9.2. Estimation of Triglycerides Concentration

Triglyceride concentration was determined using a kit according to the procedure
described in the Randox manufacturer’s instructional manual.

2.9.3. Determination of High-Density Lipoprotein Cholesterol (HDL-c) Concentration

The concentration of HDL-cholesterol (HDL-c) concentration was determined accord-
ing to the procedure described in the Randox manufacturer’s instructional manual.

2.9.4. Estimation of Low-Density Lipoprotein Cholesterol (LDL-c) Concentration

The concentration of plasma low-density lipoprotein cholesterol (LDL-c) was evalu-
ated using Friedewald’s formula according to the expression below [27].

LDL-c (mg/dL) = Total Cholesterol − (
Triglycerides

5
+ HDL − cholesterol)

2.9.5. Estimation of Very Low-Density Lipoprotein Cholesterol (VLDL-c) Concentration

The plasma concentration of VLDL-cholesterol (VLDL-c) was calculated according to
Friedewald’s equation, expressed below [27]:

VLDL-c (mg/dL) =
Triglycerides

5

2.10. Determination of the Concentrations of Renal Biomarkers
2.10.1. Estimation of Plasma Urea Nitrogen Concentration

Blood urea nitrogen (BUN) concentration was estimated by the method of Fawcett
and Scott [28] using the commercially available kit. The absorbance of test and standard
samples was measured spectrophotometrically against blank at 578 nm and expressed
as mg/dL.

Urea concentration (mg/dL) =
Abs. of Sample × Conc. of Standard (mg/dL)

Abs. of Standard
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2.10.2. Estimation of Plasma Creatinine Concentration

The creatinine concentration was estimated by the alkaline picrate method, as de-
scribed by Bonsnes and Taussky [29], using a commercially available diagnostic kit. The
absorbance was measured at 510 nm against distilled water and expressed as mg/dL.

Creatinine concentration (mg/dL) =
Abs. of Sample × Conc. of Standard (mg/dL)

Abs. of Standard

2.11. Determination of Cardiac Biomarkers in Plasma
2.11.1. Assay of Creatinine Kinase-Myocardial Band [CK-MB] Activity

The assay of CK-MB activity was carried out according to the method of Jansson and
Sylvén [30]. Briefly, 1 mL of the working reagent was pipetted into test tubes containing
40 µL of plasma, followed by incubation at 37 ◦C for 3 min. The mixture was measured at
475 nm in intervals of 1 min for 5 min.

CK-MB activity (mg/dL) =
Abs. of Sample × Conc. of Standard (mg/dL)

Abs. of Standard

2.11.2. Assay of Lactate Dehydrogenase (LDH) Activity

The assay for the LDH activity was carried out according to the method of Bern-
stein [31] using a commercially available kit. The plasma (40 µL) was added to l mL of
the working reagent and incubated at 37 ◦C for 3 min. The absorbance was measured at
340 nm within the interval of 30 s for 150 s. The activity was calculated as shown below,
and the result was expressed in mmol/L.

LDH activity (mmol/L) =
Abs. of Sample × Conc. of Standard (mmol/L)

Abs. of StandAbs. of Standardard
(1)

2.12. Statistical Analysis

The data were expressed as mean ± standard deviation (SD) of triplicates. Statisti-
cal significance was determined by a 1-way analysis of variance (ANOVA), followed by
Duncan’s multiple comparisons between control and treated rats in all the groups.

3. Results
3.1. Total Flavonoid Concentration in FFMTSE

Table 1 shows the concentration of flavonoids present in 1 mg of the FFMTSE extracted
with ethylacetate. One (1 mg) of the extract contained 0.078 mg of flavonoid expressed in
standard rutin equivalent with a standard deviation of 0.001.

Table 1. Concentration of total flavonoid in FFMTSE.

Plant Sample Concentration (mgRE/mg FFMTSE)

Flavonoid-rich fraction of M. tenuifolia 0.078 ± 0.001

3.2. Effect of FFMTSE on Lipid Profile

The concentration of plasma cholesterol was significantly higher (p < 0.05) in the
diabetic control group (Figure 1a) than in the normal control group. However, when the
diabetic groups were treated with the plant extracts (25 mg/kg FFMTSE and 50 mg/kg
FFMTSE) and metformin, there was a significant reduction in cholesterol concentrations
compared with that in the diabetic control group.
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Figure 1. Lipid profile of rats treated with FFMTSE. (a) Concentration of cholesterol, (b) triglycerides,
(c) HDL-Cholesterol, (d) LDL cholesterol, and (e) VLDL cholesterol in rats treated with FFMTSE. All
results are expressed as mean ± SD. (*) indicates a significant difference compared to the normal
control group at p < 0.05, and (#) indicates a significant difference compared to the diabetic control
group at p < 0.05. FFMTSE- Flavonoid-rich fraction of Monodora tenuifolia seed extract.
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The concentration of plasma triglycerides in the diabetic control group increased sig-
nificantly (p < 0.05) compared with that in the normal control group (Figure 1b). Treatment
of the diabetic rats with the extracts (25 mg/kg FFMTSE and 50 mg/kg FFMTSE) and met-
formin resulted in a significant decrease in plasma triglyceride concentrations compared
with that in the diabetic control group.

There was a significant reduction (p < 0.05) in the concentration of plasma HDL-
cholesterol in the diabetic control group (Figure 1c) compared with that in the normal
control group. However, when the diabetic groups were treated with the plant extract
(50 mg/kg FFMTSE) and metformin, there was a significant increase in HDL-cholesterol
concentrations compared with that in the diabetic control group.

The concentration of plasma LDL-cholesterol in the diabetic control group increased
significantly (p < 0.05) compared with that in the normal control group (Figure 1d). When
the diabetic groups were treated with the plant extracts (25 mg/kg FFMTSE and 50 mg/kg
FFMTSE) and metformin, the results showed a significant decrease in LDL-cholesterol
concentrations compared with that in the diabetic control group.

The concentration of plasma VLDL was significantly increased (p < 0.05) in the diabetic
control group (Figure 1e) when compared with that in the normal control group. Treatment
with the extracts (25 mg/kg FFMTSE and 50 mg/kg FFMTSE) and metformin led to a
significant reduction in VLDL concentrations in the treated diabetic groups compared with
the diabetic control group. However, VLDL concentrations in the diabetic rats treated with
25 mg/kg FFMTSE were significantly higher than that in the normal rats.

3.3. Effect of FFMTSE on Kidney Biomarkers

Plasma urea concentrations showed a significant increase (p < 0.05) in the diabetic
control group (Figure 2a), compared with that in the normal control group. The admin-
istration of 25 mg/kg FFMTSE to the diabetic rats caused a significant reduction in urea
concentrations compared with that observed in the diabetic control group. However, the
urea concentrations in diabetic rats treated with 50 mg/kg FFMTSE and metformin were
significantly higher than that in the normal rats.
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Figure 2. Kidney biomarkers in rats treated with FFMTSE. (a) Concentration of urea and (b) creatinine
in rats treated with FFMTSE. All results are expressed as mean ± SD, (*) indicates a significant
difference compared to the normal control group at p < 0.05, and (#) indicates a significant difference
compared to the diabetic control group at p < 0.05. FFMTSE: flavonoid-rich fraction of Monodora
tenuifolia seed extract.

Plasma creatinine concentration was significantly increased (p < 0.05) in the diabetic
control group, compared with that in the normal control group (Figure 2b). Moreover,
50 mg/kg FFMTSE and metformin significantly decreased creatinine concentrations in
diabetic rats, while those treated with 25 mg/kg FFMTSE showed no significant reduction in
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creatinine concentration. In addition, creatinine concentrations in diabetic rats treated with
50 mg/kg FFMTSE and metformin were significantly higher than that in the normal rats.

3.4. Effect of FFMTSE on Cardiac Biomarkers

The activity of plasma creatine kinase MB was significantly increased (p < 0.05) in the
diabetic control group when compared with that in the normal control group (Figure 3a).
In addition, the administration of M. tenuifolia extracts (25 mg/kg FFMTSE and 50 mg/kg
FFMTSE) to the diabetic rats significantly decreased creatine kinase activity, compared with
that in the diabetic control group, while creatine kinase activity in the diabetic rats treated
with 25 mg/kg FFMTSE and 50 mg/kg FFMTSE as well as metformin were significantly
higher than that in the normal rats.
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Figure 3. Cardiac biomarkers in rats treated with FFMTSE. (a) Activity of creatine kinase-MB (CK-MB)
and (b) Lactate dehydrogenase (LDH) in rats treated with FFMTSE. All results are expressed as mean
± SD, (*) indicates a significant difference compared to the normal control group at p < 0.05, and
(#) indicates a significant difference compared to the diabetic control group at p < 0.05. FFMTSE:
flavonoid-rich fraction of Monodora tenuifolia seed extract.

There was a significant increase (p < 0.05) in the activity of plasma LDH in the diabetic
control group compared with that in the normal control group (Figure 3b). However,
the administration of the extracts (25 mg/kg FFMTSE and 50 mg/kg FFMTSE) to the
diabetic rats significantly reduced the activity of LDH compared with that in the diabetic
control group.

4. Discussion

In this study, flavonoid was found in the ethylacetate fraction of Monodora tenuifolia
seeds, which supports the findings of Akinwunmi and Oyedapo [20] and Ekanyanwu and
Njoku [16], who have previously shown that Monodora tenuifolia and its family species
are rich in flavonoids. Diabetic patients have impaired lipid metabolism (dyslipidemia),
accompanied by the risk of cardiovascular arteriosclerosis [32]. Our findings also revealed
accumulated levels of lipids in diabetic rats, suggesting that impaired lipid metabolism is
associated with diabetes. Type 2 diabetes occurs when body cells or organs are insensitive
to the presence of insulin in circulation, and pancreatic β-cells fail to produce enough
insulin to compensate for the ongoing insulin resistance. It is closely correlated with
dyslipidemia, characterized by increased levels of LDL and triglycerides as well as low
levels of HDL [33,34]. The clinical analysis of autopsy specimens carried out by Regan
and coworkers on diabetic persons demonstrated increased deposition of cholesterol and
triglycerides compared with those observed in persons without the disease [35]. In pa-
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tients with type 2 diabetes, hyperinsulinemia, insulin resistance, and β-cell failure are
related to diabetes dyslipidemia due to elevated plasma levels of fasting triglyceride-rich
lipoproteins, small-dense LDL-particles, and low levels of high-density lipoprotein (HDL)
cholesterol [36]. The present study showed increased concentrations of LDL-c, triglyceride,
VLDL, and cholesterol with reduced concentrations of HDL-c in the plasma of diabetic
rats. Treatment with the plant extracts at both test concentrations (25 mg/kg FFMTSE
and 50 mg/kg FFMTSE) significantly reduced the concentrations of LDL-c, triglycerides,
VLDL, and cholesterol. This indicates that Monodora tenufolia seeds have the potential to
control lipid metabolism in diabetic conditions. When the diabetic groups were treated
with 50 mg/kg FFMTSE and metformin, there was a significant increase in HDL-cholesterol
concentrations compared with that in the diabetic control group; however, 25 mg/kg
FFMTSE did not show any significant increase in HDL-cholesterol. The effects of the drug
on the bodies of animals can be influenced by different factors, including the route of
administration, drug concentration, and internal body homeostatic changes. The lower
dosage of the plant extract at 25 mg/kg FFMTSE could have caused poor synthesis or
metabolism of HDL in the plasma of the rats.

Diabetic nephropathy is a leading cause of chronic and end-stage renal disease, and it
is relatively associated with elevated cardiovascular disease risk and mortality. Prolonged
hyperglycemia and increased lipid mobilization and accumulation cause glucotoxicity
and lipotoxicity, which are associated with chronic renal disease in diabetes. This present
study showed significantly increased concentrations of creatinine and urea in diabetic rats,
indicating serious diabetes-induced kidney damage. Increased serum levels of lipids in the
kidneys of patients with diabetes and experimental animals have been reported [37,38]. The
administration of plant extracts (25 mg/kg FFMTSE and 50 mg/kg FFMTSE) significantly
reduced urea concentration in diabetic rats. However, only 50 mg/kg FFMTSE was able
to reduce creatinine concentration in the diabetic rats, as 25 mg/kg FFMTSE showed no
significant decrease in the creatinine concentration. High creatinine level in plasma is an
indication of kidney malfunction; the plant extract was expected to lower creatinine levels
in diabetic rats and enhance the glomerular filtration of the kidney. The non-significant
effect exerted by 25 mg/kg FFMTSE could be attributed to the inability of the extract at this
dose to confer any effect on glomerular filtration in the kidney. Nevertheless, at 50 mg/kg,
FFMTSE significantly improved the creatinine level and enhanced glomerular filtration in
the kidney.

Cardiac lipid accumulation commonly occurs in type 2 diabetes and has been sug-
gested to play a direct causal role in the development of cardiomyopathy and heart failure
in a process known as cardiac lipotoxicity [39]. Fatty acid mobilization and a significant
increase in cholesterol availability in plasma are some of the characteristics of diabetes
mellitus [40]. In this study, there was a significant increase in the activities of cardiac
enzymes (LDH and CK-MB) in diabetic rats, which indicated structural damage, functional
alteration in the heart, and the excessive release of these enzymes into the bloodstream. The
present work supports the finding of Sharma et al. [41], who showed that intra-myocardial
lipid overload in heart disease is greater in people with diabetes than in those without dia-
betes. Cardiac dysfunction induced by the excess accumulation of lipids, termed lipotoxic
cardiomyopathy or fatty heart, demonstrates the importance of lipids in the development
of diabetic cardiomyopathy and heart failure [42]. Cardiac dysfunction observed in indi-
viduals with diabetes is a net result of both lipid-driven cardiac dysfunction due to the
effects of lipids on the cardiovascular as well as a direct pathological effect of lipids on the
myocardium-promoting cardiomyopathy [43]. FFMTSE (25 and 50 mg/kg) significantly
reduced the activities of cardiac enzymes (LDH and CK-MB) in diabetic rats.

5. Conclusions

Medicinal plants have been a promising source of phytochemicals that possess medic-
inal potential in the treatment of many diseases. This study demonstrated the capacity
of FFMTSE to influence lipid metabolism through the reduction of blood concentrations
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of LDL-cholesterol, triglycerides, and VLDL-cholesterol and the improvement of HDL-
cholesterol levels in diabetic rats. In addition, kidney parameters (creatinine and urea
concentrations) and activities of cardiac enzymes improved in diabetic rats upon treatment
with FFMTSE. Overall, the study showed that the flavonoid-rich fraction of Monodora
tenuifolia seed could help to ameliorate complications arising from kidney and cardiac
damage in diabetic conditions. Further investigations may be required to determine the
mechanisms of the actions of the flavonoids in Monodora tenuifolia against kidney and
cardiac dysfunctions in diabetes mellitus.
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Abstract: Diabetes mellitus is a metabolic syndrome characterized by increased glucose levels, oxida-
tive stress, hyperlipidemia, and frequently decreased insulin levels. The current research was carried
out for eight consecutive weeks to evaluate the possible reno-protective effects of quercetin (50 mg/kg
b.w.) on streptozotocin (STZ) (55 mg/kg b.w.) induced diabetes rat models. Various physiological,
biochemical, and histopathological parameters were determined in control, diabetic control, and
quercetin-treated diabetic rats. The current findings demonstrated that diabetes control rats showed
significantly decreased body weights (198 ± 10 vs. 214 ± 13 g) and insulin levels (0.28 ± 0.04 vs.
1.15 ± 0.05 ng/mL) in comparison to normal control. Besides this, the other parameters showed
increased values, such as fasting blood glucose, triglyceride (TG), and total cholesterol levels (99 ± 5
vs. 230 ± 7 mg/dL, 122.9 ± 8.7 vs. 230.7 ± 7.2 mg/dL, 97.34 ± 5.7 vs. 146.3 ± 8 mg/dL) (p < 0.05).
In addition, the urea and creatinine levels (39.9 ± 1.8 mg/dL and 102.7 ± 7.8 µmol/L) were also high
in diabetes control rats. After 8 weeks of quercetin treatment in STZ-treated animals, body weight, in-
sulin, and fasting blood sugar levels were significantly restored (p < 0.05). The inflammatory markers
(TNF-α, IL-6, and IL-1β) were significantly increased (52.64 ± 2, 95.64 ± 3, 23.3 ± 1.2 pg/mL) and
antioxidant enzymes levels (SOD, GST, CAT, and GSH) were significantly decreased (40.3 ± 3 U/mg,
81.9 ± 10 mU/mg, 14.2 ± 2 U/mg, 19.9 ± 2 µmol/g) in diabetic rats. All the parameters in diabetic
animals treated with quercetin were restored towards their normal values. Histopathological findings
revealed that the quercetin-treated group showed kidney architecture maintenance, reduction of
fibrosis, and decreased expression of COX-2 protein. These results determined that quercetin has
reno-protective effects, and conclude that quercetin possesses a strong antidiabetic potential and
might act as a therapeutic agent in the prevention or delay of diabetes-associated kidney dysfunction.

Keywords: quercetin; anti-diabetic activity; oxidative stress; reno-protective effect; anti-inflammatory
activity

1. Introduction

Diabetes is one of the main public health concerns worldwide. Type 2 diabetes mellitus
accounts for more than 90% of all diabetes cases and is a chronic metabolic disease of multi-
factorial origin [1]. Hyperglycemia is a chief contributor to the overall oxidative stress
that leads to the production of reactive oxygen species (ROS) [2,3]. Furthermore, increased
levels of ROS resulting from hyperglycemia disturbs the insulin signaling cascades and
encourages the development of insulin resistance [4,5]. In addition, lipid abnormalities are
prevalent in diabetes mellitus due to insulin resistance or metabolic disturbances that affect
key enzymes and pathways of lipid metabolism [6]. Diabetic dyslipidemia is generally
measured by higher serum levels of cholesterol and lower levels of HDL-cholesterol and
triglyceride [7,8].
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Several approaches are used for diabetes treatment: via the intake of healthy food
and diet control, using insulin injections, or standard hypoglycemic chemical drugs. These
factors increase pancreatic islet survival in addition to the regeneration of β-cells through
islet neogenesis-related proteins [9,10]. The current modes of treatment for this disease may
be effective but lead to adverse complications. It is common to anticipate the effectiveness
of traditional herbal medicines in the prevention and treatment of diabetes with minimum
or no side effects [11]. Consequently, for the treatment of diabetes mellitus a significant
number of medicinal plants have been preferred as a natural source of drugs [12] as they
are considered to be safe, less toxic, and more readily available than synthetic drugs [13].

In this regard, quercetin is a vital polyphenolic flavonoid present in vegetables and
fruits and its role in promoting health has been demonstrated previously [14,15]. Quercetin
consumption has been confirmed to affect energy production, mitochondrial biogenesis,
electron transport chain performance, modification of reactive oxygen production, and
mitochondrial defects [16,17]. Furthermore, its role as an anti-inflammatory, antioxidant,
and anti-angiogenesis was proven in the previous study [18].

It was described that pre-treatment with quercetin protected hippocampal CA1 pyra-
midal neurons from ischemic injury [19]. Cigarette smoking damages human osteoblasts
via the accumulation of ROS. Quercetin can reduce this damage by scavenging the rad-
icals and upregulating the expression of HO-1 and SOD-1 [20]. It was reported that
quercetin had a role in the restoration of antioxidant enzyme activity in kidney tissue of
Diclofenac-treated rats. Furthermore, in the presence of quercetin, Diclofenac was unable
to enhance the expression of pro-inflammatory cytokines, advocating that quercetin may
have anti-inflammatory potential [21]. Its role in cancer has been documented through the
modulation of various biological activities [22].

In the present study, the protective role of quercetin on streptozotocin (STZ)-induced
renal damage in rats was examined via oxidative stress, lipid profile, and inflammation.
In addition, histopathological analysis was performed to evaluate kidney tissue damage
amongst treatment group animals.

2. Materials and Methods
2.1. Chemicals

Streptozotocin (STZ) (S0130), and quercetin (Q4951) were purchased from Sigma-
Aldrich Inc., St. Louis, MO, USA. The kits of catalase (ab83464), superoxide dismutase (SOD)
(ab65354), and glutathione S-transferases (GST) (ab65326) were purchased from Abcam,
U.K. Inflammatory markers (TNF-α (ab46070), IL-1β (ab100767), and IL-6) (ab119548)
ELISA based kits were also procured from Abcam, UK. Myeloperoxidase (MPO) (ab105136)
and Nitric oxide assay kit (ab65328) were also procured from Abcam, UK. Trichrome
Stain Kit (Connective Tissue Stain) (ab150686) and Picro Sirius red stain kit (ab150681)
procured from Abcam, UK. H&E Staining Kit (Hematoxylin and Eosin) kit (ab245880),
COX-2 primary antibody (ab15191), Mouse and Rabbit Specific HRP/DAB (ABC) Detection
IHC kit (ab64264) was purchased from Abcam, UK. All supportive chemicals used in this
study were of high purity grade.

2.2. Animal Ethics

The animal treatment procedures followed the guidelines provided by the animal
care unit of CAMS, Qassim University (QU). The study was approved by the Laboratory
Animal Ethics Committee (ethics committee no. 2019-2-2-I-5623) of the QU. All protocols
were followed to minimize the rats’ suffering.

2.3. Animals and Treatment

Adult male Wistar albino rats (180–220 g) were obtained from King Saud University,
Saudi Arabia. The animals were housed in plastic cages at the central animal facility unit of
the College of Applied Medical Science (CAMS), Qassim University. All rats had free access
to rat chow and tap water throughout the study. All animals were handled/treated in
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accordance with the guidelines of the Committee for the Control and Supervision of Exper-
iments on Animals, CAMS, Saudi Arabia. The animals were grouped as 8 animals/group
and were treated as described below.

The animals were rested for 7 days to reduce any transportation stress. Streptozotocin
was freshly prepared in 0.05 M sodium citrate buffer (pH 4.5). The diabetes was induced
by injecting intraperitoneally STZ (55 mg/kg b.w.) [23] solution in all animals except
the normal control. Quercetin (50 mg/kg b.w.) was prepared in 1% dimethyl sulfoxide
(DMSO) solution and was given orally by gavage to the treatment animals. Vehicle and
quercetin treatments were given twice weekly after one week of diabetes induction [24],
and were continued for eight consecutive weeks. The positive control rats were also given
glibenclamide (5mg/kg b.w.) twice weekly. The STZ-induced rats were considered to have
hyperglycemia when their fasting blood glucose levels were more than 200 mg/dL.

2.4. Animal Groups and Treatment Plan

Group Name Short Name Treatment Plan

Normal control C Rats with free access to rat pellets and orally given saline as a placebo
Negative control NC STZ-induced diabetic rats at 55 mg/kg b.w. [23] and orally given saline.

Positive control PC
STZ-induced diabetic rats and oral gavage treatment with glibenclamide
(5 mg/kg b.w.) [25] as a standard drug.

Quercetin Treatment QT STZ-induced diabetic rats and oral gavage treatment with quercetin (50 mg/kg b.w.)

2.5. Measurement of Body Weight

In all four groups, the body weights of the rats were measured weekly to check for
changes in their overall weight, and the results were analyzed accordingly.

2.6. Fasting Blood Glucose and Insulin Level Measurement

The fasting blood glucose (FBG) was checked weekly in all experimental rats after
overnight fasting, throughout the treatment plan. Blood samples were obtained from the
tail vein, and FBG was measured through a standard glucometer. The level of insulin was
checked at the end of the experimental design.

2.7. Measurement of Lipid Profile

After overnight fasting was completed, blood samples were obtained from each
rat. The serum was isolated using centrifugation at 400× g for 10–12 min. The total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and triglycerides (TG) were
measured accordingly.

