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SUMMARY

The prevalence of diabetes mellitus and its related diseases has been
increasing. It is common to use natural resources to support medical
treatments for endocrine diseases. The aim of this study was to discuss
the possible molecular mechanisms of action of medicinal plants and
their secondary metabolites, which have been proven to be effective
in diabetes mellitus and dyslipidemia by clinical studies. Literature
searches were conducted wusing international databases (Science
Direct, Scopus, and Web of Science), academic search engines (Google
Scholar), and the Cochrane Library. Studies published berween 2015
and 2023 are included in the manuscript. The most prominent
herbs for diabetes mellitus and dyslipidemia were garlic, cinnamon,
turmeric, ginseng, walnut, flaxseed, bitter melon, black cumin,
pomegranate, fenugreck, and ginger. These plants were effective in
diabetes mellitus and dyslipidemia by modulating different signaling
pathways  [(adenosine monophosphate activated protein kinase
(AMPK), nuclear factor kappa B (NF-xB), and c-Jun N-terminal
kinases (JNK), etc.)], and by their biological activities, including
antioxidant, anti-inflammatory, and antiapoprotic effects. This
review elaborates on the mechanisms of action of extracts prepared
from medicinal plants and their secondary metabolites regarding
glucose and lipid metabolism in the treatment of diabetes mellitus.
Medicinal herbs treat diabetes mellitus or ameliorate its progression
by acting on multiple rargers via different enzymes, receptors, and
mediators. However, investigations to elucidate the mechanism
of action were conducted in vitro and in vivo. The mechanisms
identified in preclinical studies must be corroborated by extensive
and multicenter clinical trials. The clarification of the effects and
mechanisms of action of medicinal plants by preclinical and clinical
studies will contribute to the development of antidiabetic dyugs.

Keywords: Diabetes mellitus, dyslipidemia, medicinal plans,
molecular mechanism.

Tibbi Bitkilerin Olas: Antidiyabetik ve Hipolipidemik Molekiiler
Etli Mekanizmalar: Uzerine Giincellenmis Bir Inceleme

0z

Diabetes mellitus ve iliskili hastaliklarin prevalans: giderek artmak-
tadsr. Endokrin hastaliklara yinelik t1bbi tedavileri desteklemek icin
dogal kaynaklarin kullanimi oldukea yaygindsr. Bu caligmanin ama-
c1, diabetes mellitus ve dislipidemide etkili oldugu klinik calimalarla
kanitlanmis olan t1bbi bitkilerin ve sekonder metabolitlerinin olast
molekiiler etki mekanizmalarini tartigmaktsr. Literatiir taramalar:
uluslararas veri tabanlar: (Science Direct, Scopus ve Web of Science),
akademik arama motorlar: (Google Scholar) ve Cochrane Kiitiipha-
nesi kullantlarak yapilmgtir. 2015-2023 yillar: arasinda yayimlanan
caligmalar makaleye dahil edilmistir. Diabetes mellitus ve dislipidemi
igin en cok ine ¢ikan 11bbi bitkilerin sarimsak, tarcin, zerdecal, gin-
seng, ceviz, keten tohumu, aci kavun, ¢orek otu, nar, cemen otu ve
zencefil oldugn goriilmektedir. Bu bitkiler, farkls sinyal yolaklarm:
[adenozin monofosfat ile aktiflestirilen protein kinaz (AMPK), niikle-
er faktor-kB (NF-xB) ve c-Jun N-terminal kinaz (JNK) vb.] modiile
ederek, antioksidan, antienflamatuvar ve antiapoptotik etkileri ige-
ren biyolojik aktiviteleri ile diyabetes mellitus ve dislipidemide etkili
olmugtur. Bu derlemede, t1bbi bitkilerden hazirlanan ekstrelerin ve
bu ekstrelerin bilesimindeki sekonder metabolitlerin diyabetes mellitus
tedavisinde glukoz ve lipit metabolizmasi iizerindeki etki mekaniz-
malart ayrntily olarak ele alimmsnr. Tibbi bitkiler farkly enzimler,
reseptirler ve mediyatorler iizerinden ok sayida hedefe etki ederck di-
yabetes mellitusu tedavi etmekte veya progresyonunu bafifletmektedir.
Bununla birlikte etki mekanizmasini belirlemeye yonelik ¢alismalar
in vitro ve in vivo olarak gerceklestirilmistir. Preklinik calismalarda
elde edilen mekanizmalarin biiyiik oleekli ve cok merkezli klinik calis-
malarla desteklenmesine ihtiyac vardsr. Preklinik ve klinik arastirma-
larla 101bbi bitkilerin etki ve etki mekanizmalarinn aydinlatilmas:
antidiyabetik ilag gelistirme calismalarina katk: sunacakur.

