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Monoterpenes are secondary metabolites of plants belonging to the terpenoid class of natural products. They are the most
abundant components of essential oils that are generally considered to have various pharmacological properties. These com-
pounds are reported to have antidiabetic effects in recent years. Due to nature’s complex biosynthetic machinery, they also exhibit
areasonable degree of structural complexity/diversity for further analysis in structure-activity studies. Therefore, monoterpenes as
antidiabetic agents have been investigated by recent in vitro and in vivo studies extensively reported in the scientific literature and
claimed by patent documents. The purpose of this survey is to provide a comprehensive and prospective review concerning the
potential applications of monoterpenes in the treatment of diabetes. The data for this research were collected through the
specialized databases PubMed, Scopus, Web of Science, and ScienceDirect between the years 2014 and 2022, as well as the patent
databases EPO, WIPO, and USPTO. The research used 76 articles published in the leading journals in the field. The main effect
observed was the antidiabetic activity of monoterpenes. This review showed that monoterpenes can be considered promising
agents for prevention and/or treatment of diabetes as well as have a marked pharmaceutical potential for the development of
bioproducts for therapeutics applications.

1. Introduction

Diabetes mellitus is a chronic disease that affects about 3% of
the world’s population and its prevalence has increased given
the aging population. In 2015, the International Diabetes
Federation (IDF) estimated that one in 11 adults aged 20 to
79 years had type 2 diabetes mellitus. Diabetes mellitus ranks
ninth among diseases that cause loss of healthy life years.
Around 422 million people worldwide have DM and 1.6

million deaths are directly attributed to the disease each year
[1]. There has also been an increase in the number of deaths
from DM between 1990 and 2019, from 1,278,866 to 2,988,924
(an increase of 133.71%). For disability-adjusted life years
(DALYs), growth was observed from 28,586,671 in 1990 to
70,888,154 in 2019 (148% increase). In Brazil, the scenario is
similar, with DM accounting for 43,787 deaths in 1990 and
107,760 in 2019 (7.64% of the total), as well as causing 1,730,460
DALYs in 1990 and 3,750,735 in 2019 (5.73% of the total) [2].
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Diabetes mellitus (DM) has a complex and multifactorial
etiology, involving genetic and environmental components,
resulting from altered insulin production by the pancreas
and/or inability to adequately exert its function in the body
[3]. Diabetes can be classified into four main types: (a) type 1
diabetes (T1D), characterized by the autoimmune de-
struction of pancreatic 8 cells, causing deficiency in insulin
production; (b) MODY type diabetes, caused by idiopathic
insulin deficiency; (c) type 2 diabetes (T2D), caused by the
progressive loss of insulin secretion combined with insulin
resistance; and (d) gestational diabetes characterized by
hyperglycemia of varying degrees, diagnosed during preg-
nancy [4].

Type 1 diabetes (T1D) presents itself as an autoimmune
disorder marked by the destruction of 8 cells in the islets of
Langerhans of the pancreas, mediated by T lymphocytes.
This destruction leads to an almost complete loss of the
ability to synthesize insulin [5]. As a result of this depletion
of B cells, the body loses the ability to regulate blood sugar
levels, requiring, as a classic alternative treatment, the ad-
ministration of exogenous insulin. Besides, T2DM is char-
acterized by the progressive and irreversible loss of 8 cell
function [6].

Conventional treatment of DM1 continues to be based
mainly on the therapeutics use of insulin, more recently
making use of various synthetic analogues of the hormone
with different pharmacokinetic profiles. In addition to in-
sulin and its analogues, some noninsulin drugs, such as
biguanides, are used as therapeutics adjuvants in the
treatment of DM1. Currently, metformin is the most pre-
scribed noninsulin drug in Brazil, although the percentage of
patients who use this therapy does not reach 5% of the total
[7]. Current treatment of T2DM basically consists of
changes in diet and lifestyle with the progressive addition of
more complex antidiabetic regimens (including metformin,
sulphonylureas, sodium-glucose cotransporter-2 inhibitors,
thiazolidinediones, and so on) and eventually supplemental
insulin therapy [8].

DM evolves with micro- and macrovascular complica-
tions, which result in repercussions on target organs, such as
the heart, blood vessels, eyes, kidneys, and brain [9]. One of
the reasons to these outcomes is correlated to a low total
adherence (1.4%) to the suggested clinical treatment, as
pointed out by Faria et al. [10] who found an adherence of
84.4% of diabetics to drug treatment, 58.6% to regular
physical activity practice, and 3.1% to a diet plan appropriate
to the disease.

The low adherence to DM treatment has a huge eco-
nomic impact on today’s society, affecting not only health
systems but also individuals and their families, in addition to
generating a loss of quality of life for the patient, with a high
degree of limitation in work and leisure activities [11]. In this
context, patients with DM have a higher risk of presenting
polypharmacy (35.8%) than other patients that can lead to
risk of drug interactions (15.1%) and impairment to the
diabetic’s glycemic control [12]. The challenge is to reduce
polypharmacy, especially in the elderly, choosing safe, ef-
fective options without risk of interactions. In this sense, the
use of food supplements (vitamins, phenolic compounds,
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omega 3, and other bioactive compounds) has gained space,
especially in the treatment of T2D. In the search for an
antioxidant and anti-inflammatory effect adjacent to the
hypoglycemic effect, the search for bioactive compounds has
gained increasing importance, among which we highlight
the monoterpenes.

Several studies have already proven the therapeutics
importance of products of natural origin in the control,
treatment, and prevention of several diseases. Substances
called phytochemicals are extracted from these natural
products. Among the phytochemicals most studied for
therapeutics purposes, polyphenols, flavonoids, alkaloids,
tannins, coumarins, and terpenoids stand out, the latter
being the object of study in this work. Among the main
pharmacological activities attributed to many of these
substances, especially to terpenes, anti-inflammatory,
gastrointestinal tract protective, cardioprotective, antiox-
idant, and antidiabetic activity stand out [13]. Terpenoids
are secondary metabolites of various types of plants,
synthesized by the mevalonic acid pathway and contribute
to their direct defense mechanism and their flavor profile
[14].

Terpenes are the most abundant natural products,
present in higher plants, citrus, conifers, and eucalyptus, and
are widely distributed in the leaves, flowers, stems, and roots
of these plants. Terpenes show significant structural varia-
tion, including linear hydrocarbons or carbocyclic skeletons.
Terpenes undergo oxygenation, hydrogenation, or de-
hydrogenation to form terpenoids [15]. The classification of
terpenes is based on the isoprene units proposed by Wallach
in 1887 (C5HS8), a 5-carbon compound that forms the
skeletons of terpenes, and can be didactically described as
follows: hemiterpenes are the simplest, with a single unit of
isoprene; monoterpenes are highly diverse and have two
isoprenoid units; sesquiterpenes are abundant natural
compounds with three isoprene molecules; diterpenes are
nonvolatile C20 hydrocarbons derived from four isoprene
units; triterpenes are derived from the C30 precursor,
squalene, made up of two molecules of sesquiterpenes; and
tetraterpenes (carotenoids) are 8-isoprene units [16].

Monoterpenes occur in monocotyledonous and di-
cotyledonous angiosperms, fungi, bacteria, and gymno-
sperms and have two isoprenoid units. They are aromatic
compounds responsible for the odor of many flowers and
fruits. Monoterpenes include acyclic, monocyclic, and bi-
cyclic forms. They are widely used as active ingredients for
agricultural, pharmaceutical, cosmetic, and food applica-
tions. Pinenes, carveol, camphor, menthol, and limonene,
for example, are active ingredients in a wide variety of in-
dustrial applications.

Monoterpenes, like sesquiterpenes and diterpenes, are
secondary metabolites because they are classified as non-
essential for viability and mediate important interactions be-
tween plants and their environment [17]. Several
monoterpenes are widely used in the agricultural, cosmetic,
and food industries and as a general antiseptic in medical
practice [18], in addition to clinical use for their pharmaco-
logical properties, including antifungal, antibacterial, antioxi-
dant, anticancer, and antispasmodic [19-23]. Monoterpenes
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can also have significant effects in diabetes by promoting
hypoglycemic activity [24]. Studies have shown that mono-
terpenes include a wide variety of substances that possess
antioxidant activity [25], which may prevent diabetic com-
plications associated with oxidative stress [26, 27]. The general
effects of monoterpenes on diabetes are schematized in
Figure 1.

In this context, monoterpenes may be useful as agents for
the prevention and/or treatment of diseases such as diabetes,
a pathology with high mortality rates. In an attempt to
reduce this impact, the search for substances of natural
origin that have an antidiabetic effect has intensified. In this
field, the study of the effects of some monoterpenes on
diabetes stands out, such as limonene and carveol [28].
Considering the functional multicomplexity linked to di-
abetes, monoterpenes draw attention for demonstrating in
pharmacological studies diverse and interesting in vitro and
in vivo effects of several of their chemical constituents
present in essential oils of medicinal plants on diabetes.
Thus, the objective of this work was to carry out a biblio-
graphic review of the studies that deal with the effects of
monoterpenes on diabetes, highlighting the types of research
carried out (in vitro and in vivo), experimental models used,
and main results obtained. In addition, we carry out tech-
nological prospecting for product patents containing
monoterpenes developed for the treatment and/or pre-
vention of diabetes and its main complications.

The technological prospection of patents and the in-
clusion in the research of more recent articles on the subject:
monoterpenes as a therapeutics alternative to conventional
treatments for diabetes, not yet mentioned in previous re-
views, undoubtedly constitute factors of scientific in-
novation of this work.

2. Methodology

This systematic review used a literature search to find articles
published in the last eight years. The search was conducted
using the specialized databases PubMed, Scopus, Web of
Science, and ScienceDirect, using a combination of the
English descriptors: “Monoterpenes” and “Diabetes.” A total
of 1410 articles were found, of which 76 articles were used for
the literature survey. The following inclusion criteria were
adopted: years 2014 to 2022, clinical and nonclinical studies
using monoterpenes in the prevention and/or treatment of
diabetes, written in English, full text in electronic media, and
articles that presented results of monoterpenes alone or in
combination. Articles that were found in more than one
database (duplicates) were included in the final count of
articles used in the study only once. As for the exclusion
criteria, we did not use abstracts, monographs, theses, thesis
chapters, books, book chapters, congress or conference
proceedings, and technical and scientific reports, in addition
to excluding articles considered “irrelevant” to the study
after a thorough reading.

The search for patents was conducted in the European
Patent Office (EPO), World Intellectual Property Organi-
zation (WIPQO), and United States Patent and Trademark
Office (USPTO) databases using the combination of
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FIGURE 1: Summary of effects of monoterpenes on diabetes.

descriptors in English “monoterpenes” and “diabetes,” in
addition to a search in the Brazilian National Institute of
Industrial Property (INPI) database with descriptors in
Portuguese. No time frame was established for the search.

Figure 2 shows the flowchart of the article selection
process.