2.8. Oral Glucose Tolerance Test (OGTT)

After continuous treatment for 8 weeks, the OGTT was performed. For OGTT, fasting
rats were orally given glucose at a dose of 2 g/kg b.w. Blood samples were obtained from
the tail vein at different intervals such as 0, 30, 60, 90, and 120 min after administration.
The blood glucose level was measured and the results were analyzed.

2.9. Measurement of Kidney Function Parameters

The kidney function parameters were determined by the estimation of urea and
creatinine levels in serum samples from all the experimental animals and the results were
interpreted accordingly.

2.10. Measurement of TNF-α, IL-6 and IL-1β Pro-Inflammatory Parameters

Enzyme-Linked Immunosorbent Assay (ELISA) is an in vitro enzyme-linked im-
munosorbent test for the quantitative evaluation of different inflammatory markers. The
experiment was accomplished as per the manufacturer’s instructions for the evaluation of
TNF-α, IL-6, and IL-1β levels, and the absorbance was measured at 450 nm.
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2.11. Measurement of Lipid Peroxidation

Malondialdehyde (MDA) was assessed via thiobarbituric acid (TBA) reactive sub-
stance at high temperature, forming a colored complex according to manufacturer guide-
lines. The absorbance of the resultant product was measured at 532 nm.

2.12. Determination of SOD, GST, CAT and GSH Levels

Kidney tissue was taken from all groups of rats and kept in a phosphate buffer
saline solution. Furthermore, the tissue samples were homogenized as well as centrifuged
at 1100× g for 15 min. Blood samples were obtained and the serum was isolated by
centrifugation at 400× g for 12 min. The antioxidant enzymes were measured as per the
kit guidelines.

2.13. Histopathological Examination

For microscopic evaluation, kidney tissue samples were fixed in a 10% formalin.
Tissues were processed using an automated tissue processor. Paraffin was used to embed
the tissue, and paraffin-embedded blocks were made for sectioning. The tissue samples
were sectioned at 5µm using a rotatory microtome. Haematoxylin/eosin (H&E) staining
was performed to stain the sections. Two independent pathologists evaluated the slides in
a blinded manner. H&E staining images were analyzed under a light microscope (Nikon
Corporation, Tokyo, Japan) and the results were interpreted accordingly.

2.14. Masson’s Trichrome Staining

The collagen fiber deposition was evaluated using Masson’s trichrome staining kit.
Briefly, kidney sections were deparaffinized using xylene and properly hydrated in distilled
water. Bouin’s fluid was preheated in a water bath to almost 60 ◦C in a fume hood and
slides were placed in preheated Bouin’s fluid for one hour followed by a 10 min cooling
period. Sections were cleared in distilled water. Equal parts of Weigert’s (A) and Weigert’s
(B) solutions were mixed properly and slides were stained with working Weigert’s Iron
Haematoxylin for 5–6 min. Slides were rinsed in running tap water for 2 min. Biebrich
Scarlet/Acid Fuchsin solution was applied to each slide for 15 min. All slides were properly
rinsed in distilled water. Phosphomolybdic/Phosphotungstic acid solution was used to
differentiate. Aniline blue solution was applied to slides for 5–10 min and rinsed in distilled
water. Acetic Acid Solution (1%) was applied to slides for 3–5 min and dehydrated rapidly
in 95% alcohol, followed by changes of absolute alcohol. All slides were cleared using
xylene and mounted using mounting media. The resultant formation of blue stains from
the collagen deposition was examined. Two independent pathologists evaluated the slides
in a blinded manner. Masson’s trichrome staining images were analyzed under a light
microscope and the results were interpreted accordingly.

2.15. Picro Sirius Red Staining

The fiber deposition was evaluated using the Picro sirius red staining kit of Abcam,
UK. Sections were deparaffinized and hydrated with distilled water. Adequate Picro sirius
red solution was applied to fully cover the tissue sections and incubated for one hour.
Slides were rinsed for 2 changes of acetic acid solution. Slides were rinsed in alcohol and
dehydrated in absolute alcohol. Slides were cleared, mounted, and examined accordingly.

2.16. Expressional Evaluation of COX-2 Protein through Immunohistochemical Staining

Briefly, formalin-fixed paraffin-embedded tissue sections were deparaffinized using
xylene, rehydrated, and washed in phosphate-buffered saline (pH 7.0), and the remaining
protocols were followed as per the method described earlier [26,27]. The COX-2 protein of
Abcam, Cambridge, U.K. was used as primary antibodies and incubated for 1 h at 4 ◦C,
followed by incubation with the secondary antibody for 60 min, then streptavidin–biotin
enzyme complex for 1 h. Diaminobenzidine (DAB) (Abcam, Cambridge, UK, ab 64259)
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chromogen was then applied accordingly, and hematoxylin was used as a counterstain.
Finally, the results were analyzed under a light microscope.

2.17. Statistical Analysis

The values are described as the means± standard deviation. For assessments in
multiple groups, one-way analysis of variance (ANOVA) was performed accordingly. The
p < 0.05 was considered statistically significant.

3. Results
3.1. Quercetin Effects on Body Weight

The effect of orally given quercetin on the body weight of rats was examined. Diabetic
control rats showed a reduction in body weight as compared to non-diabetic rats (Table 1).
At the end of 8 weeks of continuous treatment, the body weight of the rats in the normal
control, diabetic control plus quercetin, and diabetic control plus glibenclamide increased
significantly.

Table 1. Body weight of different animal groups measured at start and end of the treatment plan.
The animals were divided equally among different groups (n = 8 per group). The data is represented
as mean ± standard error of the mean (SEM). * p < 0.05 (significant difference of final body weight
between NC vs. C), # p < 0.05 (significant difference of final boy wight between NC vs. QT).

Animal Groups Body Weight
(0 Days) (g)

Body Weight
(After 8 Weeks) (g)

Control (C) 216 ± 12 295 ± 10

Negative Control (NC) 214 ± 13 198 ± 10 *

Positive Control (PC) 213 ± 11 272 ± 12

Quercetin Treatment (QT) 219 ± 12 263 ± 14 #

3.2. Effect of Quercetin on Glucose and Insulin Levels

The glucose and insulin levels were measured in all experimental groups. The
diabetic control rats revealed high FBG levels (230 ± 7.2 mg/dL) and low insulin lev-
els (0.28 ± 0.04 ng/mL) as compared with normal control rats (Figure 1, Supplementary
File S1). Moreover, the diabetic control animals treated with quercetin showed decreased
FBG levels (151 ± 6.8 mg/dL) and increased insulin levels (0.75 ± 0.06 ng/mL). However,
based on these findings, it was revealed that quercetin plays a vital role in the inhibition of
kidney pathogenesis through the regulation of glucose and insulin levels.

3.3. Effect of Quercetin on Oral Glucose Tolerance Tests

The effect of quercetin on diabetic rats was measured through oral glucose tolerance
tests. Glucose solution (2 g/kg b.w.) was administrated by oral gavage feeding. After oral
glucose intake, compared with normal control rats, diabetic rats exhibited higher blood
glucose levels. Quercetin supplementation was established to improve glucose tolerance
(Figure 2).

3.4. Effect of Quercetin on Lipid Profile

The serum levels of triglycerides (TG), total cholesterol (TC), and high-density lipopro-
tein cholesterol (HDL-C) were measured in experimental animals in each group. STZ treat-
ment showed a significant increase of TC (146.37 ± 8.7 mg/dL), TG (230.7 ± 7.2 mg/dL),
and a reduction in HDL-C levels (45.6 ± 7.2) as compared to the normal control rats
(p < 0.05 (Figure 3, Supplementary File S1). Moreover, a significant reduction in TC
(123.23 ± 4.7 mg/dL), TG (193.23 ± 9.4 mg/dL), and elevation of HDL-C (52.9 ± 9.4 mg/dL)
was observed in diabetic rats treated with quercetin (p < 0.05).
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Figure 1. The concentration of (a) glucose and (b) insulin in serum in various animal groups after
8 weeks of continuous treatment. The animals were proportionally divided into each group (n = 8
animals per group). The data is described as mean ± SEM. * p < 0.05 (significant difference of b.w.
(final) between NC vs. C), # p < 0.05 (significant difference of b.w. (final) between negative control
(NC) vs. Quercetin Treatment (QT)).
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Figure 2. Effect of quercetin (50 mg/kg b.w.) on oral glucose tolerance test. Data are described as
mean ± SEM (n = 8).
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Figure 3. The measurement of lipid profile in different animal groups. The animals were proportion-
ally divided into each group (n = 8 rats/group). The data is described as mean ± SEM. * p < 0.05
(significant difference of b.w. (final) between NC vs. C), # p < 0.05 (significant difference of b.w. (final)
between negative control (NC) vs. quercetin Treatment (QT)).
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3.5. Effect of Quercetin on Kidney Function Profile

The serum levels of urea and creatinine were measured in experimental animals in
each group. STZ treatment showed significant increases in these parameters (urea as
39.9 ± 1.8 mg/dL; creatinine as 102.7 ± 7.8 µmol/L) as compared to the normal control
rats (p < 0.05) (Figure 4). However, a significant reduction in urea (18.6 ± 2.6 mg/dL) and
creatinine levels (81.5 ± 6.9 µmol/L) were observed among the diabetic animals treated
with quercetin (p < 0.05).
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Figure 4. The level of urea and creatinine in different animal groups. The animals were proportionally
divided into each group (n = 8 rats/group). The data is described as mean ± SEM. * p < 0.05
(significant difference of b.w. (final) between NC vs. C), # p < 0.05 (significant difference of b.w. (final)
between negative control (NC) vs. quercetin Treatment (QT)).

3.6. Effect of Quercetin on Oxidative Stress

Antioxidants enzyme (CAT, SOD, GST) and GSH levels were measured to evaluate the
antioxidant potential of quercetin. The results revealed that diabetic rats showed a decrease
in these enzyme levels (CAT as 14.2 ± 2.2 U/mg protein, SOD as 40.3 ± 3.2 U/mg protein,
GST as 81.9 ± 10.1 mU/mg protein). However, in diabetic rats treated with quercetin at
doses of 50 mg/kg b.w., it showed a prominent protective effect in kidney function. The
results revealed significantly increased levels of these parameters (CAT as 20.6 ± 1.1 U/mg
protein, SOD as 51.8 ± 9.2 U/mg protein, and GST as 125.4 ± 8.2 mU/mg protein) after
the quercetin treatment for eight consecutive weeks (Figure 5, Supplementary File S1).

3.7. Effect of Quercetin Extract on Lipid Peroxidation

Malondialdehyde (MDA) and nitric oxide (NO) content were measured to examine
the protective role of quercetin on oxidative stress. Results revealed that diabetic rats
showed enhanced levels of both MDA (149.3 ± 3.2 nmol/g) and NO (32.4 ± 2.4 µmol/L)
content as compared to the control rats. However, the diabetic rats treated with quercetin
showed a prominent reduction of these parameters (MDA as 123.3 ± 7.2 nmol/g and NO
as 22.3 ± 1.9 µmol/L) (Figure 6).

3.8. Effect of Quercetin on Inflammatory Markers Level

The levels of InterlukinL-6, TNF-α, and IL-1β levels were raised significantly in
diabetic control rats (IL-6 as 95.64 ± 3.2 pg/mL, IL-1β as 23.30 ± 1.2 pg/mL, and TNF-α as
52.64 ± 2.2 pg/mL) when compared to the control group (p < 0.05). The treatment of diabetic
rats with quercetin significantly decreased the level of these pro-inflammatory markers
(IL-6 as, 70.29 ± 9.3 pg/mL, IL-1β as 21.10 ± 1.4 pg/mL, and TNF-α as 42.29 ± 1.3 pg/mL)
towards the normal levels (p < 0.05) (Figure 7).
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Figure 5. The antioxidant enzymes and antioxidant profile among different animal groups. The
animals were equally divided (n = 8 animals/group). * p < 0.05 (significant difference of b.w. (final)
between NC vs. C), # p < 0.05 (significant difference of b.w. (final) between negative control (NC) vs.
Quercetin Treatment (QT)).
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3.9. Effect of Quercetin on Kidney Histology

To evaluate the effect of quercetin on renal structural changes in all experimental
animals, renal morphology was examined through Haematoxylin and Eosin staining. His-
tological study of normal control groups showed normal renal architecture as normal
glomerulus, proximal and distal tubules with normal epithelium. The histopathological
sections of kidneys in diabetic rats showed distorted glomerular morphology, congestion,
and infiltration of lymphocytes, demonstrating kidney injury. On the other hand, patholog-
ical changes of the kidney tissues in diabetic groups that received quercetin showed less
damage as less congestion and fewer inflammatory cells were observed as compared to the
diabetes control group (Figure 8).
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Figure 8. Effect of quercetin extract in kidney tissue architecture. Light photomicrographs of kidney
sections from the control group: normal architecture was noticed (a), streptozotocin (STZ) group
(Negative control): showed infiltration of lymphocytes, and congestion (b,c), STZ + glibenclamide
(Positive control) showed normal kidney architecture (d), STZ + quercetin (50 mg/kg b.w.) displayed
mild inflammation and congestion (e).
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3.10. Effect of Quercetin on Renal Fibrosis

Collagen fiber was examined using Masson’s trichrome staining to detect the effects
of quercetin on renal fibrosis and changes in collagen fiber in the control and experimental
groups. Furthermore, this staining established that collagen fiber (blue staining) was
significantly high in diabetic rats. Quercetin treatment (50 mg/kg) reduced the collagen
deposition in the renal tissue of diabetic rats when compared to the STZ-induced diabetes
group (Figure 9).

Metabolites 2023, 13, x FOR PEER REVIEW 11 of 18 
 

 

 

 

Figure 9. Quercetin decreases collagen fiber in the kidney tissues. Light photomicrographs of kidney 

sections from the control group: collagen fiber not seen (a), streptozotocin (STZ) group (Negative 

control): high deposition of collagen fiber noticed (b), STZ + glibenclamide (Positive control) colla-

gen fiber was significantly less (c), STZ + quercetin (50 mg/kg b.w.): showed less collagen fiber (d). 

3.11. Effect of Quercetin on Renal Fibrosis of STZ-Induced Diabetic Rats 

Picro sirius staining was performed on all experimental groups to evaluate the reno-

protective effect of quercetin. Picro sirius staining demonstrated that fibrosis (red stain-

ing) was significantly high in the disease control group (diabetic rats). Quercetin treatment 

(50 mg/kg) plays a reno-protective role through the reduction of fibrosis in the renal tissue 

of diabetic rats when compared to the STZ-induced diabetes group (Figure 10). 

Figure 9. Quercetin decreases collagen fiber in the kidney tissues. Light photomicrographs of kidney
sections from the control group: collagen fiber not seen (a), streptozotocin (STZ) group (Negative
control): high deposition of collagen fiber noticed (b), STZ + glibenclamide (Positive control) collagen
fiber was significantly less (c), STZ + quercetin (50 mg/kg b.w.): showed less collagen fiber (d).

3.11. Effect of Quercetin on Renal Fibrosis of STZ-Induced Diabetic Rats

Picro sirius staining was performed on all experimental groups to evaluate the reno-
protective effect of quercetin. Picro sirius staining demonstrated that fibrosis (red staining)
was significantly high in the disease control group (diabetic rats). Quercetin treatment
(50 mg/kg) plays a reno-protective role through the reduction of fibrosis in the renal tissue
of diabetic rats when compared to the STZ-induced diabetes group (Figure 10).

3.12. Effect of Quercetin on COX-2 Protein Expression of STZ-Induced Diabetic Rats

Immunohistochemistry staining was performed on all experimental groups to evaluate
the COX-2 protein expression. The expression of COX-2 was high in the diseases control
group (diabetic rats). Quercetin treatment (50 mg/kg) plays a reno-protective role through
the decrease of COX-2 protein expression in the renal tissue of diabetic rats when compared
to the STZ-induced diabetes group (Figure 11).
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Figure 10. Quercetin decreases fiber in renal tissue. Kidney sections from the control group: did not
show fibrosis (a), streptozotocin (STZ) group (Negative control): deposition of fiber (red color) was
significantly high (b), STZ + glibenclamide (Positive control) showed almost no fibrosis (c), STZ +
quercetin (50 mg/kg b.w.): showed less fiber as compared to streptozotocin (STZ) group (Negative
control) (d).
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Figure 11. Quercetin decreases COX-2 protein in the renal tissues. Kidney sections from the control
group: did not show any expression (a), streptozotocin (STZ) group (Negative control): expres-
sion of COX-2 protein was high (b), STZ + glibenclamide (Positive control) fiber showed almost
no expression (c), STZ + quercetin (50 mg/kg b.w.): showed less expression as compared to the
streptozotocin (STZ) group (Negative control) (d).
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4. Discussion

Diabetes is a metabolic disorder and is characterized by chronic hyperglycemia with
altered metabolism of carbohydrates, proteins, and fats resulting from altered insulin secre-
tion, action, or both [28]. Hyperglycemia is one of the main contributors to the production
of ROS and oxidative stress [2,3]. In addition, increased levels of ROS also disturb the cas-
cade of insulin-signaling, inspiring the development of insulin resistance [3,4]. Therefore,
the recognized altered state is associated with ROS over-production which causes a state of
oxidative stress that is involved in the pathogenesis as well the progression of diabetes and
diabetes-linked complications [29].

Natural compounds, as whole or specific active compounds of medicinal plants, play
an important role in the inhibition of pathogenesis including diabetes [30–33]. To know
whether quercetin has a role in the management of diabetes mellitus, it was examined by
checking its role as an anti-hyperglycemic, oxidative stress, anti-inflammatory activity, and
in kidney tissue architecture at a dose of 50 mg/kg b.w. in rats. STZ-induced diabetic rats
treated with quercetin (50 mg/kg b.w.) showed a significant increase in body weight. All
animals in the diabetic control group showed a decrease in body weight when compared to
the normal control and STZ-induced diabetic rats treated with quercetin. Our results are
consistent with those of earlier studies and it was reported that STZ-induced diabetes is
characterized by a major loss in body weight resulting from increased muscle destruction
or degradation of structural proteins [34]. Moreover, the treatment with quercetin in STZ-
induced diabetic rats prevented the changes in body weight and blood glucose [35]. In
addition, quercetin improved the decrease in body weight gain, and it possibly prevented
reductions in body weight gain and polyuria [36]. This result is justified by previous
findings as better glycemic control, with a reduction of the lipolytic response, and the
consequential normalization of triglyceridemia [37,38].

After the oral administration of quercetin, the STZ-induced diabetic rats showed a
significant decrease in blood glucose levels and increased insulin levels. These results are in
accordance with earlier findings of antidiabetic studies that reported elevated serum blood
glucose levels and insulin levels in diabetic rats were significantly improved by quercetin,
resveratrol, and combined treatments [39].

It is well recognized that uncontrolled type 2 diabetes mellitus leads to increased
triglycerides, LDL and VLDL-C, and decreased HDL-C, which promotes coronary artery
diseases [40,41]. Furthermore, it has been shown that insulin deficiency in diabetes mellitus
leads to a variety of derangements in metabolic and regulatory processes, which in turn
lead to the accumulation of lipids like triglycerides and TC in diabetic patients [42]. In the
current study, STZ treatment showed a significant increase in total cholesterol, triglycerides,
and a reduction in HDL-C levels as compared to the normal control rats. Moreover, a
significant reduction in TC, TG, and an elevation of HDL-C was noticed in diabetic rats
treated with quercetin. Earlier findings were in agreement with the current findings and
the study revealed that administration of quercetin showed significant improvements in
the profiles of high-density lipoprotein, triglycerides, and total cholesterol in STZ-induced
diabetic rats [43].

Streptozotocin causes major oxidative stress in diabetic animals and possibly causes the
peroxidation of polyunsaturated fatty acids, important for the formation of MDA. which is a
by-product of lipid peroxidation [44]. Oxidative stress plays a major role in the disturbance
of cellular functions in the kidney and causes vascular permeability enhancement and
tissue damage [45]. This suggestion is evidenced by the previous results [38,46] which
show indications of renal oxidative stress in diabetic rats [47–50].

Measurements of MDA as a final product of the lipid peroxidation reveal the degree
of oxidative stress [51]. STZ injections were administered to illustrate the cellular oxidative
damage as it produces ROS and decreases the antioxidant potential in the pancreas, which
is known to deteriorate this organ [52]. Antioxidants play a significant role in the reduction
of MDA levels. In the current study, it is reported that diabetic rats showed a decrease
in antioxidant enzymes (CAT, SOD, and GST) and GSH levels. However, in diabetic rats,
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quercetin treatments at doses of 50 mg/kg b.w. produced a prominent protective effect. The
results revealed significantly increased levels of MDA and NO in the kidneys of diabetic
rats. On the other hand, treating diabetic rats with 50 mg/kg b.w. quercetin for 8 weeks
considerably improved the oxidative status through significant decreases in levels of MDA
and NO, and increases in antioxidant enzyme levels. In this context, the previous study
was in accord with the current findings as after 8 weeks of continuous treatment, diabetic
rats displayed renal dysfunction, as confirmed by decreased urea clearance and creatinine,
and proteinuria nearby with a noticeable increase in oxidative stress, as determined by
lipid peroxidation. Whereas treatment with quercetin significantly reduced oxidative stress
and renal dysfunction in diabetic rats [53].

STZ treatment showed a significant increase in urea and creatinine levels as compared
to the normal control. However, an important reduction in urea and creatinine levels were
detected among the diabetic animals treated with quercetin. The previous findings were
in accordance with the current findings as quercetin treatment decreased proteinuria and
high plasma levels of uric acid, urea, and creatinine [37].

Quercetin has a proven role in the inhibition of pathogenesis, including kidney damage
through the maintenance of kidney architecture. The histopathological sections of kidney
in diabetic rats showed congestion, fibrosis and infiltration of lymphocytes, and deposition
of collagen fiber demonstrating kidney injury. Whereas pathological changes of the kidney
tissue in the diabetic groups that received quercetin showed less injury and reduced
fibrosis as compared to the diabetes control group. The renoprotective effect of quercetin
has been proven in other studies as diabetic rats showed changes such as brush border
loss and peritubular infiltration, epithelial desquamation, swelling, and intracytoplasmic
vacuolization. Moreover, sclerotic changes and basement membrane thickening were
seen in the glomerulus, whereas, quercetin significantly reduced such histopathological
changes [48]. Other study findings were consistent with the current study’s results and
it was reported that STZ-induced rats showed inflammatory cell infiltration in the renal
tubular and glomerulus. These kidney pathological alterations in this model were improved
by treatment with quercetin [47].

Oxidative stress can cause inflammation through numerous mechanisms [54] and in-
flammation played an important role in the pathogenesis of diabetes [55,56]. STZ treatment
showed significant enhancement of inflammatory marker levels and COX-2 protein expres-
sion as compared to the normal control. However, a decrease in inflammatory markers
was observed among the diabetic animals treated with quercetin. In other novel research
work, it was reported that quercetin treatment for diabetic rats led to significant decreases
in oxidative stress, inflammation, and apoptosis levels [57]

In the current study, STZ-induced diabetic rats showed significant fibrosis in the
kidney tissue, which was reduced by quercetin. The results established that quercetin could
improve kidney injury through the maintenance of kidney architecture and reduction of
fibrosis. These results are consistent with the previous reports as quercetin and crocin inhibit
renal fibrosis as confirmed by Masson trichrome staining [58]. Another study reported
similar findings based on Myrciaria cauliflora extract as increased collagen deposition
was also observed in the STZ group when compared to the control group. Furthermore,
the collagen deposition was inhibited by Myrciaria cauliflora extract in a dose-dependent
manner [59].