Anabhtar Kelimeler: Diabetes mellitus, dislipidemi, 11bbi bitkiler,
molekiiler mekanizma.
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INTRODUCTION

Diabetes mellitus is defined as a chronic and
broad-spectrum metabolic disorder characterized by
hyperglycemia resulting from insulin deficiency and/
or defects in insulin action, affecting many organs,
and causing multisystemic involvement (Petersmann
et al., 2019). Diabetes mellitus is classified into four
clinical forms, including Type 1 diabetes mellitus,
Type 2 diabetes mellitus, gestational diabetes mellitus,
and other specific types (TEMD, 2020). Type 2 diabe-
tes mellitus, which accounts for 90-95% of all diabe-
tes mellitus cases, is associated with a progressive in-
sulin secretion defect accompanied by a background
of insulin resistance (Hoogwerf, 2020). In the 10th
edition of the “Diabetes Atlas” published by the In-
ternational Diabetes Federation (IDF) in 2021, it was
reported that 537 million adults aged 20-79 (preva-
lence: 10.5%) worldwide have diabetes mellitus. It is
estimated that the number of people with diabetes
mellitus among adults in this age group will reach 643
million in 2030 (prevalence: 11.3%) and 783 million
in 2045 (prevalence: 12.2%) (IDE 2021). Dyslipid-
emia is a clinical condition characterized by plasma
lipoprotein levels outside normal ranges or the dys-
function of lipoproteins. Dyslipidemia is one of the
most important etiologies of cardiovascular disease
risk in diabetes mellitus. In diabetic dyslipidemia,
also known as atherogenic dyslipidemia, low HDL-c,
high TG, and LDL-c levels are also accompanied by a
predominance of small dense LDL particles (Bahiru,
Hsiao, Phillipson, & Watson, 2021). The prevalence
of diabetic dyslipidemia is quite high in patients with
Type 2 diabetes mellitus, with a prevalence ranging
between 72% and 85%. A global survey showed that
65% of patients with diabetes mellitus had LDL-c
levels greater than 100 mg/dL at the time of diagno-
sis and should receive medication for dyslipidemia
(Athyros et al., 2018).

Medicinal plants and the secondary metabolites in
their composition have important roles in the protec-

tion of health and the treatment of diseases. Medic-
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inal plants are an important source of raw materials
for the development of antidiabetic drugs (Lee et al.,
2022). Medicinal plants may help in the treatment of
the disease or improve its progression through modi-
fying multiple pathways involved in the pathogenesis
of diabetes mellitus. Previous studies have identified
the mechanisms of action of hypoglycemic plants,
including the enhancement of insulin secretion, an
increase in glucose uptake by adipose and muscular
tissues, inhibition of intestinal glucose absorption,
and suppression of glucose synthesis by hepatocytes
(Hui, Tang, & Go, 2009). Some of these mechanisms
are mediated by PPAR receptors. PPARs are encod-
ed by different genes that generate nuclear receptor
isoforms: PPAR-y, PPAR-a, and PPAR-8. PPAR-y
regulates the expression of several factors released
from adipose tissue that enhance insulin sensitivity,
including adiponectin and leptin, or diminish it, such
as resistin and TNF-a. In differentiated adipocytes,
PPAR-y impacts the expression of genes related to
glucose homeostasis. PPAR-y upregulates the expres-
sion of GLUT-4 and CAP, which are encoded by the
GLUT-4 and c-CAP genes, respectively. PPAR-vy, trig-
gered during the differentiation of preadipocytes into
adipocytes, is crucial for lipid metabolism and other
pathways, such as inflammation, immunity, and glu-
cose homeostasis. Many medicinal plants affect dia-
betes mellitus by activating PPAR-y receptors (Rios,
Francini, & Schinella, 2015).