3. Important Aspects of the Analyzed
Manuscripts

3.1. Characterization of the Manuscripts. The data from the
76 manuscripts used in this review were entered into the
statistical program SPSS (Statistical Package for the Social
Sciences) version 24 where a statistical analysis was
performed in order to explore the main findings in
common among the various studies used. The following
variables were analyzed in the SPSS database: (1) author of
the study; (2) year of publication of the study; (3) journal
in which the article was published; (4) type of mono-
terpene studied; (5) type of study; (6) the study model; (7)
the study objective; (8) the dose used; (9) the concen-
tration; (10) the route of administration; (11) the activity/
effect of the monoterpene studied; (12) the mechanism(s)
of action; (13) the markers used in the study; and (14) the
conclusion of the study. Manuscripts from 58 different
authors were analyzed, where 8 different authors pre-
sented 2 articles each. The research was conducted be-
tween the years 2014 and 2022. The most prevalent years
were 2017 with 17 articles (22.37%) and 2018 with 16
articles (21.05%) (Table 1).

The manuscripts selected were published in 54 different
journals, where the journal with the highest prevalence was
Biomedicine & Pharmacotherapy with 8 manuscripts
(10.53%). Twenty different monoterpenes were analyzed:
geraniol, limonene, catalpol, cymene, geniposide, gentio-
picroside, paeoniflorin, borneol, carvacrol, carvone, men-
thol, myrtenal, thymol, genipin, pinene, citronellol, citral,
eucalyptol, swertiamarin, and loganin. The most studied
monoterpenes were paeoniflorin with 17 articles (22.07%)
and catalpol with 07 articles (9.09%) (Table 2).

As for the type of study, in vivo trials were the most
prevalent being recorded in 54 manuscripts (71.05%), while
in vitro studies appeared in 22 studies (28.95%), with 4
articles from in vivo trials that also did in vitro trials. A
synthesis of the studies was performed according to their
characteristics. The main study models were rats with 33



\

PubMed: 243

Scopus: 544

[ Identified Manuscripts: 1410 ] —

Web of Science: 11

Science direct: 612

\

PubMed: 81

v

R Scopus: 25
[ Pre-selected Manuscripts: 130 ]_<

Duplicates: 22 Web of Science: 02

not relevant: 32
Y

Science direct: 22

(

4

[ Selected Manuscripts: 76 ]

F1GURE 2: Flowchart of manuscript selection.

TaBLE 1: Year of publication of the manuscripts and number of
publications per year.

Year of publication Frequency %

2014 8 10.53
2015 8 10.53
2016 13 17.10
2017 17 22.37
2018 16 21.05
2019 2 2.63
2020 3 3.95
2021 4 5.26
2022 5 6.58
Total 76 100.0

TaBLE 2: Monoterpenes used in the study.

Monoterpenes Frequency %

Borneol 1 1.30
Carvacrol 6 7.79
Carvone 1 1.30
Catalpol 7 9.09
Citral 2 2.60
Citronellol 1 1.30
Cymene 3 3.90
Eucalyptol 1 1.30
Genipin 4 5.19
Geniposide 8 10.38
Gentiopicroside 1 1.30
Geraniol 3 3.90
Limonene 3 3.90
Loganin 4 5.19
Menthol 1 1.30
Myrtenal 3 3.90
Paeoniflorin 17 22.07
Pinene 2 2.60
Swertiamarin 3 3.90
Thymol 6 7.79
Total 77 100.0
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manuscripts (43.42%), mouse with 21 studies (27.63%), and
cells with 19 studies (25.00%).

In in vitro studies, the concentrations used of the
monoterpenes analyzed ranged from 0.01 to 200 4uM, with
57.70% of the manuscripts evaluating monoterpenes at doses
lower than 50 M. The in vivo manuscripts presented doses
ranging from 5 to 500 mg/kg, with 49.10% of studies with
doses less than or equal to 50 mg/kg and 47.27% of studies
testing doses ranging from 50 to 200 mg/kg. It is worth
noting that in this universe of studies, there was a greater
emphasis on testing the doses of monoterpenes at 50 mg/kg
and 100 mg/kg. The main activity of the monoterpenes
analyzed was antidiabetic, found in 45 manuscripts
(59.21%). The main route of administration used in the
analyzed articles was oral with 36 studies (67.92%).

3.2. Pharmacological Activity of Monoterpenes, Observed Ef-
fects, and Underlying Markers. The main pharmacological
activities found in the studies reviewed were antidiabetic,
antihyperlipidemic, antioxidant, anti-inflammatory, hep-
atoprotective, nephroprotective,  cytoprotective, car-
dioprotective, vasorelaxant, and hypoglycemic. The main
monoterpenes identified in this review as well as the type of
study, study model, the observed effects, and the markers
involved are listed in Tables 3 and 4.

Paeoniflorin (PF) ameliorated the inhibitory effect
caused by streptozotocin (STZ) on cell viability and insulin
secretion capacity in INS-1 cells, reduced caspase-3 activity
and Bax expression, and induced Bcl-2 expression in STZ-
treated INS-1 cells. Treatment with paeoniflorin resulted in
a decrease in the production of reactive oxygen species and
malondialdehyde (MDA) and an increase in superoxide
dismutase (SOD) activity in STZ-treated INS-1 cells. In
addition, this monoterpene inhibited the phosphorylation of
p38 and JNK, which is induced by STZ in INS-1 cells, and
suppressed the activation of p38 MAPK and JNK pathways
in STZ-treated INS-1 cells. Paeoniflorin may be a natural
antidiabetic agent by ameliorating pancreatic f cell injury
through inhibition of p38 MAPK and JNK signaling path-
ways [42]. For Wang et al. [96], paeoniflorin significantly
attenuated STZ-induced mitochondrial dysfunction and
improved impaired insulin signaling by positively regulating
p-PI3K and pAkt protein expression, while negatively reg-
ulating p-IRS-1 protein expression.

Paeoniflorin significantly decreased serum insulin and
glucagon levels, improved insulin sensitivity and serum lipid
profile, and alleviated hepatic steatosis in fructose-fed rats.
In addition, it increased the phosphorylation level of AMP-
activated protein kinase (AMPK) and protein kinase B
(PKB/AKT) and inhibited the phosphorylation of acetyl-
coenzyme A carboxylase 1 in the liver. Paeoniflorin also
increased the mRNA of hepatic carnitine palmitoyl-
transferase I (CPT1) and protein expression and decreased
the mRNA expression of regulatory element binding protein
(SREBP) Ic, stearyl-coenzyme A decarboxylase (SCD)-1,
and fatty acid synthase (FAS). In addition, it significantly
increased the expression of the hepatic tumor suppressor
protein serine/threonine kinase 1 [95]. According to Chen
etal. [47], paeoniflorin can decrease the expression of LC311/
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LC3I and reduce the number of autophagosomes. In ad-
dition, PF inhibited autophagy, at least in part, through
inhibition of RAGE and positive regulation of p-mTOR level
against AGEs-induced mesangial cell dysfunction. Paeoni-
florin can decrease the urinary albumin excretion rate and
inhibit macrophage infiltration and activation through
blocking the TLR2/4 signaling pathway. The said mono-
terpene reduced AGEs-induced TLR2/4 activation and in-
flammatory responses, indicating that it prevents
macrophage activation by inhibiting TLR2/4 signaling ex-
pression in type 2 diabetic nephropathy [94].

Paeoniflorin increases MMP and ATP levels as well as
attenuates NF-«xB p65 expression mainly due to its anti-
oxidant capacity, suppressing ROS production. In addition,
it can suppress HIF-la and VEGF protein expression
through a decrease in ROS production via negative regu-
lation of Nox2/Nox4 expression. It is worth noting that
paeoniflorin protects against oxidative damage mainly
through a mechanism involving a decrease in ROS pro-
duction by inhibiting Nox2/Nox4 and RAGE expression in
addition to restoring ATP depletion and mitochondria
dysfunction via suppression of ROS and downregulating
HIF-1a/VEGF, possibly via the ROS-NF-«B axis [46]. As per
Sun et al. [92], paeoniflorin treatment inhibited hyper-
phosphorylation of tau protein in the hippocampus. This
function was correlated with its ability to reduce brain in-
flammatory cytokines (IL-18 and TNF-a) by decreasing
suppressive cytokine signaling 2 (SOCS2) expressions and
promoting insulin receptor substrate-1 (IRS-1) activity. In
addition, it significantly promoted phosphorylation of
protein kinase B (Akt) and glycogen synthase kinase-3f
(GSK-3f5) and had beneficial effects on alleviating diabetes-
associated cognitive deficits through regulation of the
SOCS2/IRS-1 pathway.

Paeoniflorin also has an action at the level of increasing
the expression of mitochondrial processing peptidase «
(PMPCA) and small ubiquitin 1 (Sumol) which are re-
sponsible for increasing mitochondrial Trx2 (thioredoxin 2)
protein processing and increasing Trx2 levels, TrxR2, and
Prx3 in the sciatic nerve of rats with diabetic neuropathy,
a severe consequence of diabetes mellitus, thereby reducing
demyelination as well as improving mechanical pain
threshold, thermal pain threshold, motor nerve conduction
velocity (MNCV), and sensory nerve conduction velocity
(SNCV). Overall, these results suggest that paeoniflorin
could provide protection for the diabetic neuropathy (ND)
condition by regulating Trx2 [98]. Paeoniflorin is, therefore,
a natural glycoside with antihyperglycemic effect.

Catalpol is a natural product isolated from Rehmannia
glutinosa root, which has been reported to produce anti-
diabetic effect [30]. Catalpol possesses hypoglycemic effect
via modulation of various gene expressions such as SOCS3,
Irsl, Idh2, and G6pd2 [65]. Catalpol enhanced hepatic
NADPH oxidase type 4- (Nox4-) mediated oxidative stress
and activated hepatic AMP-activated protein kinase
(AMPK) and phosphatidylinositol 3-kinase (PI3K) via AKT
in vivo and in vitro. The suppressive effect of catalpol on
NOX4 was weakened by silencing AMPK with siRNA.
Catalpol improved hepatic insulin resistance in type 2
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diabetes through action on the AMPK/NOX4/PI3K/AKT
pathway [30]. Catalpol has a protective effect on the en-
dothelium in type 2 diabetes mellitus and its mechanism
may be associated with the negative regulation of Nox4 and
p22phox expression, inhibiting the oxidative stress reaction
response [67]. According to Xu et al. [29], catalpol treatment
in mice reduced blood glucose and improved insulin sen-
sitivity via phosphatidylinositol-3-kinase (PI3K)/via protein
kinase B (AKT) activation. Furthermore, catalpol-treated
mice exhibited increased myogenesis, as evidenced by in-
creased expression of myogenic differentiation (MyoD),
myogenin (MyoG), and myosin heavy chain (MHC). In vitro
experimental results showed that catalpol increased glucose
uptake via activation of PI3K/AKT pathway that was de-
pendent on MyoD/MyoG-mediated myogenesis.