5. Conclusions

The current findings reveal the anti-diabetic, antihyperlipidemic, anti-inflammatory,
and reno-protective effects of quercetin against STZ-induced diabetes. Quercetin enhanced
antioxidant enzyme levels and maintained kidney architecture. This study determines that
the effects of quercetin have the potential for use in the management of diabetes mellitus,
however, comprehensive, detailed biochemical and molecular studies should be performed
to identify the exact mechanisms of quercetin’s renoprotective effects.
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Abstract: Nature gives immense resources that are beneficial to humankind. The natural compounds
present in plants provide primary nutritional values to our diet. Apart from food, plants also provide
chemical compounds with therapeutic values. The importance of these plant secondary metabolites is
increasing due to more studies revealing their beneficial properties in treating and managing various
diseases and their symptoms. Among them, flavonoids are crucial secondary metabolite compounds
present in most plants. Of the reported 8000 flavonoid compounds, luteolin is an essential dietary
compound. This review discusses the source of the essential flavonoid luteolin in various plants
and its biosynthesis. Furthermore, the potential health benefits of luteolins such as anti-cancer,
anti-microbial, anti-inflammatory, antioxidant, and anti-diabetic effects and their mechanisms are
discussed in detail. The activity of luteolin and its derivatives are diverse, as they help to prevent and
control many diseases and their life-threatening effects. This review will enhance the knowledge and
recent findings regarding luteolin and its therapeutic effects, which are certainly useful in potentially
utilizing this natural metabolite.

Keywords: anti-inflammatory; anti-cancer; anti-diabetic; luteolin; secondary metabolite; flavonoid

1. Introduction

Plants have a vast majority of chemical compounds which are used daily. Due to
knowledge of plant-based therapeutic benefits, bioactive compounds have been explored
in past decades to treat various human diseases in addition to being utilized in their pre-
vention [1]. The uses of these chemical compounds in dietary and therapeutic applications
significantly impact well-being, as most of these compounds have beneficial activities for
healthy living. Among the phytochemical compounds, flavonoids are the major group
due to their beneficial properties. The flavonoids are polyphenols having a C6-C3-C6
diphenylpropane structure and two benzene rings. As of today, more than 8000 flavonoid
compounds have been identified and differentiated based on their heterocyclic C-ring struc-
ture into 10 groups, among which flavones, flavanones, chalcones, flavanols, isoflavones,
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and anthocyanins have pharmacological benefits [2,3]. In plants, their role is involved
in protecting the plant cells against ultraviolet radiation and biotic stresses. They act as
anti-microbial compounds, give color to the flowers, and thus help pollination [4,5].

The flavonoid compounds structural activities depend on their hydroxyl groups.
Among the flavonoids, luteolin (3′,4′,5,7-tetrahydroxy flavone) is an important dietary
compound present in different plant species [6]. Most of the bioactivity of luteolin (LUT)
is due to a hydroxyl moiety present in the position of 3′, 4′, 5, and 7 carbon (Figure 1).
Luteolin is a widely present flavonoid compound, as its major source is fruits, vegeta-
bles, and other edible parts of plants. Research studies in the past decades explored the
biological significance of the LUT compounds, revealing their antioxidant, anti-cancer,
anti-inflammatory, and neuroprotective nature [7,8]. As these compounds therapeutic
effects are increasing, this review will enlighten more on LUT for a deeper understanding
in addition to highlighting current research.
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Figure 1. Diagrammatic representation of luteolin compound.

2. Source of Luteolin

Luteolin’s therapeutic benefits have led the scientific community to explore its poten-
tial more. The search in the NCBI PubMed database retrieved more than five thousand
articles showing its potential nature. The plant kingdom is the major source of this com-
pound, and it is present as LUT or as luteolin glycosides. Its wide distribution among
plants is well documented, as more than 300 plant species were reported to possess LUT
or its derivates [9]. Its presence is even documented in the 36- and 25-million-year-old
fossils of Celtis and Ulmus species, respectively [10]. The presence of LUT was identified
among monocotyledons and dicotyledons. Among the plant kingdom, in the families of
Asteraceae, Lamiaceae, Poaceae, Leguminosae, and Scrophulariaceae species, the LUT and
its glycosides were identified in 66, 38, 13, 10, and 10 species, respectively (Figure 2).
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3. Luteolin Biosynthesis

Plants have an array of metabolic compounds for their basic functions and their
response to various stimuli. Phenyl propanoids are compounds involved in plant devel-
opment, cellular metabolism, and biotic and abiotic stimuli, and are obtained from the
phenylalanine molecule [11]. The phenylpropanoid pathway starts after the shikimate
pathway that has been studied for decades [12]. The LUT molecule is the product of
the phenylpropanoid and flavonoid pathways, as it branches from the major secondary
metabolite pathway, the phenylpropanoid pathway, where all the secondary metabolic
compounds are synthesized.

The flavonoid biosynthesis starts with phenylalanine ammonia lyase converting pheny-
lalanine (Phe) amino acid into trans-cinnamic acid, followed by trans-coumaric acid using
enzyme trans-cinnamate 4-hydroxylase (C4H), p-coumaroyl CoA by enzyme coumarate 4-
ligase (4CL) [11,13], which is then converted into naringenin chalcone (NC) by the enzyme
chalcone synthase, a type III polyketide synthase family enzyme [14]. NC is transformed
into naringenin, an important compound acting as a key step in the luteolin biosynthesis by
the enzyme chalcone isomerase (CHI) [15]. Further, naringenin is converted into eriodictyol
by the enzyme flavonoid 3′-hydroxylase (F3′H), as this enzyme introduces a hydroxyl
group at the 3′ position in the beta ring [16]. In addition, flavone synthase (FNS) belongs to
the cytochrome P450 superfamily, which produces LUT from the substrate naringenin and
eriodictyol [17,18] (Figure 3).
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4. Physiochemical Properties of Luteolin

The luteolin molecule in plants is widely distributed as the aglycone molecule without
a sugar moiety and as a glycoside molecule with a sugar moiety bound to it. Its molecular
formula is C15H10O6 with an MW of 286.24 [19]. Luteolin has weak aqueous soluble
properties [20]. Most of the LUT molecule occurs as O-glycosides, having aglycone attached
with sugar moieties by one or more hydroxyl (OH) group. The OH groups are positioned at
the 5, 7, 3′, and 4′ position. Among the sugar moieties, glucose is the major sugar molecule
attached to luteolin. Other than that, rhamnose, rutinose, arabinose, xylose, and glucuronic
acid are other sugar derivatives attached to luteolin [9,21].

5. Chemopreventive Functions of Luteolin

Luteolin is one of the natural secondary metabolites derived from plants shown to
possess various chemopreventive activities such as antioxidant, anti-cancer, anti-microbial,
anti-diabetic, anti-inflammatory, and neuroprotective functions.

5.1. Antioxidant Properties of Luteolin

Oxidative stress plays a major role in various cellular metabolisms and also during
the pathogenesis of neurodegenerative disorders, cancer, diabetes, cardiovascular diseases,
rheumatoid arthritis, aging, and hypertension [22]. Oxidative stress occurs due to the pro-
duction of reactive oxygen species (ROS) formed during the oxidative phosphorylation of
oxygen to produce energy by synthesizing ATP. There are different ROS molecules present,
such as hydroxyl radical (OH), hydrogen peroxide (H2O2), peroxynitrate (ONOO−), and
superoxide anion (O2

−). The balanced production of antioxidant molecules maintains bal-
anced cellular homeostasis, whereas an imbalanced mechanism of overproduction of ROS
leads to oxidative stress. Thus, the antioxidative molecules help protect from developing
oxidative stress in various diseases.
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Flavonoids have antioxidant properties that have been widely reported in several
research findings [23,24]. The LUT molecule among the flavonoids has antioxidant activity,
as it possesses anti-scavenging activity due to its glycosidic group, which helps in removing
reactive nitrogen species and oxygen species [25–29]. LUT’s antioxidant activity is linked
to the C-glycosylation effect at various positions, which causes the intensity and changes in
its scavenging properties [30]. The luteolin (50 mg/kg orally) pretreatment gives protection
against renal failure through the detoxification mechanism by antioxidant activity and
anti-inflammatory and anti-apoptotic mechanisms in Wister rats [31]. In addition, LUT
helps in reducing the effect of mucosal damage due to intestinal mucositis caused during
cancer treatment [32]. The hepatoxicity induced by carbon tetra chloride (CCl4) in the rat
model was reduced by LUT’s antioxidant property by increasing the activity of various
antioxidant enzymes [33].

Furthermore, the LUT antioxidant activity was proved to induce apoptosis via increas-
ing antioxidant activity [34]. LUT from Reseda odorata L. reduces severe acute pancreatitis
(SAP) by activating hemeoxygenase-1 (HO−1)-based anti-inflammatory and antioxidant
activity via suppressing nuclear factor-κB (NF-κB) [35]. LUT also acts as a chemoprotective
molecule during doxorubicin treatment which causes hepatorenal injuries, as it helps in
the therapeutic efficiency of the drug by removing its toxic effect due to its antioxidant
nature [36]. Thus, the effective role of the LUT molecule and its glycosides mediates a
crucial action in various metabolic processes and acts as a protective molecule by reducing
the ROS species through its antioxidant activity.

5.2. Anti-Cancer Activity

Cancer is the deadliest disease affecting human beings, as the global death ratio is
ever increasing due to its uncurable nature. As it alone causes around 10 million deaths,
which implies that one in every six people dies from it [37]. The most common cancers are
lung, breast, colon, prostate, stomach, liver, ovary, thyroid, and rectum. The cause of the
higher emergence of cancers is due to lifestyle changes such increased tobacco and alcohol
consumption, enhanced body weight index, lack of physical exercise, and lower dietary
food intake. Adjoining diseases such as human papillomavirus (HPV) cause nearly 30% of
death due to cancer [38–40]. The luteolin molecule has anti-cancer and anti-inflammatory
properties [41] (Figure 4 and Table 1). An in silico analysis of the LUT molecule from Tridax
procumbens showed it to have high active probability and less cardio-toxicity, making it an
ideal drug candidate targeting the mini chromosome maintenance (MCM7) protein which
causes dysregulation of DNA and leads to various types of cancer [42].

The LUT molecule has anti-cancer properties attributed to its antioxidant and free
radical quenching activity [41]. Its effective inhibitor activity against cancer cell proliferation
studied both in vivo at a dosage of 3 to 50 µM and in vitro at a dosage of 5 to 10 mg/kg
proved its efficiency [43]. Its ability to penetrate the skin gives the advantage of treating
skin cancer. Studies involving human carcinoma cells have shown its activity against
stomach cancer at an IC50 value of 7.1 µg/mL. Against lung cancer, its effective activity
was seen at an IC50 value of 11.7 µg/mL, and an IC50 value of 19.5 µg/mL was found to
be effective against bladder cancer [44]. Blood cancer leukemia is another major cancer
affecting humans, as it produces abnormal white blood cells, causing many deaths. The
LUT compound also showed an inhibitory effect on the human leukemic cell lines CEM-C1
and CEM-C7 [45,46].

In addition, its growth inhibitory effects are evidenced in a study against HL-60, the
human promyelocytic leukemia cells. LUT from the fruit of Vitex rotundifolia has a growth
inhibitory concentration of 15 µM at 96 h [47,48]. Also, when STZ-induced diabetic rat
models administered with luteolin it improves cognitive function, as it reduces in the diabetic
condition. The improvement in expression of growth-associated protein-43 (GAP-43) and
synaptophysin (SYN) in the hippocampus after LUT treatment was also found [49].
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Table 1. The mechanistic action of luteolin and its types against various types of cancer cells.

Compound Cancer Cell Mechanism Reference

Luteolin Colorectal cancer HCT116 cells
It increases the transcriptional activity of

antioxidative response element in
HCT116 cells.

[50]

Luteolin-7-O-glucoside
and luteolin MCF-7 cell in breast cancer Anti-cancer activities against MC77 cells with

selective index 8.0. [51]

Apigenin and luteolin
MDA-MB231 breast cancer cells (BCC)
immortalized lymph endothelial cell

(LEC) monolayer

It suppresses pro intravasation trigger factors
in MDA-MB 231 BCC, specifically MMP1

expression and CYP1A1 activity.
[52]

Luteolin A2780, OVCAR3, and SKOV3 By inducing apoptosis, arrested cell cycle thus
inhibits cell invasion in ovarian cancer cells. [53]

Luteolin Myeloid leukemia cells
It triggers leukemia cells apoptosis through

modulating the differential expression
of PTTG1.

[54]

Luteolin Lung cancer (mouse) in vitro
It enhances inhibition of tumor growth, thus
decreases tumor weight and increases tumor

cell apoptosis in vitro.
[33]

Luteolin Tumor cells

It reduces the tumorigenic potential and
inhibits the migration of U-251 glioblastoma

cells. It enhances apoptosis by an
intrinsic pathway.

[55]

Nano Luteolin
Lung cancer (H292 cell) and head and

neck cancer (SSCH and TU212)
cell line

Nanoluteolin inhibits the effect of tumor
growth of SCCHN. [56]

Luteolin Hepatocellular (HCC) carcinoma

It represses the growth of HCC by stimulating
apoptosis and cell cycle arrest at G0/G1phase
in Huh7 cells at the G2/M phase; miR-68095p

mediates the growth-repressive activity of
luteolin in HCC.

[57]

113



Metabolites 2022, 12, 1145

Table 1. Cont.

Compound Cancer Cell Mechanism Reference

Luteolin Colon cancer cells

It induces apoptosis in doxorubicin-sensitive
LoVo colon cancer cells and drug-resistant

LoVo/Dx cell lines. Their cytotoxic activity in
LoVo/Dx cell line was considerably lower

than LoVo cell line.

[58]

Luetolin-7-O-glucoside Nasopharyngeal carcinoma (NPC-039
NPC-BM)

It reduces the proliferation of NPC cell line by
inducing S and G2/M cell cycle arrest by

chromatin condensation at apoptosis through
AKT signaling pathway.

[59]

Luteolin 4TI breast cancer cell It increases the apoptosis in 4TI BCC. [60]

Luteolin Breast cancer cell MDA-MB231

It reduces telomerase levels in a
concentration-based fashion. It inhibits

phosphorylation of the NF-κB inhibitor and its
target gene c-Myc to repress human

telomerase reverse transcription (hTERT)
expression that codes the catalytic subunit

of telomerase.

[61]

Luteolin Tamoxifen resistant ER (TRER) + VE
Breast cancer cells

The synergistic application of luteolin and
P13K, AKT, or mTOR inhibitors synergistically

enhances apoptosis in TRER+VE cells. Ras
gene (K-Ras, H-Ras, and N-Ras) inducer of
P13K was transcriptionally suppressed by

stimulation of tumor suppressor mixed-PI3K
lineage leukemia 3 (MLL3) expression.

[62]

Luteolin Hepatocellular cancer Hep 3B cells It induced autophagy in p53 null Hep3B cells. [63]

Luteolin Human colon cancer

It inhibits the expression of DNA
methyltransferase, a transcription repressor

that enhanced the expression of the activity of
ten-eleven translocation (TET) DNA methylase
a transcription activator. It also increases the

interaction between Nrf2 and p53, which
increases the expression of antioxidative
enzymes and apoptosis-related protein.

[34]

Luteolin Glioma cell

It inhibits glioma cell proliferation in a time-
and concentration-based fashion by glioma

cell apoptosis via MAPK induction (JNK, ERK,
and P38) and autophagy

[64]

Luteolin LC 540 tumor Leydig cells

It activates steroidogenic acute regulatory
(StAR) protein expression and increases

progesterone and testosterone production. It
also controls the expression of genes that

participate in stress responses such as
glutathione-S-transferases Gsta1 and Gstt2

and the unfolded protein response.

[65]

Luteolin Amelanotic melanoma C32
(CRL-1585) cells

Luteolin and its derivatives demonstrate
significant cytotoxic and
pro-apoptotic potential.

[66]

Luteolin-7-O-glucoside Oral squamous cell carcinoma

It reduces the oral cancer cell migration and
invasion, causing a decrement in cancer

metastasis by decreasing p38 phosphorylation
by reducing matrix metalloproteinase

(MMP)-2 expression. It exerts an
anti-migratory effect by inhibiting

P38-induced enhanced expression of MMP-2
and also by the extracellular signal regulatory

kinase pathway.

[67]

5.3. Anti-Diabetic Activity

Diabetes is a significant health concern worldwide. Its prevalence is felt in every
developed and developing country. Nearly 451 million people are affected by it, according
to the 2017 International Diabetic Federation (IDF) report, which projects a further increase
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to 693 million by 2045. It also has severe socio-economic effects. Diabetes among the
younger population is increasing, which alarms society. Diabetes is among the top diseases
that affect the world population’s health and lead to various life-threatening illnesses [68].
LUT, a secondary plant metabolite, has anti-diabetic properties, as established in multiple
studies. On administration, it lowers the seizure threshold due to its antiepileptic activity.

In addition, its neuroprotective property helps reduce the kainic-acid-induced neu-
ronal cell death in the hippocampal CA3 region. When used as pretreatment, it protects
the morphological appearance of the nerve cells’ nucleus, mitochondria, and endoplasmic
reticulum, while restoring the ultrastructure of the nerve cells [69]. Diabetes affects the heart
muscles and causes myocardial I/R or damage due to oxidative stress. Upon treatment
with LUT, oxidative stress and damage to the heart are reduced by the redirection in the
oxidation reaction via activating the sestrin 2-Nrf2-based feedback loop [70].

Long-term diabetes impacts the cerebral cortex neurons; the administration of luteolin
significantly reduces diabetic conditions, including lipid peroxidation, as it increases in
diabetic rat brains and also reduces GS4, superoxide dismutase, and catalase activity, which
markedly decrease in the cerebral cortex and hippocampus of rats upon administering
luteolin. This implies that luteolin’s antioxidant action helps improve CA1 neurons by
reducing neuronal apoptosis, as ChE activity results from diabetes, leading to progressive
cognitive impairment and neurological dysfunction. In treating diabetic rats with LUT, the
ChE activity is inhibited, thus improving the condition [71].

An in silico molecular docking study showed that LUT binds to alpha-amylase and
dipeptidyl peptidase IV (DPP IV) efficiently. Thus, it prevents glucose optimization and
then binding to glutamine-fructose-6-phosphate amido transferase (GFAT1), and Forkhead
box protein O1 (FOX01), suggesting that it may help to avoid hyperglycemia. This shows
that LUT is a potent inhibitor of type 2 diabetes mellitus [72]. During kidney hemorrhage,
LUT significantly decreases MDA levels and increases SOD activity. It also restores the
enhanced level of serum lipids in diabetes mellitus, as the increased level leads to diabetic
nephropathy. Its antioxidant properties help to decrease oxidative stress by stabilizing the
membrane lipids and thus reducing oxidative damage. Luteolin’s renoprotective effects
relate to enhancing HO-1 expression and inducing antioxidants in diabetic nephropathy.
Luteolin prevents the morphological damage of the kidney caused by diabetes mellitus [21].
However, intense research is warranted to examine the mechanism of luteolin’s renoprotec-
tive effects.

In another study, compared to untreated cells, LUT significantly increased PI3K and
IRS1/2 expression in a dose-dependent manner. These findings demonstrate that in the
adipocytes IRSI 1/2 and PI3K pathway-dependent insulin sensitivity was seen. The fact
that LUT prevented p65 from moving from the cytosol to the nucleus suggests that it
reduces adipocyte inflammation by preventing NK-кB cell activation [73].

Luteolin is a non-competitive inhibitor of alpha-glucosidase, as it binds to enzymes,
whether at low or high concentrations. It suggests that LUT has the strongest affinity for
alpha-glucosidase enzymes and BACE1 [74]. Luteolin acts as a potent, highly effective,
non-competitive reversible inhibitor of alpha-glucosidase [75]. Due to its low IC50, LUT
exhibits the strongest dipeptidyl peptidase IV (DPP IV) inhibitory activity. A kinetic study
revealed that LUT inhibits DPP IV in a non-competitive manner and binds to the S3 and S2
proteins. The side chain of amino acid residues may change in DPP IV confirmation due to
S2 and S3 binding. The IC of DPP IV is required to inhibit 50% of enzyme activity [76].

5.4. Anti-Inflammatory Activities

Inflammation is a response to stimuli induced by immune cells and non-immune cells
in our body by involving various biochemical pathways and different molecules. It is a
natural process of how the body responds to a stimulus with the help of immune cells
such as natural killer cells, macrophages, and their molecular pathways. However, the
inflammation response is needed to reduce the impact of the stimuli, further affecting the
normal cells, but prolonged inflammation affects normal functioning as it leads to chronic
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conditions, so it needs to be prevented. For managing it, anti-inflammatory molecules
are administered to protect cells from adverse effects [77]. Luteolin has anti-inflammatory
properties, which are shown in Figure 5. Luteolin decreases the oxLDL-activated inflam-
mation by inhibiting a signal transducer and activator of transcription 3 (STAT3) in vitro.
One study showed its interaction with STAT3 primarily through hydrogen bonds [78].
Luteolin administration alleviates lung injury by attenuating caspase-2-based pyroptosis
in the lung tissue of cecal ligation and puncture (CLP). Also in the induced ALI mouse
model, it regulates the mechanism related to the frequency of regulated T cells (Treg) and
the Treg-derived IL-10 [79].

Metabolites 2022, 12, 1145 10 of 20 
 

 

Matrix metalloproteinase 9 (MMP-9) plays a critical role in the inflammatory re-
sponse. One study established that LUT decreases MMP-9 expression to treat ischemic 
stroke, colon cancer, and diabetes. CASP3 is the main terminal-cleaving enzyme, and the 
activation of CASP3 causes apoptosis and inflammation, but LUT can increase CASP3 ex-
pression to induce apoptosis in the HaCat cells and cancer cells [84]. Luteolin significantly 
improved the caerulein plus LPS induced in severe acute pancreatitis (SAP) mice. In-
creased HO-1 levels decreased NF-кB activity and increased anti-inflammatory activity 
[35]. Further, LUT is reported to process anti-inflammatory activity with the mechanism 
of having COX-2, interleukin, and TNF as molecular targets. Luteolin-7-0-β-D-glucu-
ronide inhibited the NO and pro-inflammatory cytokine production [85]. The research 
shows that TNF-α induced a considerable reduction in HNPC (human nucleus pulposus 
cell) viability and an increase in inflammatory factor levels. In contrast, application with 
LUT shows enhanced cell viability and reduced intracellular interleukin (IL)-1β and IL-6 
expression levels [86].  

Luteolin also reversed TNF-α-induced senescence and suppressed TNF-α, causing 
inflammatory injury. In addition, luteolin-3′-O-phosphate (LTP) shows better anti-inflam-
matory activity by inhibiting the mitogen-activated protein kinase and NF-κB more effec-
tively than luteolin. Also, at the concentration of 10 µM, LTP showed higher anti-inflam-
matory activity in comparison to luteolin [87]. In a previous study, it was found that LUT 
caused in vitro activation of NF-κB and AP-1. However, LUT exhibited a more potent anti-
inflammatory activity than luteolin-7-O-glucoside in Ga1N/LPS-intoxicated ICR mice 
[88]. The STAT3 pathway is the potential target of LUT, which reduces renal fibrosis and 
delays the progress of diabetic nephropathy [89].  

 
Figure 5. The figure representing the anti-inflammatory mechanism of luteolin in various cells. 

5.5. Protection against Alzheimer’s Disease 
Alzheimer’s disease is a prime cause of memory loss among the world’s population. 