Incretins are hormones produced by the gut that
are secreted in response to the ingestion of food,
mainly glucose and lipids. There are two intestinal
hormones, GIP and GLP-1, which have the effect of
incretin. GLP-1 and GIP are rapidly degraded by the
enzyme DPP-4. Extending the half-life of GLP-1, in-
hibiting DPP-4, or using GLP-1 analogues resistant
to DPP-4 degradation are two key goals in antidia-
betic drug development studies. Medicinal plants are
known as having antidiabetic properties, which are
mediated through the modulation of incretin levels

or the inhibition of the enzymes a-glucosidase and
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a-amylase in the gastrointestinal tract (Rios et al,
2015).

Recent studies have demonstrated that medic-
inal plants may effectively treat diabetes mellitus by
suppressing inflammation and reducing oxidative
stress. The increased production of pro-inflammatory
cytokines, including IL-1pB, IL-6, and TNF-a, causes
damage to pancreatic [} cells, resulting in diminished
insulin secretion and insulin resistance by decreasing
the efficiency of insulin utilized by peripheral tissues.
Inhibition of inflammatory cytokines is an important
target for the treatment of Type 2 diabetes mellitus.
Inhibiting the NF-kB-mediated inflammatory signal-
ing pathway reduces the synthesis of pro-inflamma-
tory cytokines. The inactivation of the IxBa protein,
which inhibits NF-kB, decreases the inflammatory
response triggered by the NF-kB-mediated signaling
pathway by effectively inhibiting NF-kB expression
(Pang et al., 2019). JNK is a protein kinase that is a
member of the mitogen-activated protein kinase fam-
ily. It is triggered in response to multiple cellular and
environmental challenges, including DNA damage,
inflammatory cytokines, radiation, oxidative stress,
cell proliferation, and apoptosis. JNK activation has
been related to diabetes mellitus, insulin resistance,
and obesity. TNF-a can activate several signaling
cascades, including the NF-xB and JNK pathways.
Inhibition of the JNK pathway significantly enhanc-
es insulin sensitivity and improves glucose tolerance
(Yung & Giacca, 2020). Previous studies have demon-
strated that medicinal plants inhibit NF-«B, JNK, IL-
1B, TNF-a, and Toll-like receptor 4 in the manage-
ment of Type 2 diabetes mellitus (Pang et al., 2019).

Oxidative stress damages human pancreatic cells,
resulting in the onset or progression of Type 2 dia-
betes mellitus. SOD, GSH, and CAT are antioxidant
enzymes that efficiently neutralize free radicals in the
human body. NO is an important bioactive product
that can exacerbate oxidative stress in the human
body. iNOS triggers the synthesis of the NO. MDA is a
byproduct of lipid peroxidation that elevates oxidative

stress in the organism. Medicinal plants are recog-

nized for their efficacy in diabetes mellitus treatment
by enhancing antioxidant enzyme levels such as SOD,
GSH, and CAT; diminishing MDA and NO levels; and
suppressing iNOS (Hui et al., 2009; Pang et al., 2019;
Rios et al., 2015). Recent studies have demonstrat-
ed a correlation between gut microbiomes and Type
2 diabetes mellitus. Diseases in the gut microbiome
have been revealed to be closely associated with insu-
lin resistance and the development of Type 2 diabetes
mellitus. It has been noted that microorganisms such
as Roseburia, Blautia, and Clostridium are effective in
Type 2 diabetes mellitus by altering the composition
of the gut microbiota (Pang et al., 2019).