Oral administration of catalpol at 100 mg/kg signifi-
cantly improved fasting glucose and insulin levels, glucose
tolerance, and insulin tolerance. In addition, macrophage
infiltration of adipose tissue was markedly reduced by
catalpol. Interestingly, catalpol also significantly reduced
the mRNA expressions of proinflammatory M1 cytokines
but increased the expressions of anti-inflammatory M2
genes in adipose tissue. Simultaneously, catalpol signifi-
cantly suppressed c-Jun NH2-terminal kinase (JNK) and
nuclear factor-kappa B (NF-«B) signaling pathways in
adipose tissue. Catalpol can improve HFD-induced insulin
resistance in mice by attenuating adipose tissue in-
flammation and suppressing JNK and NF-«B pathways
[66]. In the manuscript of Yang et al. [48], catalpol
treatment abrogated the elevated expression of Grb10 in
diabetic kidneys. IGF-1 mRNA levels and IGF-1R phos-
phorylation were significantly higher in the kidneys of
treated diabetic mice than those in untreated diabetic mice.
Elevated Grb10 expression may play an important role in
nephropathy pathogenesis through suppression of the IGF-
1/IGF-1R signaling pathway, which may be a potential
molecular target of catalpol for the treatment of diabetic
nephropathy.

Geniposide is a naturally occurring iridoid glycoside.
This monoterpene inhibited G6PC and PEPCK tran-
scription in L02 cells and in mice and was able to inhibit
FOXOIL1 transcriptional activity by inducing AKT phos-
phorylation at Ser473. Geniposide also alleviates high-fat
diet-induced hyperglycemia in mice and can reduce blood
glucose and suppress hepatic gluconeogenesis through
regulation of the AKT-FOXO1 pathway [76]. Geniposide
accelerates the degradation of Txnip (thioredoxin-inter-
acting protein) by the proteasome pathway in pancreatic
p-cells INS-1. Furthermore, the combination of geniposide
and Txnip shows substantial synergistic effects to reduce
glucose uptake, metabolism, and GSIS in INS-1 cells treated
with high glucose [37]. The levels of the proinflammatory
cytokines interleukin (IL)-1B, IL-6, and tumor necrosis
factor o were decreased by geniposide in diabetic db/db
mice. The expression levels of Rho, ROCK1, ROCK?2, p-NF-
xBp65, and p-IxBa were significantly reversed by treatment
with the said monoterpene, which demonstrated that
geniposide exhibits a protective effect on diabetic liver
inflammation [75]. For Hu et al. [74], Dusabimana et al.
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[77], and Chen et al. [79], geniposide acted through in-
hibition of ICAM-1, TNF-a, IL-1, and IL-6 expression and
inhibition of NF-«B activation by NF-«B, IKK«, and IxBa
expression.

Geniposide protected -cells through activation of Wnt
signaling, increased expressions of TCF7L2 and O GLP-1R,
activated AKT, inhibited GSK3 activity, and promoted
catenin nuclear transactivation. The protective effect of
geniposide was remarkably suppressed by siRNAs against
B-catenin or by ICGO01 (inhibitor of f-catenin/TCEF-
mediated transcription). Moreover, geniposide promoted f3
cell regeneration in vivo to normalize blood glucose on high-
fat diet in mice. Increased § cells and proliferation were
observed in the pancreas of diabetic mice treated with
geniposide. More importantly, geniposide triggered for-
mation of small cell clusters that was well correlated with
increased TCF7L2 expression. In exocrine cells isolated from
mouse pancreas, geniposide can induce differentiation of
duct cells through positive regulation of TCF7L2 expression
and activation of JAK2/STAT3 pathway [38].

In mice with diabetic retinopathy, geniposide inhibited
the accumulation of reactive oxygen species, activating NF-
xB and Miiller cells and being able to reduce inflammation
via cytokine secretion, mediated by the Nrf2 pathway.
Geniposide decreased hyperglycemia-induced damage to
Miiller cells and the blood-retinal barrier in the retinas of
mice with diabetic retinopathy [78].

Carvacrol (CAR) is a monoterpene phenol that has good
antioxidant activity. Increasing doses of CAR decreased
tissue malondialdehyde (MDA) and 8-OH-dG levels as well
as reduced lipase and amylase levels [59]. For Shoorei et al.
[60], carvacrol treatment reduced the tissue activity of the
enzymes superoxide dismutase (SOD) and glutathione
peroxidase (GPx) and decreased elevated tissue malon-
dialdehyde (MDA) levels. In addition, carvacrol significantly
decreased Bax and increased Bcl-2 in gene and protein
expression levels as well as reduced the rate of germ cell
apoptosis.

Treatment with carvacrol in HFD-induced mice showed
a decrease in plasma glucose and glycosylated hemoglobin as
well as increased insulin and hemoglobin levels. The activities
of carbohydrate metabolic enzymes such as glucose-6-
phosphatase and fructose-1,6-bisphosphatase ~decreased,
while the activities of glucokinase and glucose-6-phosphate
dehydrogenase increased in the liver of HFD mice. The ac-
tivities of liver marker enzymes such as aspartate amino-
transferase, alanine aminotransferase, alkaline phosphatase,
and gamma-glutamyl transpeptidase decreased in HFD mice
[58]. For Ezhumalai et al. [57], carvacrol treatment further
showed a decrease in total cholesterol (TC), triglycerides
(TG), phospholipids (PL), and free fatty acids (FFAs) in
plasma and tissues. In addition, decreased levels of very low-
density lipoprotein cholesterol (VLDL-c) and low-density
lipoprotein cholesterol (LDL-c) and increased levels of
high-density lipoprotein cholesterol (HDL-c) were observed
in the plasma of diabetic rats. Histopathological analysis of
adipose tissues and immunohistochemical analysis of liver
tissue showed that inflammatory cytokines (TNF-« and IL-6)
were in agreement with biochemical parameters.
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Carvacrol in STZ-induced rats decreased random
plasma glucose and fasting plasma glucose levels signifi-
cantly in a dose-dependent manner. Carvacrol at a dose of
20 mg/kg in diabetic mice caused the decrease in plasma
triglyceride level and significantly reduced plasma LDH
level, but not AST, ALT, or ALP, and there was increased
activity of hexokinase (HK), 6-phosphofructokinase (PFK),
and citrate synthase (CS) [61]. The study by Zhao et al. [62]
showed improvement in glucose and insulin resistance of
T2DM db/db mice treated with 10 mg/kg carvacrol. After
treatment with carvacrol for 6 weeks, serum levels of total
cholesterol, triglycerides, and LDL-cholesterol were mark-
edly reduced, while level of HDL-cholesterol was signifi-
cantly increased. Serum ALT and AST Ilevels were
significantly reduced in mice after the use of carvacrol,
suggesting improvement of liver damage. Histological ex-
aminations confirmed that carvacrol can protect mouse liver
by ameliorating T2DM-induced liver injury via mediating
insulin, TLR 4/NF-xB, and AKT1/mTOR signaling
pathways.

Thymol is a monoterpene phenol with many pharma-
cological activities. Treatment with thymol decreased plasma
glucose, insulin, insulin resistance, HbAlc, leptin, and adi-
ponectin. Thymol supplementation significantly reduced
plasma concentrations of triglycerides (TG), total cholesterol
(TC), free fatty acids (FFAs), and low-density lipoprotein
(LDL) and increased HDL-cholesterol [100]. Thymol
inhibited the activation of transforming growth factor f1
(TGF-p1) and vascular endothelial growth factor (VEGF). In
addition, it significantly increased antioxidants and sup-
pressed lipid peroxidation markers in erythrocytes and kidney
tissue. Thymol negatively regulates the expression level of
sterol regulatory element-binding protein-1c (SREBP-1c) and
reduces lipid accumulation in kidney. Histopathological study
of kidney tissues showed that extracellular mesangial matrix
expansion and glomerulosclerosis in diabetic mice were
suppressed by thymol. Furthermore, thymol administration
conferred remarkable protection against HFD-induced di-
abetic nephropathy [101].

Thymol also showed potent inhibitory activity against
the enzyme aldose reductase as well as was able to signifi-
cantly reduce oxidative stress, suggesting that thymol may be
a potential therapeutics in preventing diabetic complications
through its inhibitory and antioxidant activities [54]. Fang
et al. [102] observed that thymol treatment significantly
reversed body weight gain and peripheral insulin resistance.
Thymol improved cognitive impairment and decreased
HFD-induced Af deposition and hyperphosphorylation of
tau protein in the hippocampus, which may correlate with
inhibition of oxidative stress and inflammation in the
hippocampus. Furthermore, thymol negatively regulates the
level of P-Ser307 IRS-1 and thus increases the expression
ofP-Ser473 AKT and P-Ser9 GSK-3p. The protective effects
of thymol on cognitive deficits were associated with
positive regulation of the nuclear respiratory factor (Nrf2)/
heme oxygenase-1 (HO-1) pathway. Thymol exhibited
beneficial effects on cognitive deficits by improving insulin
resistance in the hippocampus and activating Nrf2/HO-1
signaling [102].
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Thymol can markedly suppress inflammatory responses,
apoptosis cells, and disordered cytoskeleton by restoring
podocin expression. In western blot analysis, thymol in-
dicated that it could restore the expression of RhoA, ROCK,
vimentin, nephrin, and podocin and phosphorylation of p65
and IxBa. In addition, si- RhoA also suppressed the ex-
pression of proinflammatory cytokines, ROCK, and
vimentin and the phosphorylation of p65 and IxB« [53].

In a 12-week treatment performed on streptozotocin-
(STZ-) induced diabetic rats with induced diabetic neu-
ropathy, thymol isolated from the fruit Trachyspermum
ammi showed improvement in blood glucose, initially with
a concentration of 308.27 + 0.37 mg/dL and reducing on day
28 of use, respectively, to 129.01 + 3.45 mg/dL on treatment
with 10 mg/kg and to 117.12 + 1.35 mg/dL with 10 mg/kg, in
addition to improvement in lipid profile, such as tri-
glycerides, LDL-cholesterol, and VLDL-cholesterol. The
biomarker studies (SOD, NO, LPO, Na+ K+ ATPase, and
TNEF-a) further confirmed the protective action of thymol in
diabetic neuropathy [103].

Genipin is the main active component of Gardeniae
fructus and has been shown to improve diabetes and insulin
resistance in rat models. This monoterpene reduced body
weight, food intake, and visceral fat mass. It improved
dyslipidemia, glucose intolerance, insulin intolerance, adi-
pocyte hypertrophy, and hepatic steatosis as well as reduced
the serum level of tumor necrosis factor « in diet-induced
obese mice. Moreover, genipin promoted lipolysis and
p-oxidation of fatty acids by increasing gene expression of
hormone-sensitive lipase and adipose triglyceride lipase in
white adipose tissue (WAT) and peroxisome proliferator-
activated receptor-a and carnitine palmitoyltransferase la in
liver tissue. The said monoterpene also promoted browning
of WAT by increasing mRNA and protein levels of
uncoupling protein 1 and PRD1-BF1-RIZ1 gene. In addi-
tion, it inhibited the gene expressions of activin receptor
kinase 7, tumor necrosis factor «, and interleukin 6 in
WAT [71].