The main characteristic of the disease is the accumulation of β amyloid peptides in the 
brain’s extracellular matrix [90]. A treatment to prevent the condition has not been estab-
lished. Still, research is ongoing around the globe to find the cure for Alzheimer’s disease. 
In this view, the secondary metabolite LUT has some potential to reduce the condition. 
LUT effectively reduces Alzheimer’s disease symptoms and the formation of Aβ42 aggre-
gation in transgenic drosophila due to the (direct) interaction of ROS with the gene ex-
pression of an antioxidant enzyme involved in free radical scavenging. This is shown via 
a reduction in AchE activity in a concentration-mediated manner, which results in the 
slowing down of the inception of Alzheimer’s disease-like symptoms [91]. Luteolin im-
proves brain histomorphology and decreases protein plaques in 3XTg-Alzheimer’s dis-
ease mice, as it inhibits neuro-inflammatory aggravation by repressing ER stress, which 
causes learning and memory impairment in mice [92]. 

Figure 5. The figure representing the anti-inflammatory mechanism of luteolin in various cells.

Luteolin-7-O-glucuronide [L7Gn] revealed anti-inflammatory and antioxidative prop-
erties in lipopolysaccharide (LPS)-stimulated murine macrophages, as the mRNA expres-
sion of inflammatory mediators including cyclooxygenase-2 (COX-2), interleukin-6, and
IL-1B was inhibited by luteolin-7-O-glucuronide treatment [80]. The co-system of LUT
and quercetin was analyzed as the combination of repressed TNF-α production and IL-8
mRNA expression, thus indicating anti-inflammatory and anti-allergic activities [81]. Also
in another study, Luteolin-7-O-glucoside (LUT-7G) prevents damage to cardiovascular
tissues by lowering the generation of ROS is established by the inhibition of STAT3 and the
downregulation of target genes involved in inflammation [82]. Luteolin could inhibit the
TLR4/NF-κB pathway, thus reducing the inflammatory factor TNF-α and IL-6 in plasma,
liver, and ileum to reduce liver inflammation [83].

Matrix metalloproteinase 9 (MMP-9) plays a critical role in the inflammatory response.
One study established that LUT decreases MMP-9 expression to treat ischemic stroke, colon
cancer, and diabetes. CASP3 is the main terminal-cleaving enzyme, and the activation of
CASP3 causes apoptosis and inflammation, but LUT can increase CASP3 expression to
induce apoptosis in the HaCat cells and cancer cells [84]. Luteolin significantly improved
the caerulein plus LPS induced in severe acute pancreatitis (SAP) mice. Increased HO-1
levels decreased NF-кB activity and increased anti-inflammatory activity [35]. Further, LUT
is reported to process anti-inflammatory activity with the mechanism of having COX-2,
interleukin, and TNF as molecular targets. Luteolin-7-0-β-D-glucuronide inhibited the NO
and pro-inflammatory cytokine production [85]. The research shows that TNF-α induced a
considerable reduction in HNPC (human nucleus pulposus cell) viability and an increase in
inflammatory factor levels. In contrast, application with LUT shows enhanced cell viability
and reduced intracellular interleukin (IL)-1β and IL-6 expression levels [86].

Luteolin also reversed TNF-α-induced senescence and suppressed TNF-α, caus-
ing inflammatory injury. In addition, luteolin-3′-O-phosphate (LTP) shows better anti-
inflammatory activity by inhibiting the mitogen-activated protein kinase and NF-κB more
effectively than luteolin. Also, at the concentration of 10 µM, LTP showed higher anti-
inflammatory activity in comparison to luteolin [87]. In a previous study, it was found
that LUT caused in vitro activation of NF-κB and AP-1. However, LUT exhibited a more
potent anti-inflammatory activity than luteolin-7-O-glucoside in Ga1N/LPS-intoxicated
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ICR mice [88]. The STAT3 pathway is the potential target of LUT, which reduces renal
fibrosis and delays the progress of diabetic nephropathy [89].

5.5. Protection against Alzheimer’s Disease

Alzheimer’s disease is a prime cause of memory loss among the world’s population.
The main characteristic of the disease is the accumulation of β amyloid peptides in the
brain’s extracellular matrix [90]. A treatment to prevent the condition has not been estab-
lished. Still, research is ongoing around the globe to find the cure for Alzheimer’s disease.
In this view, the secondary metabolite LUT has some potential to reduce the condition. LUT
effectively reduces Alzheimer’s disease symptoms and the formation of Aβ42 aggregation
in transgenic drosophila due to the (direct) interaction of ROS with the gene expression
of an antioxidant enzyme involved in free radical scavenging. This is shown via a reduc-
tion in AchE activity in a concentration-mediated manner, which results in the slowing
down of the inception of Alzheimer’s disease-like symptoms [91]. Luteolin improves brain
histomorphology and decreases protein plaques in 3XTg-Alzheimer’s disease mice, as it
inhibits neuro-inflammatory aggravation by repressing ER stress, which causes learning
and memory impairment in mice [92].

Further, it significantly reduced the expression of Bax and caspase-3 and induced
the expression of Bcl2. A high amount of LUT may have potential toxicity, inhibiting
Aβ25-35 and inducing cell apoptosis. It also activates the ER/ERK/MAPK signaling
pathway to protect Bcl2 cells against Aβ25-35 and induce apoptosis via specifically acting
on ERβ [93]. Luteolin may decrease brain insulin resistance. The present studies found
that the LUT treatment potentiated insulin signaling in the hippocampus and increased
glucose metabolism by increasing hepatic insulin sensitivity and the tight regulation of
β-cell function [94].

5.6. Luteolin in Parkinson’s Disease (PD) Treatment

Luteolin produced during counteraction in the in vitro effect on oxidation is associated
with the abnormal enhancement of endogenous free radical suppression of the mitochon-
drial viability of mitochondria membrane potential and a decrease in the glutathione
content. The catalyzing activity indicates that the multilayer modulatory pathway plays
a role in luteolin neuroprotection activity. The protection is a result of possible balanc-
ing in the pro-oxidation or antioxidation ratio. Further, the neuroprotective mechanism
helps to restore the depressed endogenous enzymatic and non-enzymatic antioxidative
defense system known as ROS scavenging activity [95]. Luteolin-7-O-glucoside helps to
protect against dopaminergic neuro injury in the SH-SY5Y human dopaminergic neuronal
cell line, where it increased the cell viability of a 1-methyl-4-phenylpyridinium iodide
(MPP+)-treated SH-SY5Y cell line by suppressing apoptosis, as was visible by decreased
nuclear condensation.

Furthermore, it increases the Bcl2/Bax ratio by reducing caspase-3, and also prevents
the depletion of TH+ve neurons in the substantia nigra (SN) and neuro fibers in the striatum,
thus improving mice behavior in the pole trait and traction test and implicating its potential
in applied PD therapy [96]. The cell viability is lost due to 6-OHDA-induced apoptosis in
PC12 cells, during which the Bax/Bcl2 ratio is enhanced along with p53 expression. The
6-OHDA induces BIM and TRB3 mRNA expression, affecting cellular viability. Treating with
the LUT inhibits 6-OHDA-induced apoptosis and blocks BIM and TRB3 mRNA expression,
thus increasing cell viability loss. This indicates neuroprotective activity [97,98]. Further, the
luteolin administration reduces the H2O2-induced cell apoptosis through the Bcl2 pathway,
thus improving neuronal synaptic plasticity.

The superoxide dismutase activity is enhanced due to LUT, which helps to decompose
OH-mediated lipid peroxidation. Luteolin suppresses the higher expression of Cyclin-
dependent kinase-5 (Cdk5) and p35 due to oxidation stress. Thus it proves its effectiveness
in influencing the extracellular signal-regulated kinase 1/2 (Erk1/2)- and dynamin-related
protein 1 (Drp 1)-dependent survival pathways [99] (Figure 6).

117



Metabolites 2022, 12, 1145Metabolites 2022, 12, 1145 12 of 20 
 

 

 
Figure 6. Protective role of luteolin in Parkinson’s treatment. 

5.7. Luteolin in Cardiac Health 
The luteolin compound in various plant sources has many beneficial properties in 

favor of a healthy and disease-preventive lifestyle for humans. It possesses the property 
of managing heart ailments such as myocardial infarction. Cardiovascular diseases 
(CVDs) can result from various factors such as unhealthy lifestyle, unbalanced diet, and 
sedentary lifestyle. They can be prevented by eating healthy food and having an active 
lifestyle. The luteolin molecule helps to reduce the risk of myocardial infarction, as its 
inclusion in food may help in reducing CVD. In a study involving myocardial ische-
mia/reperfusion (I/R) (MIRM) rats, the luteolin compound treatment reduced the damage 
to the heart valves by reducing the Src homology 2 domain-containing protein tyrosine 
phosphatase 1 (SHP-1) regulation and upregulating the STAT3 pathway, resulting in de-
creased inflammatory response [100].  

The reduced damage to heart muscles is due to the luteolin treatment, as it reduces 
the cytokine level in the serum of the treated animal models. In addition, luteolin helps in 
balancing the Siti1/NLRP3/NF-κB pathway, as it was affected in the MIRM rats [101]. The 
administration of luteolin to MIRM rats also proved to increase the sarcoplasmic/endo-
plasmic reticulum Ca2+-ATPase (SERCA) protein level by SUMOylation, and the expres-
sion of the SERCA was modulated by the Sp1 transcription factor, which has positive reg-
ulation over the SERCA gene. This process helped recover the heart tissue injury caused 
by myocardial infarction compared to the control [102,103].  

The anti-apoptosis property is important in preventing heart tissue damage. In one 
study, administering luteolin reduced apoptosis in the simulated ischemia/reperfusion 
(sI/R) model by upregulating the AKT signaling [104]. Cardiac wellness is improved by 
luteolin, as it helps in preventing cardiac abnormalities such as contractile dysfunction 
and Ca2+ transport, which reduce in the failing cardiomyocytes and are prevented by up-
regulating the SERCA2a gene [105]. The importance of the SERCA proteins in cardiac 
health is evident. Luteolin helps to upregulate its expression by activating the p38 MAPK 
pathway in the sI/R rat models and in the cardiomyocytes [106]. The cardiac protective 
effect of the luteolin molecule is proved in animal models and cell lines, implying its pos-
sible effectiveness in humans. Its intake as a dietary compound could play a possible pre-
ventive role against life-threatening heart disease.  

Figure 6. Protective role of luteolin in Parkinson’s treatment.

5.7. Luteolin in Cardiac Health

The luteolin compound in various plant sources has many beneficial properties in favor
of a healthy and disease-preventive lifestyle for humans. It possesses the property of manag-
ing heart ailments such as myocardial infarction. Cardiovascular diseases (CVDs) can result
from various factors such as unhealthy lifestyle, unbalanced diet, and sedentary lifestyle.
They can be prevented by eating healthy food and having an active lifestyle. The luteolin
molecule helps to reduce the risk of myocardial infarction, as its inclusion in food may help
in reducing CVD. In a study involving myocardial ischemia/reperfusion (I/R) (MIRM) rats,
the luteolin compound treatment reduced the damage to the heart valves by reducing the
Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1) regulation and
upregulating the STAT3 pathway, resulting in decreased inflammatory response [100].

The reduced damage to heart muscles is due to the luteolin treatment, as it reduces the
cytokine level in the serum of the treated animal models. In addition, luteolin helps in bal-
ancing the Siti1/NLRP3/NF-κB pathway, as it was affected in the MIRM rats [101]. The ad-
ministration of luteolin to MIRM rats also proved to increase the sarcoplasmic/endoplasmic
reticulum Ca2+-ATPase (SERCA) protein level by SUMOylation, and the expression of the
SERCA was modulated by the Sp1 transcription factor, which has positive regulation over
the SERCA gene. This process helped recover the heart tissue injury caused by myocardial
infarction compared to the control [102,103].

The anti-apoptosis property is important in preventing heart tissue damage. In one
study, administering luteolin reduced apoptosis in the simulated ischemia/reperfusion
(sI/R) model by upregulating the AKT signaling [104]. Cardiac wellness is improved by
luteolin, as it helps in preventing cardiac abnormalities such as contractile dysfunction
and Ca2+ transport, which reduce in the failing cardiomyocytes and are prevented by
upregulating the SERCA2a gene [105]. The importance of the SERCA proteins in cardiac
health is evident. Luteolin helps to upregulate its expression by activating the p38 MAPK
pathway in the sI/R rat models and in the cardiomyocytes [106]. The cardiac protective
effect of the luteolin molecule is proved in animal models and cell lines, implying its
possible effectiveness in humans. Its intake as a dietary compound could play a possible
preventive role against life-threatening heart disease.

5.8. Luteolin in Obesity Treatment

Another lifestyle disorder is obesity, which is the high accumulation of fats. It leads to
many non-communicable disorders such as cardiac arrest and diabetes, musculoskeletal
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disorders such osteoarthritis, and cancers such as colon, ovarian, breast, liver, prostate,
kidney, and gallbladder [107]. Luteolin, through dietary supplements, has proved to
manage obesity. A study on rat models showed that luteolin supplementation decreased
adipokine/cytokine dysregulation and macrophage infiltration by modifying the Toll-like
receptor (TLR) signaling pathway [108]. In another study, the luteolin compound helped in
overcoming diet-induced obesity and also increased the metabolomic rates by activating
the AMPK/PGC1α pathway [109]. The luteolin compound helps fight obesity by acting
against adipocyte differentiation by regulating the TF peroxisome proliferator-activated
receptor γ (PPARγ) [110].

The obesity studies involving C57BL/6N mice showed that artichoke leaves (AR),
having luteolin, helped in reducing the obesity-related complications in mice when given
along with a high-fat diet [111]. The obesity adipocyte inflammation observed on ad-
ministering luteolin reduces inflammation by reducing the proinflammatory mediators in
macrophages such as tumor necrosis factor-α (TNFα), monocyte chemoattractant protein
(MCP-1), and NO, while co-cultivating with 3T3-L1 adipocytes and RAW264 macrophages.
This is evidenced by the activity of luteolin in reducing the inflammation in the adipose
tissue [112]. In another study involving diet-induced obesity mice, luteolin was involved
in the regulation of cholesterol efflux genes such as liver X receptor α (LXR-α), scavenger
receptor class B member 1 (SRB1), and ATP-binding cassette transporter G1 (ABCG1). It
showed that luteolin reduces cholesterol by regulating the various genes involved in the
cholesterol efflux pathway [113]. Thus, the luteolin compound helps in managing obesity
by acting on various cellular mechanisms and helps manage and control obesity in model
animals, which could be translated into treating humans.

6. Cytotoxic Studies

The phytocompounds used in managing or treating a particular disease or its related
symptoms must be in a precise dose, so that other cellular functions are not affected by
the compound administration. Thus, toxicity studies help provide crucial information for
the compounds used in the study. The LUT compound toxicity was studied by treating
human retinal microvascular endothelial cells (HRMECs) against the anti-angiogenic effect.
The treatment with 10 µM of LUT had no toxic effect but increasing the concentration
up to 100 µM affected the cells [114,115]. In another study, LUT treated with human
lymphoblastoid TK6 cells showed cytotoxic activity at 24 h with a minimal lethal dose
concentration of 2.5 µM. In addition, DNA damage was observed at the concentrations of 5
and 10 µM, measured by the alkaline comet assay and the γH2A.X protein level [116].

In a study involving Verbena officinalis, a traditional medicinal herb containing luteolin
3′-methyl ether 7-glucuronosyl-(1-2)-glucuronide, resulted in prenatal toxicity when admin-
istered in high doses during the gestation period in female Sprague Dawley rats [117]. In
another study, 100 µg/ml of LUT caused DNA damage in Vero cells and lymphocytes [118].
The toxicity studies emphasize the safe usage of LUT in therapeutic treatments, as the
higher dosage may cause side effects. Therefore, intense studies exploring the toxicity of
the luteolin phytocompound will give more insight into the effective concentration of its
doses for disease treatments.

7. Clinical Trials

Clinical studies for the compound LUT have been carried out with various objectives.
According to the clinical trials website, 18 entries were found to be involved in using the
LUT compound. Among them, three studies are in starting phase, seven studies have been
completed, and two were terminated. A clinical study to treat the olfactory dysfunction of
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)-affected persons showed
that the administration of palmitoylethanolamide (PEA) and luteolin helped in the recovery
of olfactory functions [119]. In another randomized clinical trial in hepatocellular carcinoma
(HCC) patients, a standard transcatheter arterial chemoembolization (TACE) therapy was
synergized with a traditional Chinese medicine Fuzheng Jiedu Xiaoji formulation (FZJDXJ)
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that constitutes several phytocompounds, including luteolin. The results showed that the
synergistic application of LUT resulted in the prolongation of one-year overall survival (OS)
and progression-free survival (PFS) cases in the trials, as the anti-cancer activity was proven
in animal models by their role in influencing the AKT/CyclinD1/p21/p27 pathway [120].

Another clinical study involved LUT treatment of delirium, a condition of cogni-
tion and awareness disorder. Post-operative delirium conditions were prevented when
subjects were administrated with 700 mg of co-ultra-micronized palmitoylethanolamide
(PEA) + 70 mg luteolin [121]. The product Altilix® contains LUT as one of the components
used to treat cardiovascular and liver function in metabolic syndrome. The results of one
study showed that intake of Altilix® supplementation helps to improve liver and cardiovas-
cular functions [122]. In another study, LUT enhanced exercise performance by increasing
oxygen extraction in muscle and brain oxygenation in low and high doses [123]. The effi-
ciency of LUT in treating autism spectrum disorders (ASD) was studied in a control clinical
study in which results showed adaptive functioning improvement among the subjects.
This proves the effectiveness of the LUT compound in treating complex disorders such as
autism [124]. The clinical trials using LUT compounds prove its effectiveness in managing
and treating several diseases and health issues. Future studies will further explore the
therapeutic benefits of luteolin against several diseases.

8. Conclusions

The plant-derived phytocompound LUT is present in most plants on earth. Plants
containing the LUT compound have been used in various traditional medicines. The
advent of modern analytical techniques highlighted the occurrence of LUT in plants as
an important secondary metabolite in different cellular responses. Meanwhile, LUT is
currently being explored for its beneficial activity in treating various human ailments. It has
been made clear that the plant-obtained compound is a potential candidate in the treatment
of various diseases, as it possesses the properties of anti-cancer, anti-inflammatory, anti-
diabetic, and antioxidative effects. These beneficial activities of LUT have been proven and
validated in multiple studies.

From a future perspective, the synergistic application of LUT with other natural or
synthetic drugs in chemopreventive studies could be carried out, as this approach will be
more effective in controlling and managing diseases. In addition, the bioavailability of LUT
can be enhanced by nanoformulation using nanotechnology, which will increase its efficacy
in administration to humans and also caters to specific and efficient disease management.
To make this possible, comprehensive studies should be carried out to unravel the role of
LUT in treating several other diseases at a molecular level and explore the exact mechanism
behind its beneficial activity. This paves the way for different strategies to employ in studies
aimed at improving the well-being of humankind.
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Abstract: Metabolic syndrome (MS), characterized by the presence of risk factors for various metabolic
disorders, including impaired glucose tolerance, dyslipidemia, hypertension, and insulin resistance,
has a high incidence in the Asian population. Among the various approaches used for improving MS,
the combination of exercise and nutrition is of increasing importance. In this randomized controlled
trial, we evaluated the effects of combined aqua exercise and burdock extract intake on blood pressure,
insulin resistance, arterial stiffness, and vascular regulation factors in older women with MS. A total
of 42 participants were randomly assigned into one of four groups (control, exercise, burdock, and
exercise + burdock) and underwent a 16-week double-blinded intervention. Blood pressure, insulin
resistance, arterial stiffness, and vascular regulation factors were evaluated before and after the
intervention. The 16-week intervention of aqua exercise decreased the levels of insulin, glucose,
homeostasis model assessment of insulin resistance, and thromboxane A2, but increased the levels
of the quantitative insulin sensitivity check index and prostaglandin I2. The combined burdock
extract intake and aqua exercise intervention had an additional effect, improving the augmentation
index, augmentation index at 75 beats per min, and pulse wave velocity. In conclusion, aqua
exercise could improve insulin resistance and vascular regulation factors in older women with MS.
Furthermore, combined treatment with burdock extract intake could improve arterial stiffness via a
synergistic effect.

Keywords: aqua exercise; burdock extract; metabolic syndrome; cardiovascular disease; vascular
endothelial function

1. Introduction

Metabolic syndrome (MS) is characterized by the presence of risk factors for various
metabolic disorders, including impaired glucose tolerance, dyslipidemia, hypertension,
and insulin resistance [1]. According to the criteria of the National Cholesterol Education
Program—Adult Treatment Panel III, MS is defined based on the presence of three or more
of the following five risk indicators: abdominal obesity, hyperglycemia, hypertension,
reduced levels of high-density lipoprotein (HDL) cholesterol, and increased levels of
triglycerides (TG) [2]. Compared with that in Caucasians and African-Americans, the
incidence of MS is high among Asians [3].

With insulin resistance and atherosclerosis as key factors, MS accelerates the increase
in the risk of cardiovascular disease (CVD) [4]. Moreover, complications often arise in
relation to diabetes and reduced vascular function [4]. In this regard, the incidence of
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CVD is correlated with the incidence of insulin resistance or hyperinsulinemia through
sympathetic activation and parasympathetic inhibition [5].

Furthermore, individuals with MS have impaired endothelial function [6]. Indeed,
the incidence of atherosclerosis is increased by MS, which was shown to reduce the ability
of vascular endothelial cells to regulate the secretion of various compounds that pro-
mote healthy blood flow, including vasodilators—nitric oxide (NO) and prostacyclin
(prostaglandin I2; PGI2)—and vasoconstrictors—endothelin-1, angiotensin II, and throm-
boxane A2 (TXA2) [7–11].

According to the obesity, hypertension, and dyslipidemia criteria, MS results from
increased arterial stiffness due to carotid artery hypertrophy and increased central ar-
terial pressure. Accordingly, individuals with MS have increased pulse wave velocity
(PWV) [12,13]. In addition, CVD-related mortality is three-fold higher among individuals
with MS than among healthy individuals [14,15]. Furthermore, CVD and MS risks are
higher in women than in men [3,16], and older women are more susceptible to MS due
to an increase in adipose tissue and insulin resistance caused by hormonal imbalances
after menopause [17]. Thus, it is essential to reduce the risk of CVD in this population
through effective interventions that will achieve improvement in insulin resistance and
vascular function.

Exercise is a non-invasive method for increasing the resistance to oxidative stress
because it increases the activity of oxidation and antioxidation damage repair enzymes
through an increase in reactive oxygen species levels [18]. Exercise is well-known as an
effective treatment for MS and CVD [18]. Notably, aqua exercise is an ideal form of exercise
for overweight and older women, as it is a systemic exercise in which the buoyancy of
water decreases the body weight by 90%, thus minimizing the risk of injury [19–21]. In
previous studies on older women, aqua exercise was shown to effectively improve blood
pressure, insulin resistance, and CVD risk factors [22,23]. Nonetheless, few studies have
investigated the effectiveness of aqua exercise in older women with MS.

Recently, as a combined treatment approach involving exercise and nutrition, studies
have actively investigated natural products with converged efforts. Burdock is a plant
species from the Asteraceae family, which has long been used as food in East Asian regions,
including Korea, China, and Japan [20,21,24,25]. Burdock has an 80% water content and
is enriched with carbohydrates and dietary fibers. It is considered a healthy food with
diverse bioactive compounds and was reported to improve diabetes as well as CVD.
Moreover, these compounds can prevent oxidation by suppressing NO overproduction
in inflammation and CVD [24,26]. Based on these previous findings, we speculated that
combined treatment with aquatic exercise and burdock intake would have a more positive
effect than each intervention alone in older women.

Therefore, the aim of this study was to assess the effects of combined aqua exercise
and burdock intake on blood pressure, insulin resistance, arterial stiffness, and vascular
regulation factors in older women with MS. We hypothesized that a 16-week combined
intervention in this population would improve blood pressure and insulin resistance and
induce beneficial changes in the level of arterial stiffness through improvement in vascular
regulation factors.