The absorption, synthesis, transport, and metab-
olism of lipids are primarily mediated by ABCAL,
NPC1, LDLR, HMGCR, SREBP-2, ACLY, PPAR,
CETP, CYP7AL, FAS, ACC, AMPK, CPT1A, ChREBP,
HSL, ATGL, and LXR-a pathways, targets, and their
downstream genes, which are essential for these
mechanisms. Among them, the inhibition of ACC
reduces free fatty acid concentrations in the blood-
stream. ACAT?2 is an important enzyme in the pro-
duction and metabolism of triglycerides, and its inhi-
bition can decrease triglyceride levels in serum. The
pathways regulated by AMPK can be classified into
four main categories, including protein metabolism,
lipid metabolism, glucose metabolism, autophagy,
and mitochondrial homeostasis. Activated AMPK de-
creases lipid synthesis by inhibiting the expression of
downstream targets, serving as a crucial mechanism
in the control of hyperlipidemia. Medicinal plants
regulate these targets and pathways, treating hyper-
lipidemia related to diabetes mellitus (Liu et al., 2022).

The use of medicinal plants for the management
of diabetes mellitus and dyslipidemia is common.
Plant-derived extracts and their isolated secondary
metabolites have demonstrated efficacy in diabe-
tes mellitus and dyslipidemia in many experimental
models (Adel Mehraban et al., 2021; Marmitt, Shah-
rajabian, Goettert, & Rempel, 2021; Ota & Ulrih,
2017; Rios et al., 2015; Zhao & Chen, 2018). Consid-

ering the increasing prevalence of diabetes mellitus
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and dyslipidemia in the community and the impor-
tance of medicinal plants as a therapeutic resource for
these illnesses, it is key to evaluate the clinical effects
of medicinal plants on these diseases and elucidate
their potential mechanisms of action. This review
aims to clarify the possible mechanisms of action of
medicinal plants and their secondary metabolites that
have been clinically examined in diabetes mellitus

and dyslipidemia, based on current studies.
MATERIALS AND METHODS

Systematic reviews, meta-analyses, and tradition-
al reviews on the use of medicinal plants in diabetes
mellitus and dyslipidemia were searched using inter-
national databases (Science Direct, Scopus, and Web
of Science), academic search engines (Google Schol-
ar), and the Cochrane Library. The medicinal plants
and secondary metabolites with the most emphasis
and clinically studied efficacy in these publications
were determined (Adel Mehraban et al., 2021; Mar-
mitt, Shahrajabian, Goettert, & Rempel, 2021; Ota &
Ulrih, 2017; Rios et al., 2015; Zhao & Chen, 2018).
Possible molecular mechanisms of action of the iden-
tified medicinal plants and secondary metabolites in
the disease group were evaluated. Preclinical studies
published between 2015 and 2023 were identified
by using the name of the medicinal plant/secondary
metabolite, the endocrine disease in which its activity
was studied, and the keyword “molecular mechanism

of action”.
RESULTS AND DISCUSSION
Allium sativum L. (Garlic)

Allium sativum (Amaryllidaceae) is an aromatic
herbaceous annual plant used as a spice, food, and
traditional medicine in different regions of the world.
Garlic bulbs mainly contain sulfurous compounds
such as alliin, allicin, ajoene, diallyl sulfide and its de-
rivatives, allyl methyl sulfide, S-propyl-cysteine-sulf-
oxide, allicin, and S-methyl cysteine-sulfoxide. Previ-
ous studies have reported that A. sativum and its com-
ponents are effective in diseases such as Alzheimer,

diabetes mellitus, obesity, hypertension, and dyslipid-
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emia (El-Saber Batiha et al., 2020).