Genipin acts in regulating methylamine metabolism,
energy metabolism, and amino acid metabolism [73]. De-
tailed analysis of altered metabolite levels indicated that
genipin significantly ameliorated disruption in glucose
metabolism, tricarboxylic acid cycle, lipid metabolism, and
amino acid metabolism [72]. Genipin, a UCP2 inhibitor,
dramatically increased oxidative stress, attenuated antioxi-
dant capacity, and exacerbated cell apoptosis, accompanied
by caspase-3 activation in rat proximal kidney cells (NRK-
52E) incubated with high glucose. These data suggest that
manipulation of UCP2 could be important in preventing
oxidative damage in renal tubular epithelial cells induced by
hyperglycemia in vitro [36].

Geraniol is an acyclic monoterpene alcohol found in
medicinal plants and is traditionally used for various medical
purposes, including diabetes. Administration of geraniol in
a dose-dependent manner (100, 200, and 400 mg/kg b.c.)
significantly improved insulin levels and Hb and decreased
plasma glucose and HbAIC in diabetic rats. Geraniol at its
effective dose (200 mg/kg b.w.) improved altered carbohy-
drate and metabolic enzyme activities. Treatment with
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geraniol in diabetic rats improved liver glycogen content,
suggesting its potential hyperglycemic action. Geraniol
supplementation was found to preserve the normal histo-
logical appearance of liver cells and pancreatic b-cells in
diabetic rats [80].

Geraniol suppressed exaggerated oxidative stress, evi-
denced by prevention of 8-isoprostane increase. In diabetic
heart tissue, geraniol prevented inhibition of catalase activity
but did not affect heart SOD. Geraniol partially reduced
hyperglycemia and prevented hypercholesterolemia but did
not affect serum adiponectin level in diabetic animals. The
findings suggest that geraniol provides a potent protective
effect against diabetes-induced cardiac dysfunction. This
beneficial effect can be attributed to the suppression of
oxidative stress [81]. According to Prasad and Muralidhara
[82], geraniol reduced oxidative markers, decreased levels of
CP, Ca2+, and AChE, and restored the activities of enzymes,
SDH, and CS.

Myrtenal is a monoterpene, a constituent of essential
oils found mainly in herbs such as mint, pepper, and
cumin. It exerts admirable pharmacological activities
against many diseases, including diabetes. Myrtenal im-
proves plasma glucose, pancreatic insulin, and lipid profiles
(TC, TG, FFAs, phospholipids, LDL, VLDL, and athero-
genic index) in addition to improving the histopathological
feature of the liver [90]. Myrtenal treatment decreases
plasma glucose levels, and increases insulin levels, as well as
promote upregulation of GLUT2, Akt, and IRS2 in liver,
and GLUT4, Akt, and IRS2 in skeletal muscle. Positive
regulation of glucose transporters increases glucose uptake
in liver and skeletal muscle [88].

Oral administration of myrtenal at doses of 20, 40, and
80 mg/kg body weight to diabetic rats resulted in a signifi-
cant reduction in plasma glucose levels and glycosylated
hemoglobin (HbA1c) and increased insulin and hemoglobin
(Hb) levels. The altered activities of major metabolic en-
zymes involved in carbohydrate metabolism were noted,
such as hexokinase, glucose-6-phosphatase, fructose-1,6-
biphosphatase, and glucose-6-phosphate dehydrogenase,
and the liver enzymes AST, ALT, and ALP of diabetic rats
were significantly improved by myrtenal administration in
STZ-induced diabetic rats. In addition, myrtenal treatment
improved liver and muscle glycogen content in diabetic rats.
Histopathological studies further revealed that the reduced
islet cells were restored to near-normal conditions upon
myrtenal treatment in STZ-induced diabetic rats. An al-
teration in liver architecture was also prevented by myrtenal
treatment. The results suggest that myrtenal possesses
antihyperglycemic and f cell protective effects and can be
considered a potent phytochemical for development as
a novel antidiabetic agent [89].

Cymene, a monoterpene commonly found in Cuminum
cyminum, improved HbAlc and serum fructosamine, where
levels were normalized. Nephropathic parameters such as
albumin excretion rate, serum creatinine, and creatinine
clearance rate were improved. Cymene treatment further
improved the solubility profile of collagen. In in vitro
studies, cymene inhibited the total fluorescence of AGEs and
pentosidine. The glycation-specific decline in the a-helix
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content of BSA and increase in the B-sheet were prevented
by cymene in vitro, implying its stabilizing effect. The results
suggest that cymene could have therapeutics potential in
preventing glycation-mediated diabetic complications [33].
Cymene strongly inhibits the formation of AGEs in a con-
centration-dependent ~ manner,  inhibiting  protein
glycation [32].

In a study with STZ-induced diabetic rats, p-cymene
caused improvement in blood glucose and lipid profile
(triglyceride, LDL-cholesterol, and VLDL-cholesterol), al-
though the rates were close to the control group. p-Cymene
administration improved the amount of malondialdehyde
(MDA) in diabetic rats (p<0.001). Administration of p-
cymene (100mg/kg) can improve islet of Langerhans
changes in diabetic rats and increase the expression of Akt,
phospho-Akt, and mTOR, reducing liver and pancreatic
injury [69].

Swertiamarin, a secoiridoid glycoside, is an antidiabetic
drug with hypolipemic activity that improves insulin re-
sistance in the condition of type 2 diabetes. Swertiamarin, at
a concentration of 25 ug/ml, decreased triglyceride content
by 2-fold and effectively reduced LDH release activity (50%),
protecting membrane integrity, preventing apoptosis evi-
denced by reduced Caspase 3 and PARPI cleavage. Swer-
tiamarin was observed to significantly increase the
expressions of key insulin signaling proteins such as insulin
receptor (IR), PI3K, and pAkt with concomitant reduction
in p307 IRS-1. AMPK was activated by the action of
swertiamarin, restoring insulin sensitivity in hepatocytes.
Swertiamarin effectively modulated PPAR-«, an important
potential regulator of carbohydrate metabolism, which in
turn decreased levels of the gluconeogenesis enzyme
PEPCK, further restricting hepatic glucose production and
fatty acid synthesis. Cumulatively, swertiamarin targets
potential metabolic regulators AMPK and PPAR-a, through
which it regulates hepatic glycemic load, fat accumulation,
insulin resistance, and ROS in hepatic steatosis, which
emphasizes the clinical importance of swertiamarin in
regulating metabolism and as a suitable candidate for the
treatment of hepatic steatosis [51].

Swertiamarin at dosages of 15, 25, and 50 mg/kg bw for
28 days resulted in a significant reduction in fasting blood
glucose, HbAlc, TC, TG, and LDL and increased levels of
hemoglobin, plasma insulin, TP, body weight, and HDL. The
effect of swertiamarin on carbohydrate metabolizing en-
zymes had normal therapeutic activity. Histopathological
studies of the pancreas of diabetic rats treated with swer-
tiamarin showed regeneration of islets when compared to
STZ-induced diabetic rats. Swertiamarin has been shown to
have antihyperglycemic, antihyperlipidemic, cytoprotective,
and immunological reactivity. These properties allow for
a wide range of treatment options for diabetes and its
complications, making it a potentially effective oral
antidiabetic [99].

Citral is a bioactive compound widely found in a variety
of foods that are consumed daily. Citral treatment signifi-
cantly decreased levels of triglyceride accumulation in
a concentration-dependent manner. Cells treated with citral
significantly suppressed the expression of PI3K/AKT,
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PPARy, SREBP-1c¢, FAS, CPD, TNF-«, IL-6, and MCP-1 in
a dose-dependent manner [34]. According to Subramaniyan
and colleagues [35], citral treatment (30 M) significantly
decreased cellular cytotoxicity, ROS generation, DNA
damage, and lipid peroxidation and increased antioxidant
enzymes in high glucose-induced HepG2 cells. In addition,
cells treated with high glucose showed increased expression
of extracellular signal-regulated protein kinase 1 (ERK-1),
N-terminal c-Jun kinase (JNK), and p38 in HepG2 cells. On
the other hand, citral treatment significantly suppressed the
expression of ERK-1, JNK, and p38 in high glucose-induced
HepG2 cells. Citral protected against glucose-induced oxi-
dative stress through inhibition of ROS-activated MAPK
signaling pathway in HepG2 cells.

Loganin reduced renal to body weight ratio, 24 h urine
protein levels, and serum urea nitrogen and creatinine levels
in diabetic mice to different degrees. In addition, loganin
improved the histology of the pancreas and kidney and
alleviated structural changes in endothelial cells, mesangial
cells, and podocytes in the renal cortex. In addition, loganin
reduced AGE levels in serum and kidney and negatively
regulated mRNA and protein expression of receptors for
AGEs in the kidney in diabetic mice [84]. Loganin treatment
decreased serum concentrations of IL-6 and TNF-a. Loganin
treatment also significantly restored body weight gain and
attenuated blood glucose changes in diabetic mice [85].

Loganin has been shown to have neuroprotective, an-
tioxidant, and anti-inflammatory properties by reducing the
intracellular generation of reactive oxygen species. At high
blood glucose, there is increased expression of NLRP3, ASC,
and caspase-1 protein; however, when treated with loganin,
there was upregulation of these proteins that influences by
decreasing NF-«B phosphorylation and reducing oxidative
stress, which may suggest a potential as a therapeutics in
peripheral diabetic neuropathy [41] by improving insulin
resistance, decreasing mRNA and protein levels of the
proinflammatory factors IL-1 and TNF, and treating
diabetes-associated complications [86].

Menthol significantly reduced blood glucose and
glycosylated hemoglobin levels and significantly increased
total hemoglobin, plasma insulin, and liver glycogen levels
in diabetic rats. The altered activities of hepatic glucose
metabolic enzymes and serum biomarkers of liver damage
were restored to near normal. Pathological abnormalities
in the hepatic and pancreatic islets of diabetic rats were
significantly ameliorated by menthol. These effects were
mediated by suppression of pancreatic 8 cell apoptosis and
were associated with increased expression of anti-
apoptotic Bcl-2 and reduced proapoptotic Bax expression.
Menthol alleviates STZ-NA-induced hyperglycemia via
modulation of glucose-metabolizing enzymes, suppres-
sion of pancreatic cell apoptosis, and altered pancreatic
and liver morphology. This uniqueness and paucity of any
perceived adverse efficacy proposes the opportunity to use
this monoterpene as an effective adjuvant in the treatment
of diabetes mellitus [87].

Eucalyptol increased the podocyte expression of neph-
rin, podocin, FAT-1, CD2AP, and «-actinin-4 decreased by
glucose. Oral administration of eucalyptol increased the
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induction of gap diaphragm proteins, a-actinin-4, and
integrin 1 in diabetic kidneys and enhanced glomerular
fibrosis and foot process deletion. Eucalyptol neutralized
receptor induction of advanced glycation end products
(RAGE) in podocytes with glucose or AGE-BSA and ele-
vated the reduction of slit diaphragm proteins by AGE-BSA.
Eucalyptol attenuated RAGE induction and AGE accumu-
lation in diabetic kidneys. Blockade of ERK-c-Myc signaling
increased the expression of negatively regulated nephrin and
CD2AP in podocytes exposed to AGE. In this light, euca-
lyptol may be a potent agent that antagonizes diabetes-
associated malformation [70].