2. Materials and Methods
2.1. Participants

This study was conducted according to the guidelines laid down in the Declara-
tion of Helsinki and all procedures involving human participants were approved by the
Institutional Review Board of Dongguk University (DUIRB-202009-07). This trial was
retrospectively registered in the Clinical Research Information Service (CRIS) (Republic of
Korea, KCT0007627). After explaining the study’s purpose and contents, written informed
consent was obtained from all participants.

The study population included older women aged 70−80 years, who were selected
according to the Korea Adult MS Guidelines [27]. The inclusion criteria were as follows:
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(1) waist circumference ≥ 85 cm; (2) blood pressure ≥ 130/85 mmHg or taking antihyper-
tensive medication; (3) fasting blood glucose level ≥ 100 mg/dL or taking antidiabetic
medication; (4) TG level ≥ 150 mg/dL; and (5) HDL cholesterol level < 50 mg/dL. Individ-
uals satisfying three or more of the above five criteria were selected.

2.2. Study Design

The study was designed as a randomized, double-blind, controlled trial. To determine
the effects of a 16-week intervention of burdock intake and aqua exercise, the participants
were randomly divided into four groups: placebo control (CON), exercise + placebo (EX),
burdock (BD), and exercise + burdock (EXBD). The CON and EX groups took placebo
beverages in the same manner in which the BD and EXBD groups took the investigational
beverage. The color and odor of the burdock extract and placebo beverage were similar
and their containers were identical. Unblinded personnel, who were not involved in any
study assessments, labeled the investigational beverage. Investigators, other site personnel,
and the participants were blinded to the beverage. The total daily required beverage intake
was 300 mL; the participants drank 100 mL of burdock extract or placebo beverage after
breakfast, lunch, and dinner. They were instructed not to take any other health supplements
or drugs. All measurements were taken twice, before and after the intervention. The study
design is presented in Figure 1.

Metabolites 2022, 12, x FOR PEER REVIEW 3 of 15 
 

 

Institutional Review Board of Dongguk University (DUIRB-202009-07). This trial was ret-
rospectively registered in the Clinical Research Information Service (CRIS) (Republic of 
Korea, KCT0007627). After explaining the study's purpose and contents, written informed 
consent was obtained from all participants.  

The study population included older women aged 70−80 years, who were selected 
according to the Korea Adult MS Guidelines [27]. The inclusion criteria were as follows: 
(1) waist circumference ≥ 85 cm; (2) blood pressure ≥ 130/85 mmHg or taking antihyper-
tensive medication; (3) fasting blood glucose level ≥ 100 mg/dL or taking antidiabetic med-
ication; (4) TG level ≥ 150 mg/dL; and (5) HDL cholesterol level < 50 mg/dL. Individuals 
satisfying three or more of the above five criteria were selected.  

2.2. Study Design 
The study was designed as a randomized, double-blind, controlled trial. To deter-

mine the effects of a 16-week intervention of burdock intake and aqua exercise, the par-
ticipants were randomly divided into four groups: placebo control (CON), exercise + pla-
cebo (EX), burdock (BD), and exercise + burdock (EXBD). The CON and EX groups took 
placebo beverages in the same manner in which the BD and EXBD groups took the inves-
tigational beverage. The color and odor of the burdock extract and placebo beverage were 
similar and their containers were identical. Unblinded personnel, who were not involved 
in any study assessments, labeled the investigational beverage. Investigators, other site 
personnel, and the participants were blinded to the beverage. The total daily required 
beverage intake was 300 mL; the participants drank 100 mL of burdock extract or placebo 
beverage after breakfast, lunch, and dinner. They were instructed not to take any other 
health supplements or drugs. All measurements were taken twice, before and after the 
intervention. The study design is presented in Figure 1. 

 
Figure 1. Study design. CON: placebo control, EX: exercise + placebo, BD: burdock, EXBD: exercise 
+ burdock. 
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2.3. Burdock Extract Preparation and Composition

The burdock extract was prepared according to a method previously described by
our research group [20,21,25]. In brief, after harvest in the Sangcheong region (Gyeong-
nam, Korea), the burdock root was washed and dried, subsequently heated at 100 ◦C
for 3 h, and extracted at 0.7 kg/cm2 pressure. The main ingredients of the extract were
water (98.02% ± 0.02%), crude ash (0.10% ± 0.00%), crude fat (1.12% ± 0.00%), crude
protein (0.20% ± 0.00%), crude fiber (0.03%), calcium (0.004% ± 0.00%), and phosphorus
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(0.009% ± 0.00%) (Pukyong National University Feed & Foods Nutrition Research Center,
Busan, Korea). The burdock extract was placed in small, sealed plastic containers of 100 mL,
which were provided to the participants for intake. The composition of the burdock extract
is summarized in Table S1.

2.4. Aqua Exercise Program

The aqua exercise program used in this study was developed by revising and com-
plementing the program designed by our research group [20]. The temperature of the
swimming pool was maintained at 26–28 ◦C. The aqua exercise program consisted of
50 min exercise sessions performed three times per week for 16 weeks. Each session in-
cluded a 5 min warm-up exercise, 40 min of main exercises, and a 5 min cool-down exercise.
The exercise intensity was established in the manner conducted in our study group based
on the Rating of Perceived Exertion (RPE) scores and the Polar system (RS400sd; model
APAC, 90026360; Polar, New York, NY, USA), as follows: W1–5: RPE 9–10 (30–40% heart
rate reserve [HRR]), W6–10: RPE 11–12 (40–50% HRR), and W11–16: RPE 13–14 (50–60%
HRR) [28]. The details of the aqua exercise program are presented in Table S2.

2.5. Blood Pressure

Blood pressure was measured using a digital blood pressure monitor (Jawon Medical,
Daejeon, Korea) after a 10 min rest in the supine position. Measurements were taken twice
with a 3 min interval in between. The mean value from the two measurements was used for
analysis. When the first and second measurements differed by ≥10 mmHg, an additional
measurement was taken to obtain the mean value without significant variation.

2.6. Blood Sampling

All participants were instructed to fast for ≥8 h before sample collection. At 8–10 a.m.,
10 mL of blood was collected from the antebrachial vein by a clinical pathologist. The blood
was centrifuged at 3000 rpm for 10 min in Combi-514R (Hanil, Seoul, Korea) for further
analysis. All blood analyses were performed according to the procedures described by our
research group [29].

2.6.1. Glucose

Glucose levels were measured in serum samples. After marking the sample, reference,
and blank, 20 µL of plasma and 20 µL of standard reagent were added to the sample and
reference, respectively, with the addition of 3.0 mL of coloring agent. The mixture was then
incubated in a 37 ◦C water bath. Absorbance was measured at 505 nm.

2.6.2. Insulin

Insulin levels were measured in serum samples. After centrifugation, 200 µL of the
supernatant was transferred to a test tube coated with anti-insulin antibody. After addition
of 1.0 mL of insulin (DPC, Los Angeles, CA, USA), the mixture was incubated at 24 ◦C for
20 h, followed by aspiration and chemiluminescence immunoassay using an automated
immunoanalyzer.

2.6.3. Homeostasis Model Assessment of Insulin Resistance and Quantitative Insulin
Sensitivity Check Index

The homeostasis model assessment of insulin resistance (HOMA-IR) and quantitative
insulin sensitivity check index (QUICKI) are widely used as simpler and less invasive
methods to evaluate insulin resistance based on fasting serum insulin and glucose levels.
In this study, the below formulae reported by Matthews et al. and Katz et al. were used to
calculate the HOMA-IR [30] and QUICKI [31], respectively.

HOMA-IR = [fasting insulin (mU/L) × fasting glucose (mg/dL)]/22.5
QUICKI = 1/[log (fasting insulin) + log (fasting glucose)]
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2.6.4. PGI2

Whole blood was collected in an anticoagulant tube and added to a plate coated with
a PGI2 reagent (Amersham, IL, USA). Next, 50 µL of detection reagent A was added, and
the sample was incubated for 1 h at 37 ◦C. Subsequently, the plate was washed four times
with 350 µL of wash buffer, and 100 µL of detection reagent B was added. After incubation
at 37 ◦C for 30 min, the plate was again washed four times with 350 µL of wash buffer and
incubated with 90 µL of substrate solution for 15–22 min at ambient temperature in the
dark. When the reaction was completed, 50 µL of stop solution was added to each well,
and absorbance was measured at 450 nm using Manifold-24 (Amersham, IL, USA).

2.6.5. TXA2

For TXA2 measurement, 0.9 mL of blood was collected and immediately placed in
a polystyrene tube. After adding 0.1 mL of 3.8% trisodium citrate, followed by 1 mL of
physiological saline and collagen at 2 µL/mL, the mixture was heated for 15 min in a shak-
ing water bath at 37 ◦C to stimulate the production of TXA2. After a 5 min centrifugation
at 2000 rpm, the supernatant was collected for the quantification of thromboxane B2, an
unstable product of TXA2 conversion, using a radioimmunoassay kit (Amersham, TRK780,
IL, USA).

2.7. Arterial Stiffness

Arterial stiffness was measured using a non-invasive, tonometry-based PW detector
(SphygmoCor; AtCor Medical, Sydney, Australia), according to the guidelines described
in the Clinical Application of Arterial Stiffness, Task Force III [32]. PWV was measured
based on the PW flow from the carotid to the brachial artery. The automated software of
the device was used to record the PW on both ends of the artery, and the interdistance was
measured using a tape measure. Next, the PWV formula was used to divide the distance
(L) by the time variation (∆t) between the PWs recorded on both sides [33].

PWV = L/∆t

For the augmentation index (AIx), we calculated the pressure difference between the
highest level of the central blood pressure and the augmentation point that arises at the PW
refraction generated by the traveling wave advancing to the periphery to encounter the
reflected wave returning to the periphery and divided it by the PWV [34]. In addition, the
heart rate-corrected augmentation index at 75 beats per min (AIx@75) was estimated.

2.8. Sample Size Calculation

The sample size was calculated using G-power version 3.1 for Windows (Kiel Univer-
sity, Kiel, Germany). We estimated the sample size for this study as n = 40 based on the
following conditions: effect size of 0.25 (default), significance of 0.05, and power of 0.70.
Considering potential dropouts, a total of 46 participants were recruited.

2.9. Statistical Analysis

All data were statistically analyzed using IBM SPSS Statistics 27.0 (IBM Corp., Armonk,
NY, USA) and expressed as means with standard deviations. The level of significance was
set at p < 0.05. To determine the effects of the 16-week intervention on MS indicators (insulin
resistance, vascular regulation factors, and arterial stiffness), two-way repeated measures
analysis of variance (ANOVA) was performed with the treatment (CON, EX, BD, and EXBD)
and time (pre-test and post-test) as independent variables. The Bonferroni test was used
for post-hoc analysis. The post-treatment differences in the response of each variable were
analyzed using the pre-test-post-test variation (∆) by employing one-way ANOVA and
Pearson’s correlation analysis. The effect size for the pre-test-post-test variation (Cohen’s d)
was expressed as the mean variation [35].
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3. Results
3.1. Participants’ Characteristics

Of the 46 enrolled participants, four dropped out of the study owing to personal
reasons. Therefore, 42 participants completed the study and were included in the analysis.
The characteristics of the participants are presented in Table S3.

3.2. Blood Pressure

The effects of the 16-week intervention of burdock intake and aqua exercise on blood
pressure and the relevant variations are shown in Figure 2. A significant time effect
was detected for the systolic blood pressure (SBP; p = 0.039), but only the BD group
showed a significant decrease from 157.13 ± 24.37 mmHg before the intervention to
146.18 ± 17.53 mmHg after the intervention (p = 0.029). There was also a significant group
effect for the diastolic blood pressure (DBP; p = 0.05; Table S4). In addition, one-way
ANOVA showed no significant difference in ∆SBP and ∆DBP across all groups (Table S5).
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Figure 2. Effect of 16 weeks of aquatic aqua exercise and burdock intake on the blood pressure in
older women with metabolic syndrome. (a) The systolic blood pressure in the BD group decreased
after the 16-week intervention compared with the baseline values. (b) No significant changes were
detected in the diastolic blood pressure in all groups. Furthermore, no significant differences in
systolic (c) or diastolic (d) blood pressure variation were observed among the groups using one-way
analysis of variance. Data are presented as the mean ± standard variation. † p < 0.05, significant;
before vs. after intervention. SBP, systolic blood pressure; DBP, diastolic blood pressure; CON,
placebo control, EX, exercise + placebo, BD, burdock, EXBD, exercise + burdock.

3.3. Insulin Resistance

The effects of the 16-week intervention on insulin resistance and the relevant variation
are shown in Figure 3. Insulin levels showed a significant interaction effect (p = 0.003).
In the within-group analysis, only the EX group showed a significant decrease from
32.77 ± 20.73 mg/dL to 30.17 ± 22.76 mg/dL (p = 0.002). Glucose levels showed sig-
nificant differences both for the time (p = 0.029) and interaction effects (p = 0.004). In
the within-group analysis, the EX and EXBD groups showed significant decreases from
120.24 ± 23.47 mg/dL to 95.48 ± 13.31 mg/dL (p = 0.001) and from 103.50 ± 24.19 mg/dL
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to 88.83 ± 10.76 mg/dL (p = 0.05), respectively. The post-hoc test showed significantly
smaller (p = 0.034) values for the BD group than for the CON group.
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Figure 3. Effect of 16 weeks of aqua exercise and burdock intake on insulin resistance in older women
with metabolic syndrome. After the intervention, compared with the baseline values, (a) glucose
levels were decreased in the EX and EXBD groups, (b) insulin levels were decreased in the EX group,
(c) the HOMA-IR was decreased in the EX group, and (d) the QUICKI was decreased in the CON
group and increased in the EX group. One-way analysis of variance was used to compare the variation
in insulin resistance (e–h). Data are presented as the mean ± standard deviation. † p < 0.01, †† p < 0.01,
††† p < 0.001; before vs. after intervention. * p < 0.05, ** p < 0.01 vs. CON, # p < 0.05 vs. BD. HOMA-IR,
homeostasis model assessment of insulin resistance; QUICKI, quantitative insulin sensitivity check
index; CON, placebo control, EX, exercise + placebo, BD, burdock, EXBD, exercise + burdock.

For the HOMA-IR, the interaction effect was significant (p = 0.002) and the within-
group analysis showed a significant decrease only in the EX group from 10.45 ± 7.53 to
3.39 ± 1.77 (p = 0.001). For the QUICKI, the interaction effect was also significant (p = 0.002)
and the within-group analysis showed a significant decrease in the CON group from
0.62 ± 0.44 to 0.21 ± 0.12 (p = 0.005) and a significant increase in the EX group from
0.14 ± 0.82 to 0.41 ± 0.27 (p = 0.046, Table S4). A one-way ANOVA revealed that ∆insulin
showed no significant difference per group (p = 0.002). The post-hoc test indicated higher
values for the EX and EXBD groups than for the CON and BD groups (p < 0.05).

Moreover, ∆glucose showed a significant between-group difference (p < 0.007) and the
post-hoc test indicated significantly higher values for the EX group than for the CON group
(p < 0.01). The ∆HOMA-IR also showed a significant between-group difference (p = 0.001),
with higher values for the EX and EXBD groups than for the CON group (p < 0.05 and
p < 0.01, respectively) and for the EX group than for the BD group (p < 0.05) in the post-hoc
test. Similarly, the ∆QUICKI showed a significant difference among groups (p = 0.003),
with higher values for the EX group than for the CON group (p < 0.05) and for the CON
group than for the EXBD group (p < 0.01) in the post-hoc test (Table S5).

3.4. Vascular Regulation Factors

The effects of the 16-week intervention on vascular regulation factors and the relevant
variations are shown in Figure 4. For PGI2 levels, only the EX group showed a significant
increase from 15.98 ± 2.95 pg/mL to 19.32 ± 6.43 pg/mL in the within-group analysis
(p = 0.050). TXA2 levels showed a significant interaction effect (p = 0.002), and the within-
group analysis showed a significant increase in the CON group from 22.43 ± 6.32 pg/mL
to 24.73 ± 6.69 pg/mL (p = 0.003). Conversely, the EX and EXBD groups showed a
significant decrease from 18.39 ± 5.11 pg/mL to 16.88 ± 4.48 pg/mL (p = 0.049) and from
22.42 ± 6.66 pg/mL to 20.56 ± 5.88 pg/mL (p = 0.021), respectively (Table S6).

132



Metabolites 2022, 12, 970

Metabolites 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 

sensitivity check index; CON, placebo control, EX, exercise + placebo, BD, burdock, EXBD, exercise 
+ burdock. 

3.4. Vascular Regulation Factors 
The effects of the 16-week intervention on vascular regulation factors and the rele-

vant variations are shown in Figure 4. For PGI2 levels, only the EX group showed a signif-
icant increase from 15.98 ± 2.95 pg/mL to 19.32 ± 6.43 pg/mL in the within-group analysis 
(p = 0.050). TXA2 levels showed a significant interaction effect (p = 0.002), and the within-
group analysis showed a significant increase in the CON group from 22.43 ± 6.32 pg/mL 
to 24.73 ± 6.69 pg/mL (p = 0.003). Conversely, the EX and EXBD groups showed a signifi-
cant decrease from 18.39 ± 5.11 pg/mL to 16.88 ± 4.48 pg/mL (p = 0.049) and from 22.42 ± 
6.66 pg/mL to 20.56 ± 5.88 pg/mL (p = 0.021), respectively (Table S6).  

The one-way ANOVA showed that no significant between-group difference was 
found for ∆PGI2, whereas ∆TXA2 showed a significant difference among groups (p = 
0.002), with significantly higher values for the CON group than for the EX and EXBD 
groups (p < 0.01; Table S7). 

 
Figure 4. Effect of 16 weeks of aqua exercise and burdock intake on vascular regulation factors in 
older women with metabolic syndrome. Compared with the baseline values, (a) PGI2 levels were 
increased in the EX group, and (b) TXA2 levels were decreased in the CON, EX, and EXBD groups 
after the 16-week intervention. One-way analysis of variance was used to compare the variation in 
the levels of vascular regulation factors (c,d). Data are presented as the mean ± standard deviation. 
† p < 0.01, †† p < 0.01; before vs. after intervention. ** p < 0.01 vs. CON. PGI2, prostacyclin, i.e., prosta-
glandin I2; TXA2, thromboxane A2; CON, placebo control, EX, exercise + placebo, BD, burdock, 
EXBD, exercise + burdock. 

3.5. Arterial Stiffness 
The effects of the 16-week intervention of burdock intake and aqua exercise on arte-

rial stiffness and the relevant variations are shown in Figure 5. The AIx showed a signifi-
cant interaction effect (p = 0.026), and the within-group analysis showed a significant in-
crease in the CON group from 33.14 ± 8.09% to 42.00 ± 11.15% (p = 0.042) and a significant 
decrease in the EXBD group from 42.00 ± 11.54% to 31.50 ± 10.09% (p = 0.027). For the 

EXBD
BD
EX
CON

a b

c d
pre post pre post pre post pre post

0

10

20

30

40

*

†

PG
I 2(

pg
/m

l)

pre post pre post pre post pre post
0

10

20

30

40

†
†††

TX
A 2

(p
g/

m
l)

CON EX BD EXBD
-10

-5

0

5

10

△ P
G

I 2(
pg

/m
l)

CON EX BD EXBD
-6

-4

-2

0

2

4 ** **

△ T
XA

2(
pg

/m
l)

Figure 4. Effect of 16 weeks of aqua exercise and burdock intake on vascular regulation factors in
older women with metabolic syndrome. Compared with the baseline values, (a) PGI2 levels were
increased in the EX group, and (b) TXA2 levels were decreased in the CON, EX, and EXBD groups
after the 16-week intervention. One-way analysis of variance was used to compare the variation in
the levels of vascular regulation factors (c,d). Data are presented as the mean ± standard deviation.
† p < 0.01, †† p < 0.01; before vs. after intervention. ** p < 0.01 vs. CON. PGI2, prostacyclin, i.e.,
prostaglandin I2; TXA2, thromboxane A2; CON, placebo control, EX, exercise + placebo, BD, burdock,
EXBD, exercise + burdock.

The one-way ANOVA showed that no significant between-group difference was found
for ∆PGI2, whereas ∆TXA2 showed a significant difference among groups (p = 0.002), with
significantly higher values for the CON group than for the EX and EXBD groups (p < 0.01;
Table S7).

3.5. Arterial Stiffness

The effects of the 16-week intervention of burdock intake and aqua exercise on arterial
stiffness and the relevant variations are shown in Figure 5. The AIx showed a significant
interaction effect (p = 0.026), and the within-group analysis showed a significant increase
in the CON group from 33.14 ± 8.09% to 42.00 ± 11.15% (p = 0.042) and a significant
decrease in the EXBD group from 42.00 ± 11.54% to 31.50 ± 10.09% (p = 0.027). For the
AIx@75, the within-group analysis showed a significant decrease only in the EXBD group,
from 40.00 ± 9.44% to 32.33 ± 7.99% (p = 0.050). For the PWV, the interaction effect was
significant (p = 0.023) and the within-group analysis showed that only the EXBD group had
a significant increase from 8.94 ± 1.38 m/s to 9.93 ± 1.12 m/s (p = 0.015; Table S8).
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Figure 5. Effect of 16 weeks of aqua exercise and burdock intake on arterial stiffness in older women
with metabolic syndrome. Compared with the baseline values, after the 16-week intervention,
(a) the AIx was decreased in the EXBD group and increased in the CON group, (b) the AIx@75 was
decreased in the EXBD group, and (c) the PWV was increased in the EXBD group. One-way analysis
of variance was used to compare the variations in arterial stiffness (d–f). Data are presented as the
mean ± standard deviation. † p < 0.01; before vs. after intervention. * p < 0.05 vs. CON, $ p < 0.05
vs. BD. AIx, augmentation index; AIx@75, heart rate-corrected augmentation index at 75 beats per
min; PWV, pulse wave velocity; CON, placebo control, EX, exercise + placebo, BD, burdock, EXBD,
exercise + burdock.

The one-way ANOVA indicated that the ∆AIx showed a significant difference among
groups (p = 0.026), with the post-hoc test indicating significantly higher values for the
EXBD group than for the CON group (p < 0.05). The ∆AIx@75 showed no significant
between-group differences. The ∆PWV showed a significant difference among groups
(p = 0.023), with the post-hoc test indicating significantly higher values for the EXBD group
than for the EX group (p < 0.05; Table S9).

3.6. Correlation among Variations

Pearson’s correlation analysis for the variations in the measured variables showed a
positive correlation between ∆SBP and ∆DBP (r = 0.657, p < 0.001) and between ∆glucose
and ∆insulin (r = 0.674, p < 0.001). A positive correlation was found with the ∆HOMA-
IR (r = 0.860, p < 0.001) and ∆TXA2 (r = 0.592, p < 0.01); however, there was a negative
correlation with the ∆QUICKI (r = −0.564, p < 0.01). For ∆insulin, there was a positive cor-
relation with the ∆HOMA-IR (r = 0.892, p < 0.001), ∆AIx (r = 0.465, p < 0.05), and ∆AIx@75
(r = 0.461, p < 0.05) and a negative correlation with the ∆QUICKI (r = −0.760, p < 0.001). For
the ∆HOMA-IR, there was a negative correlation with the ∆QUICKI (r = −0.608, p < 0.01)
and a positive correlation with the ∆TXA2 (r = 0.427, p < 0.05). The ∆QUICKI showed
a negative correlation with the ∆AIx (r = −0.411, p < 0.05), while the ∆PWV negatively
correlated with the ∆AIx (r = −0.622, p < 0.001) and ∆Aix@75 (r = −0.610, p < 0.01). Finally,
a positive correlation was found between ∆AIx and ∆AIx@75 (r = 0.964, p < 0.001). The
results of the correlation analysis are summarized in Table S10.
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4. Discussion

In this study, we hypothesized that the combined use of aquatic exercise and burdock
intake would be more effective than each intervention separately for improving blood pres-
sure, insulin resistance, vascular regulation factors, and arterial stiffness in older women
with MS. Our results supported this hypothesis and revealed several novel observations.
The 16-week intervention of aqua exercise decreased the levels of insulin, glucose, HOMA-
IR, and TXA2, but increased the levels of QUICKI and PGI2. Independently, however,
the burdock intake intervention did not show significant results for vascular function
improvement. Remarkably, the combined use of burdock intake and aqua exercise had an
additional effect to improve the AIx, AIx@75, and PWV.