High-fat/sucrose diet-fed male Sprague-Daw-
ley rats were treated with aged black garlic extract
(ABG10*; 250 mg/kg, orally) rich in S-allyl cysteine
and melanoidins for 8 weeks. ABG10*-treated rats
were found to have elevated POMC gene expression
and diminished ObR mRNA levels in the hypothal-
amus. ABG10*" overexpressed the B3-ADR in vis-
ceral adipose tissue. The treatment with ABG10"
downregulated the gene expression of PPAR-y, LPL,
ODR, and HSL in subcutaneous adipose tissue. It sig-
nificantly reduced the levels of PPAR-y mRNA while
overexpressing InsR, GLUT-4, UCP-1, and p3-ADR
in brown adipose tissue. Moreover, the obesity-in-
duced rise in IL-1f, TNF-qa, and iNOS gene expres-
sion was suppressed in ABG10*-treated rats (Amor et
al., 2019). It has been demonstrated that water extract
prepared from garlic bulbs (150 mg/kg, 6 weeks, oral-
ly) boosted protein levels of ABCA1, HMGCR, and
CYP46A1, which play a role in cholesterol homeosta-
sis in the brain and isolated astrocytes of C57BL/6]
mice. Similar outcomes were observed in cultured
astrocytes that had been treated with allicin (Nazeri,
Azizidoost, Cheraghzadeh, Mohammadi, & Kheirol-
lah, 2021). The administration of garlic and fermented
garlic (for both products: 300 mg/kg, 1 month, orally)
to male Sprague-Dawley rats fed a cholesterol-rich
diet significantly inhibited collagen and ADP-induced
platelet aggregation and ATP secretion. These effects
were seen to be more pronounced in rats treated with
fermented garlic. Furthermore, SREBP-2, ACAT-2,
and HMG-CoA reductase expressions were downreg-
ulated in garlic-treated rats (Irfan et al., 2019). Tak-
en together, garlic extracts and sulfur compounds in
its composition are effective in metabolic diseases by
modulating pathways regulating appetite, lipid me-
tabolism, and insulin sensitivity, suppressing inflam-

mation, and inhibiting platelet aggregation.
Cinnamomum sp. (Cinnamon)

The dried stem bark of Cinnamomum verum ].S.

Presl. (syn: Cinnamomum zeylanicum Nees, Ceylon
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cinnamon), Cinnamomum cassia Blume (syn: Cin-
namomum aromaticum Nees, Chinese cinnamon),
Cinnamomum burmanni (Nees & T.Nees) Blume
(Indonesian cinnamon), and Cinnamomum loureiroi
Nees (Saigon cinnamon, Vietnamese cinnamon)
(Lauraceae) are used medicinally (Iscan, Bektas
Sarialtin, Soyseven, & Arli, 2022). The essential oils
responsible for biological activity consist of cinnamic
acid and its derivatives, phenylpropanoid compounds,
and terpenes. The major component of C. verum and
C. cassia essential oils is cinnamaldehyde, which has
a phenylpropanoid structure. Moreover, compounds
with oligomeric proanthocyanidin, glycoside, lignan,
lactone, and coumarin structures were isolated from
cinnamon species. Previous studies have demonstrat-
ed that different cinnamon species and their second-
ary metabolites have a wide range of pharmacologi-
cal effects, including antitumoral, anti-inflammatory,
analgesic, antidiabetic, antiobesity, antimicrobial, an-
ti-tyrosinase, cardioprotective, immunomodulatory,
cytoprotective, and neuroprotective activities (Hari-
ri & Ghiasvand, 2016; Yanakiev, 2020; Zhang et al.,
2019).

Vijayakumar et al. tested the antidiabetic and
hypolipidemic mechanisms of action of different ex-
tracts prepared from the bark of C. cassia in differ-
ent experimental models, including in vitro, in vivo,
and in silico. In the in vitro study, water, ethanol, and
methanol extracts inhibited a-amylase with IC_| val-
ues of 0.79, 0.62, and 0.77 mg/mL, respectively (acar-
bose: 0.56 mg/mL). Water, ethanol, and methanol
extracts inhibited the a-glucosidase enzyme with IC, |
values of 0.91, 0.57, and 0.78 mg/mL, respectively
(acarbose: 0.50 mg/mL). In the STZ-induced diabetic
rat model, ethanol extract (300, 400, and 500 mg/kg
b.wt doses, 28 days, oral) decreased glucose-6-phos-
phatase and fructose 1,6-bisphosphatase levels while
increasing glucokinase levels. The results of molecular
docking studies revealed that 9-octadecenoic acid was
the compound with the highest affinity for PPAR-a/y
among the active constituents of cinnamon (Vijaya-
kumar et al., 2023). In an HFD-fed obese mouse mod-