Carvone reduced STZ-induced damage to liver and f3
cells of the pancreas. Carvone regulates carbohydrate
metabolism by enhancing key enzymes in liver tissues of
STZ-induced diabetic rats. The activities of carbohydrate
metabolic enzymes, glycogen, and enzymatic antioxidants in
pancreatic contents and liver markers were also altered.
Daily oral administration of carvone (50 mg/kg b.w.) to
diabetic rats for 30 days resulted in a significant decline in
plasma glucose levels and HbAlc and significant im-
provement in hemoglobin and insulin levels. The reversed
activities of carbohydrate metabolic enzymes, enzymatic
antioxidants, and liver marker enzymes in diabetic rats were
renewed to  near-normal levels by  carvone
administration [63].

Alpha-pinene (AP) prevented ROS generation, lipid
peroxidation, and DNA disruption, probably through its
antioxidant property. AP also inhibited UVA-induced
inflammatory mediators such as NF-xB, TNF-a, and
IL-6 expression in HaCaT cells. Furthermore, AP mod-
ulates NER proteins by activating p53 and p2l sub-
sequently preventing the formation of UVA-induced
cyclobutane pyrimidine dimers (CPDs). Alpha-pinene
inhibits apoptotic cell death by preventing UVA-
induced loss of mitochondrial membrane potential
through modulation of Bax/Bcl-2 expression in
HaCaT cells. Alpha-pinene prevents UVA-induced oxi-
dative stress, inflammation, DNA damage, and apoptosis
in human skin cells [50].

B-Pinene showed hypoglycemic and hypolipemic effects,
which may involve some common mechanisms of gliben-
clamide. Oral administration of S-pinene in diabetic rats for
seven days revealed an important anti-inflammatory effect
that was the inhibition of inflammatory mediators that
participate in the 2nd phase of the process, possibly de-
creasing the migration of leukocytes, indicating that its
action may be linked to the inhibition of cytokine
production [55].

Borneol is a monoterpene that acts by inhibiting Grb10
expression. In addition, treatment with this monoterpene is
able to decrease blood glucose and aHbA ¢, increase blood
insulin, restore body weight loss, increase liver glycogen
level, reverse the increase in levels of TC, TGs LDL-
cholesterol, and VLDL-cholesterol induced by diabetes,
restore the levels of urea, ALT, and AST, increase the an-
tioxidant status of superoxide dismutase and catalase, and
reduce glutathione in liver and kidney besides reducing the
level of malondialdehyde [56].
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Citronellol is a health beneficial monoterpene alcohol
that occurs naturally in citrus oils. Citronellol improved
insulin, hemoglobin, and liver glycogen levels, with signif-
icant decreases in glucose and HbA1C levels. Altered car-
bohydrate metabolic enzyme activities and liver and kidney
markers were restored to near normal. Citronellol supple-
mentation was found to be effective in preserving the normal
histological appearance of liver cells and insulin-positive f3
cells in STZ mice. Citronellol administration attenuates
hyperglycemia in STZ-induced diabetic rats by improving
key carbohydrate metabolic enzymes and may be effective in
combating diabetes mellitus [68].

Limonene (LM) is a monoterpene which is abundantly
present in the peel of citrus fruits and can be obtained for
a relatively low cost [104]. Several studies have been con-
ducted to demonstrate the effects of this monoterpene.
Hirota et al. [105] suggested that limonene may be effective
in the treatment of bronchial asthma due to its anti-
inflammatory effect, which probably occurs by inhibition
of cytokines, production of reactive oxygen species (ROS),
and inactivation of eosinophil migration. For Rozza et al.
[106], limonene possesses gastroprotective activity in in-
domethacin- and ethanol-induced gastric ulcer models. In
addition, limonene exhibits chemopreventive activity for
breast, lung, skin, and liver cancer [107]. Limonene also
possesses antinociceptive activity probably due to inhibition
of synthesis or action of inflammatory mediators and
antihyperglycemic activity in streptozotocin-induced di-
abetic rats [108, 109] in addition to vasorelaxant effect on
isolated rat aorta [110].

Pretreatment of cells with limonene prevented methyl-
glyoxal- (MG-) induced protein adduct formation, tumor
necrosis factor-alpha and interleukin-6 release, mitochon-
drial superoxide production, and cardiolipin peroxidation.
In addition, limonene increased glyoxalase I activity and
glutathione and heme oxygenase-1 levels in the presence of
MG. Pretreatment with limonene prior to MG exposure
reduced MG-induced mitochondrial dysfunction by pre-
venting mitochondrial membrane potential dissipation and
adenosine triphosphate loss and reduced levels of adenosine
monophosphate-activated protein kinase, peroxisome
proliferator-activated receptor coactivator la, and nitric
oxide and may prevent the development of diabetic oste-
opathy [40]. D-limonene treatment was found to signifi-
cantly decrease DNA damage, GR enzyme activity, and
MDA levels, significantly increase GSH levels and CAT,
SOD, and GSH-Px enzyme activities, and alter lipid and liver
parameters in diabetic rats [83].

Limonene treatment increased differentiation, lipid ac-
cumulation, and expression of adipogenic and lipogenic
markers, such as C/EBP-a, C/EBP-f, PPARy, SREBP-1,
RXR, FAS, and adiponectin. However, LM concentration at
10 M decreased adipogenesis and lipogenesis via regulation
of key transcription factors. LM treatment increased Akt
activation by increasing its phosphorylation, but p44/42
activation was not altered. MK-2206, a specific inhibitor of
Akt, reduced the activation of Akt phosphorylation while
LM treatment aborted the MK-2206-mediated inhibition of
Akt activation. Limonene increased glucose uptake in
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differentiated adipocytes. Overall data suggested that LM
treatment favored lipid storage and glucose uptake in adi-
pocytes via activation of key transcription factors through
activation of Akt phosphorylation in 3T3-L1 adipocytes [39].

3.3. Technological Prospecting. The database search returned
a total of 22 patents to be analyzed. Among these, only five
directly mentioned diabetes and/or its complications among
the health problems that can be treated or prevented with the
use of monoterpenes, which are detailed in Table 5. All the
patents analyzed, according to the International Patent
Classification, are intended for human needs (Section A),
with medical (A61K) or food (A23) purposes.

Patents that only cited diabetes as a risk factor or dis-
order associated with other therapies that were subject to
patent protection were excluded. In addition, the techno-
logical prospection excluded products with cosmetic pur-
poses or those that reported agricultural applications related
to this species.

Table 5 points out the lack of recent papers for the
applicability of monoterpenes in the prevention or treatment
of diabetes, since the identified patents date from 2012 or
earlier years. This scenario is contradictory, since research
released between the years 2014 and 2019 was included in the
present review. It can therefore be assumed that the volu-
minous academic production in this theme has not yet been
proportionally converted to patent protection object, so as to
enable its industrial applicability and, consequently, com-
mercial exploitation of the inventions by the pharmaceutical
and food markets.

Among the patents analyzed, it is worth mentioning the
work of Pei-Jung et al. [112], which claims ownership over
the extract of Toona sinensis leaves, obtained by the su-
percritical fluid extraction method. The apolar fraction in
question had its antidiabetic effect evaluated in vitro in
adipocytic cell model and showed significant reduction of
glucose concentration in the medium. In the composition of
the extract, the presence of the monoterpenes a-pinene and
p-pinene, as well as the derivative monoterpene, D(+)-
limonene, stands out.

In the work of Shu Gang et al. [114], on the other hand,
protection is claimed for different pharmaceutical forms
containing the compound D-limonene, such as hard cap-
sules, soft capsules, tablets, or powders. Extraction was
performed by fractional distillation of the volatile oils of
Citrus limon (L.) Burm. f., Citrus reticulata Blanco, and
Citrus aurantium, among other plant species. This group
evaluated the in vivo effect of D-limonene (2.4 ml/kg) and
demonstrated its hypoglycemic action in rats up to 2 hours
after oral administration, showing that preparations con-
taining this monoterpene derivative are promising for di-
abetes control.

In the other patents evaluated, monoterpenes are cited as
integrating pharmaceutical and/or dietary compositions, as
well as for functional foods, useful for treating and generally
preventing immune system [111] or metabolic disorders
[113], as well as preventing aging processes and related
conditions, such as atherosclerosis, hypertension, diabetes,
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tumors, and obesity. However, although the therapeutics
potential of these inventions in the face of diabetes is clear, in
these works, a clear relationship between the pharmaco-
logical actions played by monoterpenes in specific for di-
abetes mellitus is not established.

4. Conclusion

The hyperglycemia associated with diabetes mellitus and its
associated diseases can be controlled with oral hypoglycemic
agents, insulin, diet, and physical activity, but this review
showed the therapeutics potential of monoterpenes with
a wealth of specific effects and important markers that were
able to act in blood glucose control and action to treat
diabetic neuropathy, diabetic retinopathy, and possible liver
damage associated with the evolution of this pathology.
Geraniol, D-limonene, catalpol, cymene, geniposide, gen-
tiopicroside, paeoniflorin, borneol, carvacrol, carvone,
menthol, myrtenal, thymol, genipin, pinene, citronellol,
citral, eucalyptol, swertiamarin, and loganin were the
monoterpenes described with actions to reduce glycemia,
triglycerides, total cholesterol, LDL-cholesterol, re-
generation of islets of Langerhans, suppression of in-
flammatory cytokines, inhibition of reactive oxygen species,
and reduction of oxidative markers, stimulating the search
for new drugs. Therefore, the search for new drugs with
antidiabetic and hypoglycemic actions that expand the
phytotherapeutics collection is of utmost importance in
order to unveil other activities of these monoterpenes, better
elucidating their mechanisms of action and knowing their
therapeutics doses.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] World Health Organization (Who), Diabetes, World Health
Organization, Geneva, Switzerland, 2020.

[2] D. C. Malta, R. T. I. Bernal, A. C. M. G. N. Sd et al., “Diabetes
autorreferido e fatores associados na populagio adulta
brasileira: pesquisa Nacional de Sadde, 2019,” Ciéncia &
Saude Coletiva, vol. 27, no. 7, pp. 2643-2653, 2022.

[3] World Health Organization (Who), Diabetes, World Health
Organization, Geneva, Switzerland, 2014.

[4] American Diabetes Association, “Classification and di-
agnosis of diabetes: standards of medical care in diabetes-
2021,” Diabetes Care, vol. 44, 2021.

[5] L. A. Dimeglio, C. Evans-Molina, and R. A. Oram, “Type 1
diabetes,” Lancet, vol. 391, pp. 2449-2462, 2018.

[6] D.Meetoo, P. McGovern, and R. Safadi, “An epidemiological
overview of diabetes across the world. British,” journal of
Nursing, vol. 16, no. 16, pp- 1002-1007, 2007.