Insulin resistance is the most common risk factor for MS. As it reduces the response
of target cells to insulin owing to a decline in their sensitivity to insulin secretion, insulin
resistance has a negative effect on the overall metabolism [36,37]. Characteristic outcomes
caused by insulin resistance include metabolic disorders, such as type 2 diabetes, obesity,
glucose intolerance, and dyslipidemia. Insulin resistance is also recognized as a CVD-
related factor in atherosclerosis and hypertension and is characterized by endothelial
dysfunction [38].

In older women, the degree of insulin resistance increases with a distinct reduction
in physical activity because the hormonal imbalance after menopause results in increased
adipose tissue accumulation, as well as increased fasting insulin and glucose levels [39].
Physical exercise is recommended as a solution to these problems and it is associated
with minimal side effects. Physical exercise is effective in treating insulin resistance [40],
with the levels of insulin resistance and physical exercise being inversely related [41]. In
addition, participation in regular exercise not only improves antioxidation in the body but
also facilitates glucose absorption in peripheral tissues and enhances insulin sensitivity
by increasing the number of insulin receptors [42,43]. In a previous study in patients
with type 2 diabetes, an 8-week intervention of aqua exercise significantly reduced insulin
resistance [44].

The results of the present study showed a significant decrease in insulin, glucose, and
HOMA-IR levels and a significant increase in QUICKI values in the EX group, suggesting
that continuous participation in the aqua exercise had a positive effect on insulin resistance.
Thus, additional studies should be conducted to further evaluate the preparation and
composition of burdock extract for improving insulin resistance in older women with MS.

The risk factors for MS are closely associated with the progression of atherosclerosis,
with cytokine secretion from adipocytes exerting a negative effect on insulin sensitivity,
thereby resulting in endothelial dysfunction [8,45]. In turn, endothelial dysfunction in-
creases the prevalence of atherosclerosis, while arterial tension is controlled by vasodilators,
such as NO and PGI2, and vasoconstrictors, such as TXA2 [46].

PGI2 is known for its powerful role in the induction of vasodilation and in preventing
platelet coagulation [47,48]. Gamez-Mendez et al. [49] reported a decline in PGI2 levels
in obese mice, suggesting a role for PGI2 in endothelial dysfunction. Conversely, TXA2,
which exerts antagonistic effects to those of PGI2, is a powerful vasoconstrictor with
additional roles in inducing platelet coagulation and various physiological responses,
such as facilitated thrombosis and endothelial inflammation [50]. Interestingly, a close
association was observed between increased platelet activation and coagulation and CVD
complications [51].

Regular exercise induces endovascular shear stress and subsequent activation of
calcium ion channels and phospholipases, leading to the release of PGI2 [52]. In a previous
study in patients with hypertension, a 16-week exercise intervention was shown to increase
the levels of PGI2 metabolites and decrease those of TXA2 metabolites [53]. In addition, in
a human red blood cell count experiment with burdock extract, an anti-thrombotic effect
was reported [54]. Furthermore, in a study in high-fat/cholesterol-diet rats, Lee et al. [55]
identified a positive effect of burdock intake on vascular dysfunction.
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The results of this study revealed a significant increase in PGI2 levels in the EX group
and a significant decrease in TXA2 levels in the EX and EXBD groups, indicating a positive
effect of exercise on insulin resistance, by enhancing endothelial function and reducing the
risk of CVD in patients with MS. However, no significant effect was shown in the BD group,
which highlights the need for further studies to investigate potential markers associated
with endothelial dysfunction.

Insulin resistance and hyperglycemia are reported to increase cytokine production and
oxidative stress, thereby compromising vascular endothelial function [56,57]. Endothelial
dysfunction caused by damage to endothelial cells through structural or functional changes
in vascular walls promotes or exacerbates atherosclerosis, an independent predictor of
mortality due to coronary artery disease and CVD [58,59]. To detect atherosclerosis, the
carotid–femoral PWV is used, whereas the Aix is used for evaluating systemic arterial
stiffness [33,60]. Patients with MS are characterized by high PWV values [61].

The increase in shear stress during exercise increases the bioavailability of NO and ac-
tivates sympathetic nerves to enhance vascular endothelial function [62]. Donley et al. [63]
reported that an 8-week intervention of aerobic exercise in patients with MS was associated
with a reduction in carotid–femoral PWV levels [64]. Burdock has antioxidant effects due
to its caffeoylquinic acid content. This enhanced antioxidation capacity may reduce the
content of free radicals and promote endothelial NO synthase expression, thereby increas-
ing NO bioavailability [65]. In addition, Lee et al. [66] performed a principal component
analysis of burdock and reported the presence of L-arginine, an NO precursor.

In this study, we found a significant decrease in the AIx and AIx@75 only in the EXBD
group after the intervention. In addition, the largest variations in AIx and AIx@75 values
(∆AIx and ∆AIx@75) were observed in the EXBD group. Furthermore, only the BD group
exhibited a decline in SBP, although there was no difference in the other variables. These
findings indicated that aqua exercise improved insulin resistance and vascular regulation
factors in older women with MS, while burdock intake resulted in SBP reduction, with no
confirmed effects on other vascular function-related variables. Therefore, it remains unclear
whether burdock intake affects vascular function and insulin resistance indicators in older
women with MS. However, it was reaffirmed that aquatic exercise can be effective for
improving insulin resistance and vascular regulation factors in this population. Moreover,
this study revealed that combined burdock intake and aqua exercise can reduce arterial
stiffness in individuals with MS.

A potential limitation of this study is that direct markers of antioxidation and NO levels
were not measured in response to burdock intake. Thus, additional studies are warranted
to investigate the relationship between burdock intake and direct markers of antioxidation
and NO. Additionally, there are some limitations pertaining to the generalizability of our
findings. First, as the focus of the study was on older women with MS, it is difficult to
generalize the results to men or women of other ages. Second, owing to the small sample
size, the effect size in our study was limited to 70% of the power. Therefore, future studies
should be performed on a larger number of study participants to support our findings.

5. Conclusions

In summary, burdock intake alone cannot be expected to have a significant effect in
older women with MS. However, its combined use with aqua exercise, which is effective
in decreasing insulin resistance and vascular regulation factors, can additionally improve
arterial stiffness.
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Abstract: Recently, dipeptidyl peptidase-IV (DPP-IV) has become an effective target in the man-
agement of type-2 diabetes mellitus (T2D). The study aimed to determine the efficacy of shikimate
pathway-derived phenolic acids as potential DPP-IV modulators in the management of T2D. The
study explored in silico (molecular docking and dynamics simulations) and in vitro (DPP-IV in-
hibitory and kinetics assays) approaches. Molecular docking findings revealed chlorogenic acid (CA)
among the examined 22 phenolic acids with the highest negative binding energy (−9.0 kcal/mol)
showing a greater affinity for DPP-IV relative to the standard, Diprotin A (−6.6 kcal/mol). The result
was corroborated by MD simulation where it had a higher affinity (−27.58 kcal/mol) forming a more
stable complex with DPP-IV than Diprotin A (−12.68 kcal/mol). These findings were consistent with
in vitro investigation where it uncompetitively inhibited DPP-IV having a lower IC50 (0.3 mg/mL)
compared to Diprotin A (0.5 mg/mL). While CA showed promising results as a DPP-IV inhibitor,
the findings from the study highlighted the significance of medicinal plants particularly shikimate-
derived phenolic compounds as potential alternatives to synthetic drugs in the effective management
of T2DM. Further studies, such as derivatisation for enhanced activity and in vivo evaluation are
suggested to realize its full potential in T2D therapy.

Keywords: chlorogenic acid; diprotin A; dipeptidyl peptidase IV; molecular dynamics simulations;
phenolic acids; type-2 diabetes mellitus

1. Introduction

Diabetes mellitus is a popular metabolic derangement whose annual impact continues
to grow globally; it is anticipated that by 2030, over 764 million people will be suffering
from the disease (if no suitable solution is found) [1] as compared to 463 million in 2019 [2].
Type-2 diabetes mellitus (T2D) is characterised by hyperglycaemia resulting from insulin
resistance, insensitivity, or both [2,3]. It is noteworthy that prolonged hyperglycaemic
conditions in a diabetic state could warrant (excessive) glucose binding covalently to
plasma protein (glycation) causing a breakdown of receptor function or alteration of some
enzymatic activities. Thus, this leads to the emergence of diabetic complications, such as
impairment of vision (retinopathy), kidney dysfunction (nephropathy), and nerve damage
(neuropathy), among others. Hence, the ultimate goal for any T2D therapy is to lower the
systemic glucose level, and thus prevent the emergence of possible associated diseases,
such as hypertension, stroke, etc. [4]. Management options including the use of oral
hypoglycaemic agents (OHAs), such as sulphonylureas, biguanides, etc., and insulin have
been adopted [3–5]. Sadly, these agents only bring-about normoglycaemia in half of the
diabetes sufferers [6]; additionally, they are also characterised by side effects (e.g., obesity,
hypoglycaemia, hormonal imbalance, etc.), thus, the clamor for potential alternatives in
natural products which are cost-effective and with relatively minimal side effects [7,8].
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One of the viable approaches to controlling T2D is via glucagon-like peptide 1 (GLP-1)
concerned with the potential of reducing fasting and postprandial glucose in the blood for
T2D [3,9,10]. Though, GLP-1 is continuously degraded in the systemic circulation by dipep-
tidyl peptidase-IV (DPP-IV), a serine aminopeptidase enzyme, inhibitors of DPP-IV would
come in handy in preventing this breakdown and thus ensures continuous survival of GLP-
1 [3]. Dipeptidyl peptidase-IV (DPP-IV) inhibitors and glucagon-like peptide 1 (GLP-1) are
a newer class of antidiabetics [4,6,11]. Dipeptidyl peptidase-IV, widely distributed in tissues
and sites (liver, kidney, bone marrow, blood vessels, endo- and/or epithelial cells, etc.) is
involved in the inactivation of GLP-1 and glucose-dependent insulinotropic polypeptide
(GIP) concerned in the heightened biosynthesis of insulin, the proliferation of β-cells, and
the reduction of β-cell apoptosis resulting from postprandial glucose episodes [4]. Hence,
inhibiting the action of DPP-IV has been regarded as an important mechanism for sys-
temic glucose control [11,12]. Phenolic acid-derived natural products have been studied
and established to elicit various pharmacological effects, such as antioxidative, anticancer,
antidiabetic, etc. [3,13–15]. Interestingly, reports of phenolic compounds, such as cyani-
din, kaempferol, quercitin, hesperetin, genistein, naringenin, chrysin, methyl p-coumarate
as DPP-IV inhibitors from natural products, such as soybeans, grape, Melicope latifolia,
and citrus have been reported [13–16]. There are numerous submitted in vitro studies
that assessed the effects of phytocompounds on glucose reduction via DPP-IV inhibition
[13–16], in fact, an in vivo study has also established a reduction in the level of glucose in
streptozotocin-induced diabetic rats by the phenolic compound, isoquercitrin isolated from
Apocynum cannabinum leaves and Gossypium herbaceum flower indicating its effectiveness as
a DPP-IV inhibitor [17]. However, since there is a dearth of information on the shikimate
pathway-derived phenolic acids against DPP-IV, it is envisaged that studying the effect of
shikimate pathway-derived phenolic acids as DPP-IV inhibitors could be promising in the
development of drug candidates in T2D therapy.

Computational methods have been extensively used to study the interactions between
a protein and complementary ligands [18]. The methods can be the prelude step during
drug discovery to screen a library of compounds in search of promising bioactive principles
with the best therapeutic effect. The methods allow for the elimination of undesirable
compounds prior to in vitro and in vivo analyses [18]. Hence, employing computational
methods in this study should provide insight into which of the shikimate pathway-derived
phenolic acids would afford better interactions with DPP-IV to elicit an effective therapeutic
response towards drug discovery prior to in vitro analyses. Based on this background,
this study was conceptualised to assess the potential of phenolic acids derived from the
shikimate pathway that could be further developed as probable drug candidates against
DPP-IV in the management of T2D and to reveal the possible mechanism of inhibition
depicted by the best compound through in silico and in vitro methods.

2. Materials and Methods
2.1. Chemicals and Reagents

Chlorogenic acid (≥95%), human DPP-IV, Gly-Pro-4-methoxy-β-naphthylamide (≥98%),
and Diprotin A (≥97%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Unnamed
chemicals used for reagent preparation were of analytical grade.

2.2. Methodology
2.2.1. In Silico Study
Molecular Docking

The 22 phenolic acids (chlorogenic acid, ellagic acid, gallic acid, caffeic acid, o-coumaric
acid, olivetolic acid, umbellic acid, isoferulic acid, m-coumaric acid, p-coumaric acid, pro-
tocatechuic acid, orsellinic acid, ferulic acid, sinapic acid, hypogallic acid, vanillic acid,
β-resorcinolic acid, salicyclic acid, syringic acid, veratric acid, gentisic acid, benzoic acid)
mined from the shikimate pathway were subjected to molecular docking (MD) adopting the
method of Ibrahim et al. [19]. Briefly, the X-ray crystal structure of DPP-IV (ID: 1WCY) was
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downloaded in PDB format from the Protein Data Bank (https://www.rcsb.org, accessed on
2 August 2021) (Research Collaboratory for Structural Bioinformatics, University of Califor-
nia, San Diego, CA, USA) and optimised using Chimera v1.15 (Resource for Biocomputing,
Visualization and Informatics, University of California, San Francisco, CA, USA). The opti-
misation involves the removal of the co-crystallised ligand and non-standard residues and
saving in PDB format for further analyses. PubChem (National Centre for Biotechnology In-
formation, Bethesda, MD, USA) downloaded (https://pubchem.ncbi.nlm.nih.gov, accessed
on 2 August 2021) structures of the 22 phenolic acids and Diprotin A three-dimensional
(3D), were prepared in Chimera v1.15 software by adding non-polar H atoms and Gasteiger
charges. The prepared compounds (optimised) were saved in mol2 format upon being
opened in Chimera v1.15 [20]. The PDB version of the DPP-IV and the mol2 version of the
phenolic acids and standard were thereafter, subjected to the Autodock Tool (The Scripps
Research Institute, San Diego, CA, USA) [21] with all parameters in default settings. The
grid sizes were set, and the grid centers were designated at specific dimensions (Centre
(Å): 42.4291; 64.2981; 29.9357, Size (Å): 44.834; 34.693; 74.9341, corresponding to x, y, z
coordinates, respectively). Based on the docking scores, complexes with the best pose for
each phenolic acid were chosen and ranked. The most promising phenolic acid complex
was viewed in Discovery Studio v21 to establish the nature of interactions with the amino
acid residues of the enzyme at the active site.

However, as molecular docking methods often produce pseudo-positive binding
conformations as the most energy-minimised pose, validation of the docking study was
conducted by measuring the Root Mean Square Deviation (RMSD) of the docked ligands
from the reference position (native inhibitor) in the experimental co-crystal structure of
DPP-1V (1WCY) after optimal superimposition [22]. A low RMSD value of 0.8 Å between
the docked ligands from the native inhibitor in the crystal structure of DPP-1V suggests
the same binding orientation, which lent credence to the docking technique employed
(Figure 1).
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Figure 1. Validation of docking technique and parameters via the superimposition approach against 
the co-crystal structure of Dipeptidyl peptidase-IV (1WCY). (a) The superimposition showed that 
the docked Diprotin A (purple colour), chlorogenic acid (blue colour), and ellagic acid (red colour) 
achieved the same orientation with the native inhibitor (black) of 1WCY with a low RMSD value of 

Figure 1. Validation of docking technique and parameters via the superimposition approach against
the co-crystal structure of Dipeptidyl peptidase-IV (1WCY). (a) The superimposition showed that
the docked Diprotin A (purple colour), chlorogenic acid (blue colour), and ellagic acid (red colour)
achieved the same orientation with the native inhibitor (black) of 1WCY with a low RMSD value of
0.8 Å. (b) showed the investigated compounds and native inhibitors at the binding pocket of DPP-IV
displaying active site amino acids.

Molecular Dynamics Simulations

The molecular dynamics simulation (MDS) carried out in 100 ns was performed on
the most promising phenolic acid complex as previously reported by Sabiu et al. [23] using
the GPU version within the AMBER package. The AMBER LEaP module was neutralised
with the inclusion of H atoms and Na+ and Cl− counter ions. The system in each case
was dipped implicitly within an orthorhombic box of TIP3P water molecules such that
all atoms were within 8Å of any box edge. For each simulation, the SHAKE algorithm
was used to constrict the hydrogen (H) atoms. The simulations align with the isobaric-

143



Metabolites 2022, 12, 937

isothermal ensemble (NPT), having randomised seeding, 2 ps pressure-coupling constant,
27 Berendsen barostat maintains 1 bar constant pressure, 300 K temperature and Langevin
thermostat with a collision frequency of 1.0 ps [24]. Using PTRAJ, the systems were
subsequently saved, and each trajectory was analyzed every 1 ps, and the RMSD, Radius
of Gyration (RoG), Root Mean Square Fluctuation, Solvent Accessible Surface Area (SASA),
and the H-bond flexibility were analysed with AMBER 18 suite of CPPTRAJ module. The
Molecular Mechanics/GB Surface Area method (MM/GBSA) was used for the analysis of
the negative free binding energy (∆G) over 100,000 snapshots extracted from the 100 ns
trajectory [25].

Pharmacokinetics Assessment

The pharmacokinetic properties comprising the absorption, distribution, metabolism,
excretion and toxicity (ADMET) and drug-likeness features of the compound with the most
promising complex were predicted with the SWISS ADME (Swiss Institute of Bioinformatics,
Lausanne, Switzerland) server (http://swissadme.ch/index.php, accessed on 5 September
2021) while the prediction of probable toxicity was achieved using ProTox (https://tox-new.
charite.de/protox_II/, accessed on 6 September 2021) (Structural Bioinformatics Group,
CUMIP, Berlin, Germany) [26].

2.2.2. In Vitro Evaluation
DPP-IV Inhibitory Assay

The compound (chlorogenic acid) with the best binding affinity towards DPP-IV was
evaluated in vitro and was carried out as reported by Oliveira et al. [27] with modifica-
tions. The spectrophotometric assay was based on Gly-Pro-4-methoxy-β-naphthylamide,
a chromogenic synthetic DPP-IV substrate, cleavage to β-naphthylamine. In brief, 10 mg
chlorogenic acid was suspended in 10 mL of Tris-HCl buffer (50 mM, pH 7.5) in a 15 mL
microcentrifuge tube to yield a 1 mg/mL stock solution from where varying concentrations
(0.50, 0.40, 0.30, 0.20, 0.10, and 0.05 mg/mL) were prepared. Thereafter, 50 µL of Tris-HCl
buffer, 20 µL of DPP-IV (at a final concentration of 17.34 µU/µL in Tris-HCl buffer) and
50 µL of various concentrations of DPP-IV and Diprotin A were released into a 96-well
microtiter plate wells and incubated at 37 ◦C for 10 min. Subsequently, 50 µL of the sub-
strate (0.2 mM in Tris-HCl buffer) was added and further incubated for 30 min at 37 ◦C.
The absorbance readings were taken using a microtiter plate reader (OPTIZEN POP, Apex
Scientific, Durban, South Africa) at 405 nm. The experiment was conducted in triplicate
and the negative control had no chlorogenic acid. The inhibitory percentage was obtained
following the expression [Abs0 − bs1/Abs0 × 100 (where Abs0 is the absorbance of the
blank and Abs1 is the absorbance of either chlorogenic acid or Diprotin A) and thereafter
converted to half-maximal inhibitory concentration (IC50) using a linear calibration curve.

Enzyme Kinetics Evaluation

The mode of inhibition of DPP-IV by chlorogenic acid was determined as previously
described by Jung et al. [28]. Briefly, 20 µL chlorogenic acid (IC50: 0.3 mg/mL) and DPP-IV
were dispensed into five wells of a 96-well plate for a set of experiments. In another
set of the experiment (control), a mixture of the buffer (without chlorogenic acid) and
DPP-IV with the same volume as the earlier set was prepared. Following this in ascending
order, various concentrations (0.1–0.5 mM) of Gly-Pro-4-methoxy-β-naphthylamide were
added to the two sets of experiments and subsequently incubated for 20 min at 37 ◦C.
While the experiment was carried out in triplicate, the absorbance of the reacting mixtures
was measured at 405 nm using a spectrophotometer (OPTIZEN POP, Apex Scientific,
Durban, South Africa) and the calibration curve of Gly-Pro-4-methoxy-β-naphthylamide
was used to calculate the amount of produced product (β-naphthylamine) over time and
subsequently converted to reaction velocities. A double reciprocal plot of reaction rates
(1/V) and substrate concentrations (1/[S]) [29] was carried out for the generation of Vmax,
Km and Kcat parameters of chlorogenic acid.
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2.3. Statistical Analysis

Data from the in vitro analysis were analysed using GraphPad Prism 9.2.0 (GraphPad,
La Jolla, CA, USA) using a t-test (and nonparametric tests), supplemented with a Mann–
Whitney test. Results are presented as mean ± standard deviation (SD) of triplicate
determinations (n = 3) and mean with p-value < 0.05 were considered significant and
statistically different. Raw data were analyzed with Origin software V18 (OriginLab
Corporation, Northampton, MA, USA) for the in-silico evaluations [30].

3. Results and Discussion
3.1. Computational Analysis

Molecular docking examines the affinity and poses of a compound at an enzyme’s
active site; compound(s) with the most negative binding score indicate better-posed com-
pounds and a prospective modulator of the enzyme [23]. In this study, the results of
the MD of the 22 phenolic compounds against DPP-IV revealed chlorogenic acid as the
most promising compound judging by its docking score of −9.0 kcal/mol followed by
ellagic acid (−7.8 kcal/mol) relative to the reference standard, Diprotin A, with a score
of −6.6 kcal/mol (Table 1). It should be noted that the most negative docking scores
of chlorogenic acid and ellagic acid, depicting their better pose in comparison to other
compounds and standards, necessitated their further consideration in the study.

Table 1. Binding energy scores of phenolic acids and dipeptidyl peptidase-IV formation.

Compounds Score (kcal/mol)

Chlorogenic acid −9.0
Diprotin A −6.6
Ellagic acid −7.8
Gallic acid −6.4
Caffeic acid −6.3

O-coumaric acid −6.3
Olivetolic acid −6.3
Umbellic acid −6.3
Isoferulic acid −6.2

M-coumaric acid −6.2
P-coumaric acid −6.1

Protocatechuic acid −6.1
Orsellinic acid −6.1

Ferulic acid −6.0
Sinapic acid −6.0

Hypogallic acid −6.0
Vanillic acid −5.9

Beta-resorcinolic acid −5.7
Salicyclic acid −5.8
Syringic acid −5.7
Veratric acid −5.7
Gentisic acid −5.6
Benzoic acid −5.4

Interestingly, the observation with chlorogenic acid regarding its docking score in
this study is noteworthy as it interacted more favorably with DPP-IV than other phenolic
compounds, such as quercetin and coumarin, previously evaluated against the enzyme [3].
A further probe into the energy component profiles of the chlorogenic acid–DPP-IV and
ellagic acid–DPP-IV complexes after the 100 ns MDS further supported the affinity of
DPP-IV for chlorogenic acid where its overall binding energy was comparably higher
(p > 0.05) (−25.74 kcal/mol) compared with ellagic acid (−24.54 kcal/mol) relative to
Diprotin A–DPP-IV complex, which was the lowest (p < 0.05) (−12.44 kcal/mol) (Table 2).
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Table 2. Energy components analyses of the molecular dynamics simulation of the compounds.