[7] F. Seyfried, A. D. Miras, L. Rotzinger et al., “Gastric bypass-
related effects on glucose control,  cell function and



18

[10

[11

(12

[13

(14

[15

(16

[17

[18

[19

[20

[21

]

]

J

J

]

]

]
]

]

]

J

]

—

morphology in the obese zucker rat,” Obesity Surgergy,
vol. 26, no. 6, pp. 1228-36, 2016.

S. Hao, G. E. Umpierrez, and P. Vellanki, “Intervention with
therapeutics agents, understanding the path to remission to
type 2 diabetes,” Endocrinology and Metabolism Clinics of
North America, vol. 52, no. 1, pp. 39-47, 2023.

Sbd- Sociedade Brasileira de Diabetes, “Diretrizes da Sociedade
Brasileira de Diabetes 2019-2020,” http://www.saude.ba.gov.br/
wp-content/uploads/2020/02/Diretrizes-Sociedade-Brasileira-
de-Diabetes-2019-2020.pdf.

H. T. Faria, M. A. Santos, C. C. Arrelias et al., “Adherence to
diabetes mellitus treatments in family health strategy units,”
Revista da Escola de Enfermagem da USP, vol. 48, no. 2,
pp. 257-263, 2014.

D. D. B. Borges, J. T. D. Lacerda, and J. Telino, “A¢des
voltadas ao controle do Diabetes Mellitus na Atencdo Basica:
proposta de modelo avaliativo,” Saiide em Debate, vol. 42,
no. 116, pp. 162-178, 2018.

M. R. R. D. Silva, L. M. Diniz, J. B. R. D. Santos et al., “Drug
utilization and factors associated with polypharmacy in
individuals with diabetes mellitus in Minas Gerais, Brazil,”
Ciéncia & Satide Coletiva, vol. 23, no. 8, 2018.

T. Sarkar, M. Salauddin, and R. Chakraborty, “In-depth
pharmacological and nutritional properties of bael (Aegle
marmelos): a critical review,” Journal of Agriculture and Food
Research, vol. 2, Article ID 100081, 2020.

T. Sarkar, K. K. Bharadwaj, M. Salauddin, S. Pati, and
R. Chakraborty, “Phytochemical characterization, antioxi-
dant, anti-inflammatory, anti-diabetic properties, molecular
docking, pharmacokinetic profiling, and network pharma-
cology analysis of the major phytoconstituents of raw and
differently dried mangifera indica (himsagar cultivar): an
in vitro and in silico investigations,” Applied Biochemistry
and Biotechnology, vol. 194, no. 2, pp. 950-987, 2022.

B. M. Trost and C. Min, “Total synthesis of terpenes via
palladium-catalyzed cyclization strategy,” Nature Chemistry,
vol. 12, pp. 568-573, 2020.

I. 1. Abdallah and W. J. Quax, “A glimpse into the bio-
synthesis of terpenoids,” KnE Life Sciences, vol. 3, p. 81, 2017.
J. Chappell, “Biochemistry and molecular biology of the
isoprenoid biosynthetic pathway in plants,” Annual Review
of Plant Physiology and Plant Molecular Biology, vol. 46,
pp. 521-547, 1995.

L. Manou, L. Bouillard, M. J. Devleeschouwer, and
A. O. Barel, “Evaluation of the preservative properties of
Thymus vulgaris essential oil in tropically applied formu-
lations under a challenge test,” Journal of Applied Microbi-
ology, vol. 84, pp. 368-376, 1998.

T. Kato, H. lijima, K. Ishihara et al., “Antibacterial effects of
Listerine on oral bacteria,” The Bulletin of Tokyo Dental
College, vol. 31, pp. 301-307, 1990.

Magalhaes, J. C. Pedro, D. N. Criddle et al., “Intestinal
myorelaxant and antispasmodic effects of the essential oil of
Croton nepetaefolius and its constituents cineole, methyl-
eugenol and terpineol,” Phytotherapy Research, vol. 12,
pp. 172-177, 1998.

S. Karkabounas, O. K. Kostoula, T. Daskalou et al., “Anti-
carcinogenic and antiplatelet effects of carvacrol,” Experi-
mental Oncology, vol. 28, no. 2, pp. 121-125, 2006.

R. Garcia, E. S. S. Alves, M. P. Santos et al., “Antimicrobial
activity and potential use of monoterpenes as tropical fruits
preservatives,” Brazilian Journal of Microbiology, vol. 39,
pp. 163-168, 2008.

Advances in Pharmacological and Pharmaceutical Sciences

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

P. Singh, R. Shukla, B. Prakash et al., “Chemical profile,
antifungal, antiaflatoxigenic and antioxidant activity of
Citrus maxima Burm. and Citrus sinensis (L.) Osbeck es-
sential oils and their cyclic monoterpene, DL-limonene,”
Food and Chemical Toxicology, vol. 48, pp. 1734-1740, 2010.
M. Eidi and H. Zamanizade, “Effect of Salvia officinalis
L. leaves on sérum glucose and insulin in healthy and
streptozotocin-induced diabetic rats,” Journal of Ethno-
pharmacology, vol. 100, pp. 310-313, 2005.

A. Chanwtheesuk, A. Teerawutgulrag, and N. Rakariyatham,
“Screening of antioxidante activity and antioxidant com-
pounds of some edible plants of Thailand,” Food Chemistry,
vol. 92, pp. 491-497, 2005.

R. Rahimi, S. Nikfar, B. Larijani, and M. Abdollahi, “A review
on the role of antioxidants in the management of diabetes
and its complications,” Biomedicine & Pharmacotherapy,
vol. 59, no. 7, pp. 365-373, 2005.

S. Shakeel and N. Tabassum, “Effect of some naturally oc-
curring monoterpenes viz D-limonene, p-cymene and ter-
pinolene on the glycemic and hepatic function in a rat model
of type 2 diabetes mellitus,” Pharmacognosy Research, vol. 14,
no. 4, pp. 446-453, 2022.

S. Habtemariam, “Going back to the good old days: the merit
of crude plant drug mixtures in the 21st century,” Int.
J. Complement. Altern. Med., vol. 6, pp. 1-5, 2017.

D. Xu, L. Wang, Z. Jiang et al, “A new hypoglycemic
mechanism of catalpol revealed by enhancing MyoD/MyoG-
mediated myogenesis,” Life Sciences, vol. 209, pp. 313-323,
2018.

J. Yan, C. Wang, Y. Jin et al., “Huijun. Catalpol ameliorates
hepatic insulin resistance in type 2 diabetes through acting
on AMPK/NOX4/PI3K/AKT pathway,” Pharmacological
Research, vol. 130, pp. 466-480, 2018.

Z. Xu, L. Zhang, X. Li et al., “Mitochondrial fusion/fission
process involved in the improvement of catalpol on high
glucose-induced hepatic mitochondrial dysfunction,” Acta
Biochimica et Biophysica Sinica, vol. 47, no. 9, pp. 730-740,
2015.

A. Benvidi, M. Rezaeinasab, S. Gharaghani, and S. Abbasi,
“Monitoring the protective ability of thymoquinone mixture
with p- cymene against bovine serum albumin (BSA) gly-
cation: MCR-ALS analysis based on combined spectroscopic
and electrochemical methods,” International Journal of Bi-
ological Macromolecules, vol. 107, pp. 2465-2474, 2018.

M. M. Joglekar, S. N. Panaskar, and A. U. Arvindekar,
“Inhibition of advanced glycation end product formation by
cymene - a common food constituent,” Journal of Functional
Foods, vol. 6, pp. 107-115, 2014.

S.D. Subramaniam and A. Natarajan, “Citral, a monoterpene
inhibits adipogenesis through modulation of adipogenic
transcription factors in 3T3-L1 cells,” Indian Journal of
Clinical Biochemistry, vol. 33, pp. 414-421, 2018.

S. D. Subramaniyan and A. K. Natarajan, “Citral, A
monoterpene protect against high glucose induced oxidative
injury in HepG2 cell in vitro-an experimental study,” Journal
of Clinical and Diagnostic Research, vol. 11, no. 8, pp. 10-15,
2017.

X.-L. Chen, W.-X. Tang, X.-H. Tang, W. Qin, and M. Gong,
“Downregulation of uncoupling protein-2 by genipin ex-
acerbates diabetes-induced kidney proximal tubular cells
apoptosis,” Renal Failure, vol. 36, no. 8, pp. 1298-1303, 2014.
C. Y. Liu, Y. N. Hao, and F. Yin, “Geniposide accelerates
proteasome degradation of Txnip to inhibit insulin secretion


http://www.saude.ba.gov.br/wp-content/uploads/2020/02/Diretrizes-Sociedade-Brasileira-de-Diabetes-2019-2020.pdf
http://www.saude.ba.gov.br/wp-content/uploads/2020/02/Diretrizes-Sociedade-Brasileira-de-Diabetes-2019-2020.pdf
http://www.saude.ba.gov.br/wp-content/uploads/2020/02/Diretrizes-Sociedade-Brasileira-de-Diabetes-2019-2020.pdf

Advances in Pharmacological and Pharmaceutical Sciences

(41]

(44]

(45]

(51]

in pancreatic f-cells,” Journal of Endocrinological In-
vestigation, vol. 40, pp. 505-512, 2017.

D. Yao, L. Yang, and Y. Wang, “Geniposide promotes beta-
cell regeneration and survival through regulating S-catenin/
TCF7L2 pathway,” Cell Death & Disease, vol. 6, p. 1746, 2015.
I. Soundharrajan, D. H. Kim, S. Srisesharam, P. Kuppusamy,
R. Sivanesan, and K. C. Choi, “Limonene promotes osteo-
blast differentiation and 2-deoxy-d-glucose uptake through
p38MAPK and Akt signaling pathways in C2C12 skeletal
muscle cells,” Phytomedicine, vol. 45, pp. 41-48, 2018.

K. S. Suh, S. Chon, and E. M. Choi, “Limonene protects
osteoblasts against methylglyoxal-derived adduct formation
by regulating glyoxalase, oxidative stress, and mitochondrial
function,” Chemico-Biological Interactions, vol. 278, 2017.
Y. C. Cheng, L. W. Chu, J. Y. Chen et al., “Loganin attenuates
high glucose-induced schwann cells pyroptosis by inhibiting
ROS generation and NLRP3 inflammasome activation,”
Cells, vol. 9, no. 9, p. 1948, 2020.

Y. Liu, J. Han, Z. Zhou, and D. Li, “Paeoniflorin protects
pancreatic f cells from STZ-induced damage through in-
hibition of the p38 MAPK and JNK signaling pathways,”
European Journal of Pharmacology, vol. 853, pp. 18-24, 2019.
X. Zhu, K. Wang, F. Zhou, and L. Zhu, “Paeoniflorin at-
tenuates atRAL-induced oxidative stress, mitochondrial
dysfunction and endoplasmic reticulum stress in retinal
pigment epithelial cells via triggering Ca2+/CaMKII-
dependent activation of AMPK,” Archives of Pharmacal
Research, vol. 41, pp. 1009-1018, 2018.

S. H. Zhu, B. Q. Liu, and M. J. Hao, “Paeoniflorin suppressed
high glucose-induced retinal microglia MMP-9 expression
and inflammatory response via inhibition of TLR4/NF-«B
pathway through upregulation of SOCS3 in diabetic reti-
nopathy,” Inflammation, vol. 40, pp. 1475-1486, 2017.

Z. Ma, L. Chu, H. Liu, W. Wang, J. Li, and W. Yao,
“Beneficial effects of paeoniflorin on non-alcoholic fatty liver
disease induced by high-fat diet in rats,” Scientific Reports,
vol. 7, Article ID 44819, 2017.

S. Song, X. Xiao, D. Guo et al.,, “Protective effects of Paeo-
niflorin against AOPP-induced oxidative injury in HUVECs
by blocking the ROS-HIF-1a/VEGF pathway,” Phytomedi-
cine, vol. 34, pp. 115-126, 2017.

J. Chen, D. Zhao, M. Zhu et al., “Paeoniflorin ameliorates
AGEs-induced mesangial cell injury through inhibiting
RAGE/mTOR/autophagy pathway,” Biomedicine & Phar-
macotherapy, vol. 89, pp. 1362-1369, 2017.

X. Yang, W. Yao, H. Shi et al, “Paeoniflorin protects
Schwann cells against high glucose induced oxidative injury
by activating Nrf2/ARE pathway and inhibiting apoptosis,”
Journal of Ethnopharmacology, vol. 5, no. 185, pp. 361-369,
2016.

E. M. Choi, K. S;; R. Suh, Y. Sang, and Y. S. Kim, “Inhibitory
effect of paeoniflorin on methylglyoxal-mediated oxidative
stress in osteoblastic MC3T3-E1 cells,” Phytomedicine,
vol. 21, no. 10, pp. 1170-1177, 2014.

R. Karthikeyan, G. Kanimozhi, N. R. Prasad, B. Agilan,
M. Ganesan, and G. Srithar, “Alpha pinene modulates UVA-
induced oxidative stress, DNA damage and apoptosis in
human skin epidermal keratinocytes,” Life Sciences, vol. 1,
no. 212, pp. 150-158, 2018.

T. P. Patel, K. Rawal, S. Soni, and S. Gupta, “Swertiamarin
ameliorates oleic acid induced lipid accumulation and oxi-
dative stress by attenuating gluconeogenesis and lipogenesis
in hepatic steatosis,” Biomedicine & Pharmacotherapy,
vol. 83, pp. 785-791, 2016.

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

19

R. D. Sonawane, V. B. Deore, S. D. Patil, C. R. Patil,
S. J. Sanjay, and R. K. Goyal, “Role of 5-HT2 receptors in
diabetes: swertiamarin seco-irioid glycoside might be
a possible 5-HT2 receptor modulator,” Physiology & Be-
havior, vol. 15, no. 144, pp. 66-72, 2015.

Q. Wang, Z. Shen, G. Qi, Y. Zhao, H. Zhang, and R. Wang,
“Thymol alleviates AGEs-induced podocyte injury by
a pleiotropic effect via NF-xB-mediated by RhoA/ROCK
signalling pathway,” Cell Adhesion & Migration, vol. 14,
no. 1, pp. 42-56, 2020.

D. M. Kanchan, S. S. Kale, G. S. Somani, A. A. Kaikini, and
S. Sathaye, “Thymol, a monoterpene, inhibits aldose re-
ductase and high-glucose-induced cataract on isolated goat
lens,” Journal of Pharmacy and BioAllied Sciences, vol. 8,
no. 4, pp. 277-283, 2016.

E. S. Santos, G. L. Abrantes Coelho, Y. K. Saraiva Fontes
Loula et al, “Hypoglycemic, hypolipidemic, and anti-
inflammatory effects of beta-pinene in diabetic rats,” Evid
Based Complement Alternat Med, vol. 2022, Article ID
8173307, 2022.

K. Madhuri and P. R. Naik, “Ameliorative effect of borneol,
a natural bicyclic monoterpene against hyperglycemia, hy-
perlipidemia and oxidative stress in streptozotocin-induced
diabetic Wistar rats,” Biomedicine ¢ Pharmacotherapy,
vol. 96, pp. 336-347, 2017.

M. Ezhumalai, N. Ashokkumar, and K. V. Pugalendi,
“Combination of carvacrol and rosiglitazone ameliorates
high fat diet induced changes in lipids and inflammatory
markers in C57BL/6] mice,” Biochimie, vol. 110, pp. 129-136,
2015.

M. Ezhumalai, T. Radhiga, and K. V. Pugalendi, “Anti-
hyperglycemic effect of carvacrol in combination with
rosiglitazone in high-fat diet-induced type 2 diabetic C57BL/
6] mice,” Molecular and Cellular Biochemistry, vol. 385,
no. 1-2, pp. 23-31, 2014.

Y. Kilig, F. Geyikoglu, and S. Colak, “Carvacrol modulates
oxidative stress and decreases cell injury in pancreas of rats
with acute pancreatitis,” Cytotechnology, vol. 68, pp. 1243-
1256, 2016.

H. Shoorei, A. Khaki, A. A. Khaki, M. Moghimian,
A. A. Hemmati, and M. Shokoohi, “The ameliorative effect of
carvacrol on oxidative stress and germ cell apoptosis in
testicular tissue of adult diabetic rats,” Biomedicine ¢
Pharmacotherapy, vol. 111, pp. 568-578, 2019.

Y. Li, Y. Mai, and X. Qiu, “Effect of long-term treatment of
Carvacrol on glucose metabolism in Streptozotocin-induced
diabetic mice,” BMC complementary medicine and therapies,
vol. 20, no. 142, pp. 1-8, 2020.

W. Zhao, L. Chen, H. Zhou et al.,, “Protective effect of
carvacrol on liver injury in type 2 diabetic db/db mice,”
Molecular Medicine Reports, vol. 24, no. 5, p. 741, 2021.

U. Muruganathan and S. Srinivasan, “Beneficial effect of
carvone, a dietarymonoterpene ameliorates hyperglycemia
by regulating the key enzymes activities of carbohydrate
metabolism in streptozotocin-induced diabetic rats,” Bio-
medicine & Pharmacotherapy, vol. 84, pp. 1558-1567, 2016.
S. Yang, H. Deng, Q. Zhang et al., “Amelioration of diabetic
mouse nephropathy by catalpol correlates with down-
regulation of Grbl0 expression and activation of insulin-
like growth factor 1/insulin-like growth factor 1 receptor
signaling,” PLoS One, vol. 11, 2016.

J. Liu, H.-R. Zhang, H. Yan-Bao, J. Xiao-Long, X.-Y. Song,
and X.-P. Shen, “Global gene expression analysis in liver of



20

(66]

(71]

(78]

db/db mice treated with catalpol,” Chinese Journal of Natural
Medicines, vol. 16, no. 8, pp. 590-598, 2018.

J. Zhou, G. Xu, S. Ma et al., “Catalpol ameliorates high-fat
diet-induced insulin resistance and adipose tissue in-
flammation by suppressing the JNK and NF-KB pathways,”
Biochemical and Biophysical Research Communications,
vol. 467, pp. 853-858, 2015.

Y. Liu Jiang, “Catalpol protect diabetic vascular endothelial
function by inhibiting NADPH oxidase,” Zhongguo Zhong
yao za zhi- China Journal of Chinese Materia Medica, vol. 39,
no. 15, pp. 2936-2941, 2014.

S. Srinivasan and U. Muruganathan, “Antidiabetic efficacy of
citronellol, a citrus monoterpene by ameliorating the hepatic
key enzymes of carbohydrate metabolism in streptozotocin-
induced diabetic rats,” Chemico-Biological Interactions,
vol. 250, pp. 38-46, 2016.

S. M. Arabloei, P. Yaghmaei, Z. Hajebrahimi, and
R. N. Hayati, “Therapeutics effect of P-cymene on lipid
profile, liver enzyme, and akt/mtor pathway in
streptozotocin-induced diabetes mellitus in wistar rats,”
J Obes, vol. 2022, Article ID 1015669, 2022.

D. Y. Kim, M.-K. Kang, E.-]. Lee, Y.-H. Kim, H. Oh, and
Y.-H. Kang, “Eucalyptol inhibits advanced glycation end
products-induced disruption of podocyte slit junctions by
suppressing rage-erk-C-myc signaling pathway,” Molecular
Nutrition & Food Research, vol. 62, pp. 1-34, 2018.

L. Guan, D. Gong, S. Yang et al., “Genipin ameliorates diet-
induced obesity via promoting lipid mobilization and
browning of white adipose tissue in rats,” Phytotherapy
Research, vol. 32, pp. 723-732, 2018.

X.-L. Shen, H. Liu, H. Xiang, X.-M. Qin, G.-H. Du, and
J.-S. Tian, “Combining biochemical with 1H NMR-based
metabolomics approach unravels the antidiabetic activity of
genipin and its possible mechanism,” Journal of Pharma-
ceutical and Biomedical Analysis, vol. 129, pp. 80-89, 2016.
Y.-S. Tian, K.-C. Chen, N. D. Zulkefli, R. S. Maner, and
C.-L. Hsieh, “Evaluation of the inhibitory effects of genipin
on the fluoxetine-induced invasive and metastatic model in
human HepG2 cells,” Molecules, vol. 23, p. 3327, 2018.

X. Hu, X. Zhang, G. Jin, Z. Shi, W. Sun, and F. Chen,
“Geniposide reduces development of streptozotocin-induced
diabetic nephropathy via regulating nuclear factor-kappa B
signaling pathways,” Fundamental & clinical Pharmacology,
vol. 31, no. 1, pp. 54-63, 2016.

X.Hu, D. Yu, L. Zhuang et al., “Geniposide improves hepatic
inflammation in diabetic db/db mice,” International
Immunopharmacology, vol. 59, pp. 141-147, 2018.

S. Q. Yang, Y. D. Chen, H. Li, X. Hui, and W. Y. Gao,
“Geniposide and gentiopicroside suppress hepatic gluco-
neogenesis via regulation of AKT-FOXO1 pathway,” Ar-
chives of Medical Research, vol. 49, no. 5, pp. 314-322, 2018.
T. Dusabimana, E. J. Park, J. Je et al., “Geniposide improves
diabetic nephropathy by enhancing ULK1-mediated auto-
phagy and reducing oxidative stress through AMPK acti-
vation,” International Journal of Molecular Sciences, vol. 22,
no. 4, p. 1651, 2021.

Y. Tu, L. Li, L. Zhu et al., “Geniposide attenuates
hyperglycemia-induced oxidative stress and inflammation by
activating the Nrf2 signaling pathway in experimental di-
abetic retinopathy,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2021, Article ID 9247947, 2021.