Energy Components (kcal/mol)

Complexes ∆EvdW ∆Eelec ∆Ggas ∆Gsolv ∆Gbind

DPP-IV + Chlorogenic acid −28.64 ± 6.84 −49.38 ± 21.85 −78.03 ± 19.96 52.29 ± 15.63 −25.74 ± 6.45 a

DPP-IV + ellagic acid −25.33 ± 4.74 −58.51 ± 18.28 −83.84 ± 16.51 69.30 ± 11.19 −24.54 ± 6.31 a

DPP-IV + Diprotin A −20.32 ± 3.43 −261.44 ± 40.36 −281.76 ± 40.63 269.32 ± 36.75 −12.44 ± 5.48 b

DPP-IV: dipeptidyl peptidase-IV; ∆EvdW: van der Waals energy; ∆Eelec: electrostatic energy; ∆Egas: gas-phase
free energy; ∆Gsolv solvation free energy; ∆Gbind: total binding free energy. Values with different superscript
letters along the same row are significantly (p < 0.05) different from each other.

An understanding of the nature of interaction established between the amino acids
at the active site of a protein with a ligand is crucial in the development of the ligand as a
drug candidate [31]. In this study, chlorogenic acid, ellagic acid and Diprotin A interacted
with Ser630 and His740 of the catalytic triad at the active site of DPP-IV (Figure 2) and this
observation was in line with the work of Poonam et al. [14] where Ser630 was identified as
one of the amino acid residues through which chrysin interacted with DPP-IV. Interaction
with the catalytic triad is characteristic of potential DPP-IV inhibitors, preventing endoge-
nous peptides, such as GLP-1 and GIP from interacting with the active site, thus, hindering
their subsequent cleavage [32]. The findings from this study regarding the modulatory
role of chlorogenic acid on the active site amino acid residues of DPP-IV could provide
insights into the possible mechanisms through which chlorogenic acid increased GLP-1
levels, improved the glycaemic index [33], and improved glucose homeostasis and insulin
resistance in vivo [34], as previously reported.
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Furthermore, the type and number of interactions formed as a result of the binding
between the ligand and the amino acid residues of the target protein are crucial in deter-
mining the extent of the resulting affinity [35]. In this study, 14 interactions comprising two
conventional H-bond (Lys517 and Tyr594), 10 van der Waal forces (Tyr625, Asn673, Val674,
Val619, Trp622, Tyr629, Pro513, Glu169, Ser515, Gln516) and two carbon-H bonds (Ser593,
Tyr510) were formed with the complexation of chlorogenic acid and DPP-IV (Figure 2A),
which is in sharp contrast to the nine interactions [two conventional H-bonds (Arg632
and Glu169), six van der Waal forces (Ser172, Arg321, Val170, Glu168, Tyr629 and Tyr510)
and one π-π stacked (Phe320)] from the ellagic–DPP-IV complex (Figure 2B) and eleven
interactions [one conventional H-bond (Asn673), six vans der Waal forces (Gly704, Tyr510,
Ser172, Hie89, Ser598, Arg88), one carbon-H bond (Hid703), two π-alkyl (Pro513, Trp592)
and one salt bridge (Glu168)] observed for the Diprotin A–DPP-IV complex (Figure 2C).
The interactions depicted by the three systems are in conformity with the results of the
thermodynamics profiles except between ellagic acid and Diprotin A, where the ellagic
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acid–DPP-IV complex with the most negative binding energy value (which might have been
contributed by the two H-bonds) depicted fewer numbers of interactions in comparison
with Diprotin A with an H-bond, since it has been reported that H-bonds contribute higher
energies to the complex [36]. Additionally, the lowest number of interactions depicted
by few numbers of conventional H and van der Waal bonds for the Diprotin A–DPP-IV
complex might be suggested as the reason for its lower binding energy score compared to
chlorogenic acid–DPP-IV with higher binding energy characterised by a greater number
of convention H-bond and van der Waal forces. The higher number of interactions and
H-bonds witnessed in this study by chlorogenic acid over Diprotin A was in line with
similar work by Tuersuntuoheti et al. [37] where chlorogenic acid isolated from Qingke
barley fresh noodles had 19 interactions (nine H-bonds and 10 hydrophobic interactions
with amino acids residues of DPP-IV) compared with the used standard (sitagliptin) having
15 interactions (one H-bond and 14 hydrophobic interactions). During the 100 ns simulation
period, the conserved residue Tyr510 in the interaction plots of Diprotin A and chlorogenic
acid with DPP-IV in each of the time frames studied is relevant to the affinity and stability
observed with the two compounds towards the target (Figure 2A,C). This crucial amino
acid is missing in the 30 ns and 60 ns time frames in the interaction plot of ellagic acid
with DPP-IV (Figure 2C) and may have contributed to the reduced stability observed with
ellagic acid compared to the other compound studied with DPP-1V.

Binding energy reflects the totality of all the intermolecular forces or ligand and target
interactions and the degree of binding occurring between ligand–protein. It has been
reported to be enhanced by H-bonds [38], thus, further corroborating our submission in
this study. Additionally, the π-alkyl bond was also among the interactions found in the
Diprotin A–DPP-IV complex, possibly contributing to its reduced binding energy. Thus,
this finding could be said to be consistent with a previous report [23] where the presence of
π-cation interactions of the alpha-glucosidase-acarbose complex was attributed to its lesser
binding activity.

Molecular dynamics simulation explores potential changes in the stability, structure,
or conformation of a protein–ligand complex following ligand binding [39]. It is, therefore,
germane to study parameters, such as RMSD, RMSF, RoG, SASA, and H-bond fluctuations
defining whether the overall stability of the complex is maintained. The RMSD measures the
changes that the enzyme–ligand structure undergoes over time, and it provides information
on the overall stability of the complex [40]. The result of this investigation revealed an
average RMSD of DPP-IV after 100 ns to be 1.69 Å while that of chlorogenic acid–DPP-IV,
Diprotin A–DPP-IV and ellagic acid–DPP-IV complexes had average RMSD values of
1.75 Å, 1.95 Å and 2.10 Å, respectively (Supplemental Table S1). A lower average RMSD
corresponds to a more stable complex over the simulation period [40]. In this study, the
mean RMSD values of the three complexes are higher than that of the unbound DPP-IV;
however, this might not be taken as an indication of the instability of the complexes during
the simulation period. In fact, Rosenberg [41] reported that an RMSD exceeding 3.5 Å may
only indicate an unstable complex and an unsuitable inhibitor of the protein. Besides, the
average RMSD of the complexes is around 2 Å with the chlorogenic acid–DPP-IV complex
revealing superior structural stability (1.75 Å) over the Diprotin A–DPP-IV complex (1.95 Å)
and ellagic acid–DPP-IV complex. Interestingly, a study conducted on lac compounds
against DPP-IV also showed that the best hit compounds had an average RMSD of 2 Å [42]
which is consistent with the observations in the current study. Additionally, it is worth
mentioning that the RMSD for the four systems reached an initial convergence at 5 ns and
subsequently diverged at 45 ns. It can be noted that the RMSD of the ellagic acid complex
saw an increase of around 65–70 ns, while the chlorogenic acid and Diprotin A complexes
and the apoenzyme remained stable till the end of the simulation (Figure 3A).
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Root mean square fluctuation has to do with the flexibility of the ligand and the
attitudes of amino acid residues at the binding pocket of the enzyme. The apoenzyme
in this study had an average RMSF value of 1.12 Å which is marginally lower than the
1.17 Å for the Diprotin A–DPP-IV complex and significantly higher (1.22 Å) for ellagic
acid, suggesting slightly high fluctuations (Supplementary Table S1). However, the lower
average RMSF value of the chlorogenic acid–DPP-IV complex (1.08 Å) compared to the
unbound DPP-IV is an indication of lesser fluctuation, better flexibility, little or no distortion,
and hence indicative of profound stability [43]. The RMSF plot shows similar fluctuations
for all four systems (Figure 3B). However, there was a notable increase in the RMSF of
the apoenzyme and the chlorogenic acid–DPP-IV complex at residues 225–250 and 475,
respectively, (Figure 3B) suggesting the enhanced potential of the ligand to adapt well to
the binding pockets of the proteins. This also indicates that binding of the ligand to the
receptor allows better stabilisation of the fluctuation of individual amino acid residues,
resulting in a more stable complex.

Unlike the RMSF, the RoG signifies the compactness of the complex formed as a result
of the interaction between the ligand and enzyme [44]. In this study, both complexes of
chlorogenic acid–DPP-IV and Diprotin A–DPP-IV had average RoG values of 26.95 Å and
26.96 Å, respectively, relative to 27.18 Å observed with the apoenzyme (Supplementary
Table S1) and ellagic acid–DPP-IV (27.02 Å). Consistent with this observation, the apoen-
zyme fluctuated the most during the simulation period as evidenced by its highest value
compared to the three complexes (Figure 3C and Supplementary Table S1). It was also
observed that the three systems reached an initial point of convergence at 10 ns, while the
apoenzyme then diverged at 25 ns (Figure 3C). The chlorogenic acid, Diprotin A and ellagic
acid complexes on the other hand remained stable with similar fluctuations throughout
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the simulation (Figure 3C). Since high RoG values are a measure of reduced compactness
of the protein–ligand complex and vice versa [45], the exhibited compactness of the three
complexes (with chlorogenic acid–DPP-IV being superior) is indicative of their stability.
Going by the findings of the current study on the stability, fluctuation, and compactness
as expressed with RMSD, RoG, and RMSF values, it is evident that chlorogenic acid com-
peted favorably with Diprotin A, suggesting the potential of chlorogenic acid as a probable
DPP-IV inhibitor.

Solvent accessible surface area is a measure of hydrophilic and/or hydrophobicity
of the enzyme’s amino acid residues on exposure to solvent or water [46], and the degree
of variation of exposure could be a result of changes to the protein tertiary structure [47].
Results from the SASA analysis in this study indicated that ellagic acid had the most
fluctuations during the simulation; however, consistent fluctuation patterns were noted
with all four systems (Figure 3D). Similar fluctuations were observed with the chlorogenic
acid–DPP-IV and Diprotin A–DPP-IV complexes, however, at a lower range than the DPP-
IV. The reduced average SASA value of the chlorogenic acid–DPP-IV complex (24,324.69 Å)
and Diprotin A–DPP-IV (24,625.10 Å) as established in this investigation, (Supplementary
Table S1) could be suggestive of the better stability of the compounds, though chlorogenic
acid had superior stability over Diprotin A. The complex with a heightened SASA value
relative to the unbound protein is a consequence of its reduced solvent access for the
non-polar residues preventing its stability [48] which could be attributed to the ill-effect
of interruption of the hydrophobic interactions between clustered non-polar amino acid
residues and the hydrophobic core during the denaturation or unfolding of the protein [47].
Analysis of the bond interactions between the chlorogenic acid, ellagic acid and Diprotin
A complexes indicated that compounds and Diprotin A interacted with non-polar amino
acid residues Trp622 (Figure 2A) and Trp592 (Figure 2C), respectively, thus, preventing the
amino acid residue from being exposed to the aqueous surrounding as evidenced in the
reduced SASA values of both complexes.

The presence of intramolecular H-bonds in a protein structure is germane in its
maintenance of stability and conformation (3D) [49]. Hence, H-bond analysis in MD
studies is another parameter that provides insight into the stability of the protein structures
or resulting complexes formed as a result of protein–ligand binding [49,50]. H-bonds
fluctuated mainly around 17–19 H-bonds in the chlorogenic acid complex (Figure 4A)
and just below 17–19 H-bonds in the Diprotin A (Figure 4B) and ellagic acid (Figure 4C)
complexes. All the complexes showed similar H-bond fluctuation patterns over 100 ns.
However, it was noted that after 70 ns, chlorogenic acid tends to form more H-bonds with
DPP-IV (in comparison to Diprotin A and ellagic acid) suggesting the reason for the higher
binding energy observed with the chlorogenic acid complex, thus, enhancing the affinity of
chlorogenic acid for DPP-IV. This observation agrees with the reports of Khan et al. [48]
and Al-Humaydhi et al. [51] where there are consistencies in the number of H-bonds
that existed between memantine–human serum albumin and galantamine–transferrin
complexes post-MDS and docking findings. Above all, the H-bonding patterns of all
complexes revealed that chlorogenic acid competes favorably with Diprotin A concerning
the hydrogen bonding patterns over the 100 ns simulation and leads to the conclusion that
chlorogenic acid could be a potential DPP-IV inhibitor.
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3.2. Pharmacokinetics Analysis

Based on the computational analyses, it was evident that chlorogenic acid may be a
suitable DPP-IV inhibitor that could compete well with a commercial inhibitor, hence was
taken for further pharmacokinetics studies. Lipinski’s rule of five evaluates the druggability
of a drug or molecule and it states that a compound should not possess more than five
H-bond donors, 10 H-bond acceptors, a molecular weight not exceeding 500 kilodaltons
and the LogP must not be more than 5. Hence, for a compound to be considered an orally
available drug, it should not violate two or more of these rules [52].

The findings in the present investigation revealed that chlorogenic acid only violated
one rule (having 6 OH) and Diprotin A violated none. Additionally, chlorogenic acid
was found to have a low bioavailability score compared to Diprotin A, meaning that the
former may be poorly absorbed into the body since the bioavailability score is a measure
of the ability of the compound to pass through the systemic circulation in order to elicit
its effect at the site of action [53]. The poor absorption of chlorogenic acid witnessed
in this study was in contrast to an earlier study by Zhou et al. [54] where they found
chlorogenic acid isolated from Lonicerea japonicae to be highly absorbed and eliminated
following oral administration in Wistar rats. Moreover, poor absorption and excretion
of chlorogenic acid have been linked to its co-administration with other components as
established in the work of Qi et al. [55] where a comparative study on the bioavailability
profile between chlorogenic acid isolated from Solanum lyratum and the extract of the
same plant was studied. They found the absorption and excretion of the extract to be low
following oral administration to Wistar rats, thus, attributing the reduction to the presence
of other possible components in the extract. However, it is noteworthy too that a probable
drug candidate is only required to have minimally 10% bioavailability [53], which is a
condition already fulfilled by chlorogenic acid (11%), (Table 3) although the bioavailability
score of Diprotin A was higher (55%) which is expected being a commercially available
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drug. Additionally, it was observed that chlorogenic acid absorption was low in the GI,
which suggests that for it to be a formidable drug candidate that will pass the test of time,
it might be necessary for it to be further modified to increase its GI absorption to enhance
its possible function as a good DPP-IV inhibitor. Interestingly, the ability of chlorogenic
acid (and Diprotin A) not to permeate the blood–brain barrier is a positive indication that it
will not cause any complications, such as schizophrenia, anxiety, depression, Alzheimer’s,
Parkinson’s diseases, insomnia, etc., crossing the blood–brain barrier [56].

Table 3. Drug-likeness and absorption, distribution, metabolism, and excretion (ADME) properties of
chlorogenic acid and Diprotin A based on gastrointestinal absorption, blood–brain barrier permeation,
possible P-gp substrate, and possible cytochromes enzyme inhibition.

Property Chlorogenic Acid Diprotin A

Lipinski’s rule of five Yes; 1 violation: NH or OH > 5 Yes; 0 violations
Bioavailability score 0.11 0.55

GI absorption Low High
BBB permeant No No
P-gp substrate No Yes

CYP1A2 inhibitor No No
CYP2C19 inhibitor No No
CYP2C9 inhibitor No No
CYP2D6 inhibitor No No
CYP3A4 inhibitor No No

CYP: Cytochrome.

Table 4 presents the reports of the various toxicity endpoints that may be potentiated
by the test compounds. Except for the immunotoxicity metric, where chlorogenic acid
was active, other tested parameters including those of Diprotin A revealed inactivity.
Hence, it could be deduced that chlorogenic acid may weaken the immune system when
absorbed. Similarly, the lethal dose (LD50) of chlorogenic acid was observed to be in excess
of 5000 mg/kg while that of Diprotin A was 3000 mg/kg indicating the possibility of
Diprotin A being toxic at a lower dosage, pointing to the fact that the oral administration of
the latter at that concentration or above could result in the damage of target organs, such
as the liver, kidney, etc.

Table 4. Toxicity classifications and LD50 of chlorogenic acid and Diprotin A.

Classification Chlorogenic Acid Diprotin A

Hepatotoxicity Inactive Inactive
Carcinogenicity Inactive Inactive
Immunotoxicity Active Inactive

Mutagenicity Inactive Inactive
Cytotoxicity Inactive Inactive

LD50 (mg/kg) 5000 3000
LD: Lethal dose.

3.3. In Vitro Evaluation

Diabetes mellitus is a chronic metabolic disease whose occurrence and dilapidating
effects rapidly grow daily arising from chronic hyperglycaemia (elevated glucose level in
the blood) as a result of insulin inaction, resistance, or both [6]. Since 764 million people
are estimated would be living with the disease by 2030 [1], it then means that the negative
impact of the menace would continue to increase if appropriate intervention in terms of
management is not provided.

Usually, OHAs and insulin (asides from the other non-convention measures, such
as dietary regimen and regular exercise) are the various therapeutic interventions [5] but
since they are with side effects, looking for selective, effective management and alternative
therapeutic approaches revolving around GLP-1 agonists and DPP-IV inhibitors (among
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various other targets) is essential [6]. In the present investigation, the activity of DPP-IV
was dose-dependently inhibited by chlorogenic acid and Diprotin A, with the most promi-
nent effect observed at the highest investigated concentration in each case (Figure 5A).
Judging by their IC50 values, chlorogenic acid had the best inhibitory activity against
DPP-IV (IC50 value: 0.3 mg/mL) relative to 0.5 mg/mL for Diprotin A (Table 5). A further
probe into the mode of inhibition of DPP-IV by chlorogenic acid revealed that the enzyme
was uncompetitively inhibited (Figure 5B), with the Vmax, Km, and Kcat values decreasing
from 1.09 × 10−3 M/min, 4.42 × 10−4, and 6.29 × 10−4 M/min, to 3.59 × 10−4 M/min,
1.54 × 10−4 M and 2.07 × 10−4 M/min, respectively, in the presence of chlorogenic acid
(Table 5). The implication of this is that chlorogenic acid binds to a site not far from the
active site of the enzyme. Incretin (hormone) dually functions by allowing the body to
secrete insulin when required while at the same time mopping up excess glucose from the
systemic circulation when not required. However, the action of this hormone is terminated
by the DPP-IV enzyme, hence, DPP-IV inhibitors, such as Diprotin A block the activity
of the DPP-IV enzyme that destroys this vital hormone. The inability of chlorogenic acid
to compete with the substrate at binding at the active site of the enzyme as reflected in
the uncompetitive inhibition could suggest its possible antidiabetic effect since binding
to the enzyme–substrate complex (ESC) might still hinder the activity of the enzyme.
Uncompetitive inhibitors bind only to the ESC and not the unbound enzyme [57]. The
inhibitor-bound ESC forms when there is a high concentration of substrate present in the
environment preventing the release of the product when bound resulting in decreased
Vmax. The inhibitor-bound complex also results in the decrease of ESC concentration which
creates a shift towards the formation of the additional ESC to equilibrate the system. The
shift results in fewer free enzymes available and more enzymes in the forms of enzyme–
substrate and enzyme–substrate–inhibitor complexes [57]. Theoretically, a decrease in the
free enzyme corresponds to an enzyme with a greater affinity for the substrate. Thus,
uncompetitive inhibition results in both decreased Vmax and Km. Since the formation
of product is hindered, this also leads to decreased product turnover, and therefore, a
decreased Kcat value. Some studies established different kinetics of inhibitions (competitive
and non-competitive) of DPP-IV by phenolic compounds, such as luteolin, apigenin, resver-
atrol, flavone, and a phenethylphenylphthalimide analogue, etc., obtained from citrus,
berry, etc. [13,58]. However, a peptide (WLQL) among other novel peptides isolated from
Pelodiscus sinensis was found to have an uncompetitive inhibition against DPP-IV [59] as
observed in the study.

Table 5. Inhibitory effect (IC50) and enzyme kinetic parameters of chlorogenic acid against DPP-IV.

Inhibitor IC50 (mg/mL) Vmax (M/min) Km (M) Kcat (M/min)

Chlorogenic acid 0.3 ± 0.02 a 3.59 × 10−4 a 1.54 × 10−4 a 2.07 × 10−4 a

Diprotin A 0.5 ± 0.02 b ND ND ND

No inhibitor ND 1.09 × 10−3 b 4.42 × 10−4 b 6.29 × 10−4 b

ND: Not determined. Values (n = 3) with different superscript letters along the same row are significantly (p < 0.05)
different from each other.
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Figure 5. (A) Inhibitory effect of chlorogenic acid and Diprotin A on the activity of DPP-IV,
(B) Uncompetitive inhibition of DPP-IV by chlorogenic acid.

4. Conclusions

Computational studies are invaluable and significant in screening a library of com-
pounds with potential therapeutic effects in drug discovery and development as evidently
shown in this study. Judging by the findings from the computational analyses in this study,
chlorogenic acid established superior interaction and affinity with DPP-IV above Diprotin
A. Additionally, in vitro investigation revealed the uncompetitive inhibition of DPP-IV by
chlorogenic acid indicating both the in-silico result and in vitro assessment being in tandem
with one another, demonstrating the potential of chlorogenic acid as a viable candidate in
the management of T2D via the inhibition of DPP-IV. Since medicinal plants and/or natural
product compounds have continued to find their place as probable alternatives in disease
control and management, the laudable activity exhibited by chlorogenic acid in this study
attests to the submission about their superiority in the therapeutic effectiveness of natural
compounds over some conventional drugs. It is evident that with these findings, diabetes
researchers or stakeholders, and sufferers of T2D can be hopeful for the development of
chlorogenic acid as a suitable alternative for diabetes management. Further studies are
suggested on the optimisation of the compound to enhance its druggability in diabetes
therapy as well as in vivo evaluation of its antidiabetic property.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1, Table S1: Average RMSD, RMSF, RoG and SASA values of DPP-IV in
complex with chlorogenic acid and Diprotin A.
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Abstract: The current research was designed to explore the Blepharispermum hirtum Oliver (Aster-
aceae) stem and leaves essential oil (EO) composition extracted through hydro-distillation using gas
chromatography-mass spectrometry (GC-MS) analysis for the first time. The EOs of the stem and
leaves of B. hirtum were comparatively studied for the in vitro antidiabetic and anticancer potential
using in vitro α-glucosidase and an MTT inhibition assay, respectively. In both of the tested samples,
the same number of fifty-eight compounds were identified and contributed 93.88% and 89.07% of the
total oil composition in the EOs of the stem and leaves of B. hirtum correspondingly. However, cam-
phene was observed as a major compound (23.63%) in the stem EO, followed by β-selinene (5.33%)
and β-elemene (4.66%) and laevo-β-pinene (4.38%). While in the EO of the leaves, the dominant com-
pound was found to be 24-norursa-3,12-diene (9.08%), followed by β-eudesmol (7.81%), β-selinene
(7.26%), thunbergol (5.84%), and caryophyllene oxide (5.62%). Significant antidiabetic potential was
observed with an IC50 of 2.10± 0.57 µg/mL by the stem compared to the EO of the leaves of B. hirtum,
having an IC50 of 4.30 ± 1.56 µg/mL when equated with acarbose (IC50 = 377.71 ± 1.34 µg/mL).
Furthermore, the EOs offered considerable cytotoxic capabilities for MDA-MB-231. However, the
EO of the leaves presented an IC50 = 88.4 ± 0.5 µg/mL compared to the EO of the stem of B. hirtum
against the triple-negative breast cancer (MDA-MB-231) cell lines with an IC50 = 123.6 ± 0.8 µg/mL.
However, the EOs were also treated with the human breast epithelial (MCF-10A) cell line, and from
the results, it has been concluded that these oils did not produce much harm to the normal cell lines.
Hence, the present research proved that the EOs of B. hirtum might be used to cure diabetes mellitus
and human breast cancer. Moreover, further studies are considered to be necessary to isolate the
responsible bioactive constituents to devise drugs for the observed activities.