X. Y. Chen, W. W. Jiang, Y. L. Liu, Z. X. Ma, and J. Q. Dai,
“Anti-inflammatory action of geniposide promotes wound

Advances in Pharmacological and Pharmaceutical Sciences

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

(90]

(91]

(92]

(93]

healing in diabetic rats,” Pharmacien Biologiste, vol. 60, no. 1,
pp. 294-299, 2022.

S. Babukumar, V. Vinothkumar, C. Sankaranarayanan, and
S. Srinivasan, “Geraniol, a natural monoterpene, ameliorates
hyperglycemia by attenuating the key enzymes of carbo-
hydrate metabolism in streptozotocin-induced diabetic rats,”
Pharmacien Biologiste, vol. 55, no. 1, pp. 1442-1449, 2017.
H. M. El-Bassossy, H. Ghaleb, A. A. Elberry et al., “Geraniol
alleviates diabetic cardiac complications: effect on cardiac
ischemia and oxidative stress,” Biomedicine ¢ Pharmaco-
therapy, vol. 88, pp. 1025-1030, 2017.

S. N. Prasad, “Muralidhara. Protective effects of geraniol (a
monoterpene) in a diabetic neuropathy rat model: attenu-
ation of behavioral impairments and biochemical pertur-
bations,” Journal of Neuroscience Research, vol. 92, no. 9,
pp. 1205-1216, 2014.

M. Bacanli, H. G. Anlar, S. Aydin et al., “d-limonene
ameliorates  diabetes and its complications in
streptozotocin-induced diabetic rats,” Food and Chemical
Toxicology, vol. 110, pp. 434-442, 2017.

K. Liu, H. Xu, G. Lv et al, “Loganin attenuates diabetic
nephropathy in C57BL/6] mice with diabetes induced by
streptozotocin and fed with diets containing high level of
advanced glycation end products,” Life Sciences, vol. 123,
pp. 78-85, 2015.

M. Rajabi, G. Mohaddes, F. Farajdokht, S. Nayebi Rad,
M. Mesgari, and S. Babri, “Impact of loganin on pro-
inflammatory cytokines and depression- and anxiety-like
behaviors in male diabetic rats,” Physics International,
vol. 105, no. 3, pp- 199-209, 2018.

Y. C. Cheng, Y. M. Chiu, Z. K. Dai, and B. N. Wu, “Loganin
ameliorates painful diabetic neuropathy by modulating
oxidative stress, inflammation and insulin sensitivity in
streptozotocin-nicotinamide-induced diabetic rats,” Cells,
vol. 10, no. 10, p. 2688, 2021.

U. Muruganathan, S. Srinivasan, and V. Vinothkumar,
“Antidiabetogenic efficiency of menthol, improves glucose
homeostasis and attenuates pancreatic-cell apoptosis in
streptozotocin-nicotinamide induced experimental rats
through ameliorating glucose metabolic enzymes,” Bio-
medicine & Pharmacotherapy, vol. 92, pp. 229-239, 2017.
A. Rathinam and L. Pari, “Myrtenal ameliorates hypergly-
cemia by enhancing GLUT2 through Akt in the skeletal
muscle and liver of diabetic rats,” Chemico-Biological In-
teractions, vol. 256, pp. 161-166, 2016.

A. Rathinam, L. Pari, R. Chandramohan, and B. A. Sheikh,
“Histopathological findings of the pancreas, liver, and car-
bohydrate metabolizing enzymes in STZ-induced diabetic
rats improved by administration of myrtenal,” Journal of
Physiology & Biochemistry, vol. 70, pp. 935-946, 2014.

R. Ayyasamy and P. Leelavinothan, “Myrtenal alleviates
hyperglycaemia, hyperlipidaemia and improves pancreatic
insulin level in STZ-induced diabetic rats,” Pharmacien
Biologiste, vol. 54, no. 11, pp. 2521-2527, 2016.

F. Han, D. Zhou, X. Yin et al., “Paeoniflorin protects diabetic
mice against myocardial ischemic injury via the transient
receptor potential vanilloid 1/calcitonin gene-related peptide
pathway,” Cell Bioscience, vol. 6, no. 37, 2016.

X. Sun, S. Li, L. Xu et al., “Paeoniflorin ameliorates cognitive
dysfunction via regulating SOCS2/IRS-1 pathway in diabetic
rats,” Physiology and Behavior, vol. 174, pp. 162-169, 2017.
Y.-X. Shao, X.-X. Xu, K. Wang, X.-M. Qj, and Y.-G. Wu,
“Paeoniflorin attenuates incipient diabetic nephropathy in
streptozotocin-induced mice by the suppression of the



Advances in Pharmacological and Pharmaceutical Sciences

[100]

[101]

(102

[103]

[104]

(105]

[106]

Toll-like receptor-2 signaling pathway,” Drug Design, De-
velopment and Therapy, vol. 11, pp. 3221-3233, 2017.

T. Zhang, Q. Zhu, Y. Shao, K. Wang, and Y. Wu, “Paeo-
niflorin prevents TLR2/4-mediated inflammation in type 2
diabetic nephropathy,” Bioscience trends, vol. 11, no. 3,
pp. 308-318, 2017.

Y. C. Li, J. Y. Qiao, B. Y. Wang, M. Bai, J. D. Shen, and
Y. X. Cheng, “Paeoniflorin ameliorates fructose-induced
insulin resistance and hepatic steatosis by activating
LKB1/AMPK and AKT pathways,” Nutrients, vol. 10, no. 8,
p. 1024, 2018.

D. Wang, L. Liu, S. Li, and Wang, “Chenying. Effects of
paeoniflorin on neurobehavior, oxidative stress, brain in-
sulin signaling, and synaptic alterations in intra-
cerebroventricular  streptozotocin-induced  cognitive
impairment in mice,” Physiology ¢ Behavior, vol. 191,
pp. 12-20, 2018.

X.Li, Y. Wang, K. Wang, and Y. Wu, “Renal protective effect
of Paeoniflorin by inhibition of JAK2/STAT3 signaling
pathway in diabetic mice,” Bioscience Trends, vol. 12, no. 2,
pp- 1-9, 2018.

X. Yang, X. Li, Y. Zhu, Y. Gao, and L. Xu, “Paeoniflorin
upregulates mitochondrial thioredoxin of schwann cells to
improve diabetic peripheral neuropathy indicated by 4D
label-free quantitative proteomics,” Oxidative Medicine and
Cellular Longevity, vol. 2022, Article ID 4775645, 2022.

G. Dhanavathy, “Immunohistochemistry, histopathology,
and biomarker studies of swertiamarin, a secoiridoid gly-
coside, prevents and protects streptozotocin-induced S-cell
damage in Wistar rat pancreas,” Journal of Endocrinological
Investigation, vol. 38, pp. 669-684, 2015.

S. Saravanan and L. Pari, “Role of thymol on hyperglycemia
and hyperlipidemia in high fat diet-induced type 2 diabetic
C57BL/6] mice,” European Journal of Pharmacology, vol. 761,
pp. 279-287, 2015.

S. Saravanan and L. Pari, “Protective effect of thymol on high
fat diet induced diabetic nephropathy in C57BL/6] mice,”
Chemico-Biological Interactions, vol. 245, pp. 1-11, 2016.

F. Fang, H. Li, T. Qin, M. Li, and S. Ma, “Thymol improves
high-fat diet-induced cognitive deficits in mice via amelio-
rating brain insulin resistance and upregulating NRF2/HO-1
pathway,” Metabolic Brain Disease, vol. 32, pp. 385-393,
2017.

N. Sachan, N. Saraswat, P. Chandra, M. Khalid, and
A. Kabra, “Isolation of thymol from Trachyspermum ammi
fruits for treatment of diabetes and diabetic neuropathy in
STZ-induced rats,” BioMed Research International, vol. 2022,
Article ID 8263999, 2022.

D. M. Vigushin, G. K. Poon, A. Boddy, J. English,
G. W. Halbert, and C. Pagonis, “Phase I and pharmacoki-
netic study of D-limonene in patients with advanced cancer,”
Cancer Chemotherapy and Pharmacology, vol. 42, no. 2,
pp. 111-117, 1998.

R. Hirota, N. N. Roger, H. I Nakamura, H.-S. Song,
M. Masayoshi Sawamura, and N. Suganuma, “Anti-
inflammatory effects of limonene from yuzu (citrus junos
tanaka) essential oil on eosinophils,” Journal of Food Science,
vol. 75, no. 3, 2010.

A. L. Rozza, T. D. M. Moraes, H. Kushima et al., “Gastro-
protective mechanisms of Citrus lemon (Rutaceae) essential
oil and its majority compounds limonene and-pinene: in-
volvement of heat-shock protein-70, vasoactive intestinal
peptide, glutathione, sulthydryl compounds nitric oxide and

21

prostaglandin E2,” Chemico-Biological Interactions, vol. 189,
pp. 82-89, 2011.

[107] P. Crowell, “Monoterpenes in breast cancer chemo-
prevention,” Breast Cancer Research and Treatment, vol. 46,
pp. 191-197, 1997.

[108] J. F. Amaral, M. I. G. Silva, M. R. Aquino-Neto et al,
“Antinociceptive effect of the monoterpene R-(d)-Limonene
in mice,” Biological and Pharmaceutical Bulletin, vol. 30,
no. 7, pp. 1217-1220, 2007.

[109] R. Murali and R. Saravanan, “Antidiabetic effect of d-
limonene, a monoterpene in streptozotocin-induced di-
abetic rats,” Biomedicine & Preventive Nutrition, vol. 2, no. 4,
pp. 269-275, 2012.

[110] A. C. Cardoso-Teixeira, F. W. Ferreira-da-Silva, D. Peixoto-
Neves et al., “Hydroxyl group and vasorelaxant effects of
perillyl alcohol, carveol, limonene on aorta smooth muscle of
rats,” Molecules, vol. 23, p. 1430, 2018.

[111] M. Reynolds, Compositions of Monoterpenoids for Stimu-
lating the Immune System, Titular: Gilholm, Stephen Philip.
Reynolds, Max, Washington, DC, USA, 2012.

[112] L. Pei-Jung, S. U. N. Chuan-Chia, K. U. O. Tzu-Chen et al,,
Extract of Toona Sinensis from Supercritical Fluid Extraction
for Treating Diabetes and Metabolic Diseases, the Preparation
Method and the Use Thereof, Titular: Kaohsiung Medical
University, Washington, DC, USA, 2011.

[113] C. D. Elliot, C. D. Lavoe, T. Jeff, and W. Tyler, Synergistic
Composition of (-)-hydroxycitric Acid with Monoterpene and
a Method to Enhance Satiety, Titular: Glykon Technologies
Group, LLCPFIZER INC, Washington, DC, USA, 2011.

[114] F. Shu Gang and F. Yao, Use of Monoterpenes Compound in

Preparation of Medicine against Diabetes Mellitus, Titular:

Shu Gang. CN/101028255, Chinatown, NY, USA, 2006.

P. Elvira, Nutritional and Therapeutical Preparations Having

Antioxidant Activity, Titular: ROTHWELL, FIGG, ERNST

&; MANBECK, P.C, Washington, DC, USA, 2004.

(115