Keywords: Blepharispermum hirtum; Asteraceae; GS-MS analysis; essential oils; triple-negative breast
cancer; α-glucosidase

1. Introduction

Medicinal plants and their products serve as both traditional and commercial alterna-
tive innovative remedies [1]. Due to the efficacy and lower adverse effects, the demand
for herbal therapies has increased. Plant based natural products, comprising essential oils
(EOs) have gained attention due to their usage in foodstuff, cosmetics, and pharmaceutical
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productions. Constituting a range of several lipophilic and extremely volatile constituents,
obtained from an extensive range of diverse chemical classes, EOs are attributed to multiple
health benefits: analgesic, anti-inflammatory, antioxidant, antimicrobial, anticancer, and
antidiabetic [2].

Diabetes mellitus is considered as a world health issue, linked to two key features
including insufficient insulin secretion or insensitivity to their action. Their high rate of
prevalence reflects its severity, and according to the projected statistics of WHO, more than
422 million people have diabetes, 1.5 million deaths are directly attributed to diabetes each
year, and the prevalence ratio will increase to 693 million by 2045 [1,3]. The diabetes might
lead to several other complications such as polyuria, polydipsia, impaired vision, and skin
infections [4]. Therefore, strategies need to be developed to combat these drawbacks. In
this context, α-glucosidase (EC 3.2.1.20) has become a promising target for the treatment
of diabetes mellitus. The inhibition of these carbohydrates’ key metabolic enzymes slows
down carbohydrate digestion, resulting in the low absorption of glucose, leading to nor-
malizing the blood glucose levels. Hence, the investigation of new anti-diabetic agents
using natural sources is currently of need because of their non-cytotoxic effects [5–7].

Increased interest of users concerning pharmacologically effective plant-based natural
products (NPs) as substitute therapies to treat cancer has increased the attention of scientists
worldwide [4]. However, an intensifying significance has been observed recently that EOs
act as an anticancer medication to overcome the development of multidrug resistance and
critical harmful effects linked with available antitumor remedies [5]. Therefore, due to
the key role of EOs in cytotoxic therapy, the EOs of unreported plants might be used as a
complementary remedy [6].

Blepharispermum hirtum Oliver (family: Asteraceae) is a naturally growing tree, about
2 m in height, and is endemic to Dhofar (Oman). The plant has very broad and soft leaves
with a basic inflorescence containing a capitulum of white flowers. The genus Blepharisper-
mum comprises 15 species, all of which are shrubs, except for B hirtum. Blepharispermum
species are distributed over different regions of Africa, the Arabian Peninsula, and India [7].
Decoctions as well as the root powder of B. subsessile have been used by local practitioners
in India for the treatment of various health ailments used in nervous disorders, while
the whole plant is used in diarrhea, stomach ache, rheumatic affections, skin diseases,
eye troubles, anti-inflammatory diseases, and irregular menstruation [8–10]. Recently,
Fatope et al., [9] reported ent-kaurene diterpenoids with larvicidal and antimicrobial ac-
tivity. It also has promising potential to resist microbes and antifeedant significance [9].
The genus Blepharispermum is an affluent basis for many bioactive ingredients including
dimethyl isoencecalin and 5-hydroxy-6-acetyl-2-hydroxymethyl-2-methyl chromene [10].

Furthermore, the reported literature of EOs and the traditional uses of the plants
growing in Oman have been noticed to have promising potential to cure diabetes and
cancer [11,12]. Natural products derived from plants and plant products that have been
traditionally used to treat various diseases including cancer and diabetes have advantages
in drug discovery [13]. Thus, the current study was designed to profile the constituents
of the EOs and determine the in vitro antidiabetic and cytotoxic significance of B. hirtum.
Hence, the recent study will update the literature on the genus Blepharispermum and report
on the EOs of B. hirtum for the first time.

2. Materials and Methods
2.1. General Instrumentation

The MDA-MB-231 and MCF-7 cell lines were acquired from the American Type Cul-
ture Collection (ATCC) and MCF-10A was purchased from the Iranian Biological Resource
Center (IBRC) (Tehran, Iran). GC-MS was conducted on a gas chromatography-mass spec-
trometer (GC-MS-QP2010, Shimadzu Kyoto, Japan). The α-glucosidase enzyme (EC 3.2.1.20,
Sigma-Aldrich, Darmstadt, Germany) and spectrophotometer (xMark™ Microplate Spec-
trophotometer, Bio-Rad, Hercules, CA, USA) were used for the α-glucosidase activity. A
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High-Speed Multifunctional Grander (Grand Household, Code. GR-SCG350H) was used
for the grinding of the plant. Analytical grade reagents were used in the current study.

2.2. Collection and Identification of Plant Materials

The whole plant material of B. hirtum (8.7 kg) was collected from Salalah, the Dhofar
region of Oman (April–May 2020). After identification by the plant taxonomist (Syed
Abdullah Gilani, Department of Biological Sciences and Chemistry, University of Nizwa,
Nizwa, Oman), the leaves (4.0 kg) were separated from the stems (4.2 kg) and placed under
shade at room temperature for dryness. The dried samples were ground into fine powder
(50–300 mesh) using a stainless-steel blender. A voucher specimen of B. hirtum (BHO-
03/2020) was deposited in the herbarium of the Natural and Medical Sciences Research
Center, University of Nizwa, Oman.

2.3. Essential Oils Extraction

The essential oils extracted through hydro-distillation from the leaves and stem of the
B. hirtum yielded 1.2 g (0.052%) and 0.95 g (0.045%), respectively, using a Clevenger-type
apparatus (three times for at least 6 h) and were observed to be yellow-colored [14,15]. A
known quantity of the EOs was collected, dried over anhydrous sodium sulfate (Na2SO4),
and kept in the refrigerator at 4 ◦C until further GC-MS analysis and in vitro antidiabetic
and cytotoxic assays.

2.4. GC-MS Analysis

The chemical constituents in the stem and leaf samples of the understudy plant were
determined through the Perkin Elmer Clarus (PEC) 600 GC System (Perkin Elmer, Waltham,
MA, USA) using gas chromatography-mass spectrometry (GC/MS) analysis. The GC/MS
instrument was coupled with an Rtx-5MS capillary column (30 m × 0.25 mm, 0.25 µm film
thickness) at 260 ◦C, connected to a PEC 600 mass spectrometer (MS). Electron multiplier
(EM) voltage was achieved from autotune with 70 eV ionizing energy (IE). The carrier gas
was helium (99.9999%) with a flow rate of 1 mL/min, while temperatures of 260 ◦C and
280 ◦C were used for the injection, transfer line, and ion source, respectively, during the
whole analysis. The oven temperature was kept at 60 ◦C, holds for 1 min, at a flow rate of
4 ◦C/min–260 ◦C, and stood for 4 min. The essential oil solution (1 µL) was injected with a
split ratio of 10:1. The complete chromatographic data were obtained by accumulating the
full-scan mass spectra in the range of 45–550 amu. Furthermore, the total processing time
of the GC/MS analysis was 55 min.

Identification of the Components

The essential oils extracted from the leaves and stems of B. hirtum were identified
by their respective chromatogram peaks obtained for each compound through GC-MS
analysis. Some of the compounds were identified by comparing their mass spectra with the
MS library database (NIST 2011 v.2.3). Compound identification was also made possible
by comparing their retention times (Rt) with those of the pure authentic samples and by
means of their retention index (RI), relative to the series of n-hydrocarbons [14–16].

2.5. In Vitro α-Glucosidase Inhibitory Assay

Evaluation of the α-glucosidase inhibitory significance of the essential oils of the tested
samples proceeded at 37 ◦C using 0.5 mM phosphate buffer (pH 6.8) [9,10]. High to low
doses of the tested samples including (60, 30, 15, 7.8, 3.90, and 1.95 µg/mL), respectively,
were incubated with the enzyme (2 U/2 mL) in phosphate buffer for 15 min at 37 ◦C. After
adding the 25 µL substrate, p-nitrophenyl-a-D-glucopyranoside (0.7 mM, final), a spec-
trophotometer was used to track the changes in absorbance at 400 nm for 30 min. DMSO-
d6 (7.5 percent final) was used as a positive control. As a reference standard, acarbose
(IC50 = 377.7 1.34 µg/mL) was employed. Furthermore, the IC50 was calculated by using
EZ-fit software, as explained in the statistical analysis section by Equations (2) and (3).
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2.6. In Vitro Cytotoxic Potential

In vitro cytotoxicity capacity of EOs was determined by performing an MTT (yellow
tetrazolium salt, 3-(4,5-dimethylthizol-2-yl)-2,5-diphenyl tetrazolium bromide) assay by
using an aggressive breast cancer cell line (MDA-MB-231) [17]. Human breast normal cell
line MCF-10A was kept as a control in the study. Cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% FBS and 1% antibiotics (100 U/mL
penicillin). The cells were seeded in a 96-well plate at a density of 1.0 × 104 cells/well and
incubated for 24 h at 37 ◦C in 5% CO2. The medium was discarded, and both cell lines were
treated with different concentrations (3, 10, 30, 100, and 300 µg/mL) of plant EOs [18] after
48 h of incubation (Maher et al. [19]). A total of 20 µL of MTT solution (5 mg/mL) was
pipetted into each well and incubated for another 4 h. The medium was later discarded,
and the formazan precipitate was dissolved in DMSO. The absorbance of the mixtures
was determined using a microplate reader at 570 nm. All experiments were performed in
triplicate and the cytotoxicity was expressed as a percentage of cell viability compared to
the untreated control cells [18]

% Viability =
Absorbance of sample
Absorbance of control × 100 (1)

2.7. Statistical Analysis

Excel and the SoftMax Pro package were used as the applications to examine the results
for biological activity. The following formula was used to determine the % inhibition.

% Inhibition = 100−
(O.Dtest compound

O.Dcontrol

)
× 100 (2)

All of the tested substances’ IC50 values were calculated using EZ-FIT (Perrella Scien-
tific, Inc., Amherst, MA, USA). All experiments were carried out in triplicate to reduce the
likelihood of mistakes, and differences in the results are reported as the standard error of
mean values (SEM).

SE = σ√
n (3)

The cytotoxic activity was estimated via IBM SPSS Statistics 26 software and utilized
to analyze the dose response and computation of IC50.

3. Results and Discussion
3.1. Composition of Essential Oil

The role of essential oils in the therapy of human health complications from ancient
times to date cannot be denied. The promising potential attributed to EOs is due to the
presence of valuable ingredients. In the current study, through the GC-MS analysis, fifty-
eight compounds were identified in the EOs of the stems and leaves of B. hirtum (Table 1).
The compounds identified in the stem through GC-MS screening contributed 93.88% of
the total oil composition among which camphene was noticed as the dominant compound
having 23.63%, followed by β-selinene with 5.33%, β-elemene (4.66%), and laevo-β-pinene
(4.38%) (Table 1 and Figure 1). While the same number of compounds were identified in the
EOs of the leaves of the B. hirtum sample, which contributed 89.07% of the total composition,
with major compounds of 24-norursa-3,12-diene at 9.08%, followed by β-eudesmol (7.81%),
β-selinene (7.26%), thunbergol (5.84%), and caryophyllene oxide (5.62%) (Figures 1 and 2).
The compound camphene was earlier reported in the EOs of Piper cernuum, as presented
by Girola et al. [20], while β-selinene was previously noticed in Litsea cubeba and Lanthana
camara, as stated by Si et al. [21] and Sarma et al. [22], respectively. Furthermore, our
data consented to the outcomes elaborated by Quassinti et al. [23] in Hypericum hircinum
and Ferulago macrocarpa, as described by Sajjadi et al. [24]. In addition, our data are also
supported by the outcomes earlier reported by Akpulat et al. [25] and Hulley et al. [26]
in the EOs of some plants belonging to the family Asteraceae, which might be due to the
presence of the common chemical ingredients. However, our findings do not match the
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EOs reported by Mejia et al. [27] in Brassica nigra and also with the literature documented
by Oroojalian et al. [28] in some Apiaceae species. Many factors are responsible for the
variation among the contents present within a plant species including the difference in
plant family and environmental gradients [29].

Table 1. The GC-MS analysis of the EOs of Blepharispermum hirtum Oliver.

S. No. Compounds RTmin RIcal RIrep % Stem % Leaves

1 5,5-Dimethyl-1-vinylbicyclo [2.1.1] hexane 7.44 927 920 0.12 0.03

2 3-Thujene 7.65 935 928 3.11 0.06

3 Camphene 7.88 944 935 23.63 2.19

4 2,4(10)-Thujadiene 8.39 963 957 0.53 0.03

5 Sabinene 8.91 982 964 2.21 0.14

6 Laevo-β-Pinene 9.01 986 978 4.38 0.12

7 β-Myrcene 9.37 999 981 0.91 0.25

8 α-Phellandrene 9.75 1013 997 0.39 0.05

9 3-Carene 9.92 1019 1005 0.11 0.04

10 p-Cymene 10.30 1033 1011 1.46 0.14

11 D-Limonene 10.42 1037 1018 2.79 0.46

12 γ-Terpinene 11.25 1067 1047 1.51 0.11

13 Linalool 12.34 1106 1082 0.49 0.32

14 Perillen 12.40 1108 1086 0.04 0.08

15 α-Campholenal 13.10 1134 1102 0.42 0.31

16 2,9-Dimethyl-5-decyne 13.10 1136 1103 0.31 0.03

17 L-Pinocarveol 13.46 1147 1108 0.85 0.84

18 cis-Verbenol 13.52 1149 1110 0.25 0.36

19 trans-Verbenol 13.61 1153 1128 0.71 2.51

20 p-Mentha-1,5-dien-8-ol 14.18 1174 1148 0.56 0.69

21 Terpinen-4-ol 14.47 1185 1175 0.67 0.46

22 Myrtenol 15.00 1205 1174 0.45 0.49

23 Levoverbenone 15.34 1218 1191 0.26 0.86

24 cis-Carveol 15.54 1226 1208 0.08 0.37

25 Bornyl acetate 17.26 1292 1269 1.23 0.83

26 α-Terpinyl acetate 18.78 1354 1322 0.91 0.97

27 Copaene 19.48 1383 1376 0.47 0.44

28 β-Bourbonene 19.71 1392 1386 0.84 1.57

29 β-Elemene 19.84 1398 1398 4.66 4.52

30 Caryophyllene 20.54 1428 1421 3.73 4.35

31 Humulene 21.32 1462 1454 1.31 1.55

32 Alloaromadendrene 21.49 1469 1459 0.39 0.59

33 γ-Muurolene 21.80 1483 1471 1.05 1.01

34 Germacrene D 21.94 1489 1480 3.26 1.31

35 β-Selinene 22.08 1495 1509 5.33 7.26

36 α-Selinene 22.26 1503 1500 2.92 4.63
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Table 1. Cont.

S. No. Compounds RTmin RIcal RIrep % Stem % Leaves

37 Cubebol 22.64 1521 1512 0.33 0.99

38 δ-Cadinene 22.82 1529 1514 1.59 2.93

39 Elemol 23.38 1554 1535 0.63 1.42

40 Germacrene D-4-ol 23.99 1582 1570 0.09 0.31

41 Caryophyllene oxide 24.19 1991 1575 2.89 5.62

42 Humulene 1,2-epoxide 24.743 1617 1596 0.61 1.16

43 γ-Eudesmol 24.786 1619 1627 0.58 1.18

44 Cubenol 25.09 1634 1631 0.13 0.38

45 tau-Cadinol 25.341 1946 1637 0.77 1.78

46 β-Eudesmol 25.57 1657 1644 2.73 7.81

47 Benzyl Benzoate 27.77 1767 1765 0.12 0.54

48 α-Phellandrene, dimer 28.32 1794 1801 0.43 0.76

49 m-Camphorene 31.11 1945 1960 0.09 0.31

50 Cembrene A 31.41 1961 1970 0.32 0.58

51 p-Camphorene 31.68 1978 1977 0.08 0.41

52 Geranyl-α-terpinene 32.21 2007 1990 0.05 0.13

53 Verticillol 32.70 2036 2036 0.29 0.38

54 Cembrenol 34.55 2046 2161 0.25 0.29

55 Thunbergol 34.71 2156 2173 3.32 5.84

56 24-Norursa-3,9(11),12-triene 46.48 2156 3042 1.23 3.17

57 24-Noroleana-3,12-diene 46.645 3013 3057 1.55 4.03

58 24-Norursa-3,12-diene 47.198 3060 3105 3.46 9.08

Total % of the identified compounds 93.88 89.07

RIcalc = Retention index calculated. RIrep = Retention index obtained from database (NIST, 2011). RT = Retention
time (min).
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3.2. In Vitro Antidiabetic Significance

It is very clear that in recent times, natural products have been considered as untapped
diamonds because of their invaluable medicinal use and lower side effects. The recent
studies were designed to keep these key features of new drug candidates. The reported
pharmacotherapeutic importance of EOs in the treatment of diabetes encouraged us to
identify anti-diabetic agents via evaluating natural resources [30]. Therefore, in the current
studies, two samples of EOs extracted from B. hirtum were subjected to, due to their crucial
role in the inhibition of the key anti-diabetic targeted enzyme, α-glucosidase. Interestingly,
both samples displayed overwhelming anti-diabetic potential with very high potency
IC50 = 2.10 ± 0.57 µg/mL (stem) and 4.30 ± 1.56 µg/mL (leaves) when compared with
the marketed drug acarbose IC50 = 377.71 ± 1.34 µg/mL (Figure 3). This invaluable high
potency of these natural products further showed and strengthened their role as anti-
diabetic agents. The stem EOs contained camphene in a higher quantity (23.63%) compared
to the leaves (2.19%), which has a significant role in curing diabetes, as reflected in the
literature stated by Mishra et al. [31] and Hachlafi et al. [32], and this might be the reason
for which the EOs of the stem depicted a significant capacity to act as an antidiabetic agent.
In addition, our findings were in agreement with the data reported by Majouli et al. [33]
for Hertia cheirifolia and Ceylan et al. [34], which documented the significance of Thymus
spathulifolius due to the presence of common constituents and the same technique used in
the mentioned plant species and understudy plant samples. However, our results did not
match the previously described outcome of Ahmad [35] for M. spicata and Basak et al. [36],
which revealed the significance of the EOs of Laurus nobilis. Variation in the capacity of
the plants mainly depends upon the chemical ingredients that might be altered due to the
edaphic, climatic, quality, and availability of water, as stated by Shah et al. [37], and is also
affected by the elemental and other ingredients present in the water available for plants.
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3.3. In Vitro Cytotoxicity Capacity

The cytotoxic potential of the tested samples of B. hirtum EOs was evaluated from low
to high doses using human breast cancer cell line MDA-MB-231 compared to human normal
breast epithelial cell lines; Michigan cancer foundation (MCF) MCF-10A was used as a
control in the experiment. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay was used to determine the decrease in the cancer cell viability induced
by cytotoxic agents. For MDA-MB-231, the IC50 values, % inhibition, and viability of the
tested EOs are presented in Table 2. Our findings show that the EOs of the leaves and stem
have promising capabilities against MDA-MB-231 cells with IC50 values of 88.4 ± 0.5 and
123.6 ± 0.8 µg/mL, respectively. To determine whether the cytotoxic effects of the oils were
selective for malignant cells in comparison to the non-malignant cells, the non-tumorigenic
MCF-10A cells were screened through the tested EOs from low to high doses (3, 10, 30, 100,
and 300 µg/mL) in a similar manner as the cancer cells. After the MTT assay, the results
of the % inhibition and viability for the MCF-10A cell lines by essential oils are presented
in Table 3. The results showed that these cells were less susceptible to the actions of the
essential oil, particularly at a higher dose of 300 µg/mL. The data in this study revealed that
the triple negative MDA-MB-231 cells, which bear an aggressive phenotype, responded
more favorably to EOs, and showed greater cytotoxicity. The significant potential for
cytotoxicity was observed when non-tumorigenic MCF-10A cells were exposed to this
plant’s EOs, which suggested that EOs have the potential in offering promising treatment
for patients with breast cancer. Some valuable constituents were noticed in the understudy
plant samples due to which they offered promising potential cancer therapy. Our findings
agreed with the report described by Ortiz et al. [38] of the plant species belonging to the
genus Santalum and Furtoda et al. [39] in the Blepharocalyx salicifolius. Our findings also
favor the study of Loizzo et al. [40], who described the significance of the EOs of some
plants of the family Lamiaceae and Lauraceae.

Table 2. The % viability and inhibition of B. hirtum essential oil on the breast cancer cell line MDA-
MB-231.

Tested Samples Conc. (µg/mL) % Viability % Inhibition IC50 (µg/mL)

Leaves

3 94.33 5.66

88.4 ± 0.5

10 82.41 17.58

30 71.09 28.90

100 47.85 52.14

300 26.26 73.73

Stem

3 96.49 3.50

123.6 ± 0.8

10 85.43 14.56

30 72.65 27.34

100 53.04 46.95

300 37.05 62.94

Table 3. The % Viability and inhibition of B. hirtum essential oil on the normal breast cell line MCF-10A.

Tested Samples Conc (µg/mL) % Viability % Inhibition IC50 (µg/mL)

Leaves

3 96.29 3.70

>300

10 93.04 6.99

30 89.34 10.65

100 86.96 13.03

300 78.07 23.99
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Table 3. Cont.

Tested Samples Conc (µg/mL) % Viability % Inhibition IC50 (µg/mL)

Stem

3 97.50 2.49

>300

10 95.28 4.71

30 89.93 10.06

100 85.10 14.89

300 79.22 20.77

4. Conclusions

The comparative analysis of the B. hirtum stem and leaves EOs revealed that the
understudy plant is an affluent source of responsible bioactive chemical constituents that
are intended to produce as useful properties as the plant. Fifty-eight constituents were
observed in the EOs of the stem and leaves of B. hirtum and contributed 93.88% and 89.07%
of the total amount, respectively. Camphene was observed as a major compound (23.63%),
followed by β-selinene (5.33%), β-elemene (4.66%), and laevo-β-pinene (4.38%) in the stem
EO. While the 24-norursa-3,12-diene (9.08%), β-eudesmol (7.81%), β-selinene (7.26%), thun-
bergol (5.84%), and caryophyllene oxide (5.62%) were noted as the dominant constituents.
Considerable potential to cure diabetes was offered by the tested samples compared to
the standard. Moreover, the EOs of B. hirtum produced significant cytotoxicity effects
against the breast cancer cell line MDA-MB-231 and were non-toxic to the normal cell line
MCF-10A. The occurrence of the chemical constituents and promising α-glucosidase and
cytotoxic activities of the EOs validate their pharmaceutical and nutraceutical importance.
Hence, the analysis revealed that B. hirtum EOs can be used as an alternative promising
natural remedy to cure diabetes mellitus and cancer.
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