el, male C57BL/6 mice were administered 100 or 300
mg/kg of water extract prepared from C. cassia bark
for 16 weeks. The extract dose-dependently enhanced
MyHC, PGC-la protein expressions, and AMPK
phosphorylation in HFD mice. In the continuation
of the study, C2C12 myoblasts were incubated with
0.1 or 0.2 mg/ml extract for 24 hours. The extract sig-
nificantly raised ATP levels in C2C12 myoblast cells
by stimulating mRNA expression of mitochondrial
biogenesis-related factors such as PGC-1a, Nrf-1, and
Tfam, inducing phosphorylation of AMPK, and up-
regulating expression of ACC. These results suggested
that C. cassia extract controls weight gain by upreg-
ulating mitochondrial biogenesis in skeletal muscle
cells (Song et al., 2017). The results of another in vivo
study have shown that administration of C. zeylani-
cum powder (5%, 28 days, orally) boosted pancreatic
SOD, CAT, and GPx activities in an alloxan-induced
mouse model (Beji, Khemir, Wannes, Ayari, & Ksou-
ri, 2018). Kaur et al. reported that treatment with C.
zeylanicum (2 mg powder/fish/day, 4 weeks, oral-
ly) exhibited positive effects on lipid metabolism by
downregulating SREBF1, SREBF2, LDLR, and NR2F2
gene expression and upregulating FOXO1 expres-
sion in a diet-induced zebrafish model (Kaur et al,,
2019). Polyphenol-rich C. zeylanicum hydroalcoholic
extract was administered to HFD-fed Wistar rats at
a dose of 100 mg/kg b.wt diet for 12 weeks. The ex-
tract decreased serum and liver MDA concentrations
and elevated serum TAC, liver SOD, CAT, and GPx
activities. In extract-treated rats, hepatic SREBP-1c,
LXR-a, ACLY, FAS, and NF-kB p65 expression were
suppressed, while PPAR-a, IRS-1, Nrf2, and HO-1
expression were induced. Cinnamon polyphenol may
ameliorate hyperlipidemia by activating transcription
factors and the antioxidant defense signaling pathway
in the livers of rats on an HFD (Tuzcu, Orhan, Sahin,
Juturu, & Sahin, 2017). Khare et al. studied the effects
of cinnamaldehyde, which is the active component
of cinnamon, on fasting-induced hyperphagia and
related hormone levels, adipose tissue lipolysis, and

inflammation in mice fed a high-fat diet. Cinnamal-
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dehyde was administered orally at doses of 5 and 10
mg/kg/b.wt for 7 days. Treatment with cinnamalde-
hyde at both doses reduced serum leptin levels. Cin-
namaldehyde administration at 10 mg/kg increased
total ghrelin serum levels, although not statistically
significant compared to HFD-fed mice. It enhanced
the expression of POMC and urocortin in the hypo-
thalamus, while BDNF, CARTPT, and CCK were not
affected at a 5 mg/kg dose. At high doses, it signifi-
cantly raised the expression level of these genes in the
hypothalamus. Cinnamaldehyde downregulated the
expression of the adipogenic marker gene (CCAAT/
enhancer-binding protein; C/EBP-a) and upregulated
the expression of the DLK-1 and lipolysis-inducing
genes (PNPLA2 and MGLL) at a dose of 10 mg/kg.
Cinnamaldehyde treatment at this dose was detect-
ed to induce the expression of BMP4, PRDM16, and
FOXC2. Cinnamaldehyde is concluded to diminish
hunger-induced hyperphagia by enhancinglipolysis in
adipose tissue, restoring the circulating leptin/ghrelin
ratio to normal levels, and mitigating inflammation.
Moreover, cinnamaldehyde at a dose of 10 mg/kg sup-
pressed the inflammatory process by lowering the lev-
el of IL-1p and the expression of COX, MCP1, TNF-q,
and IL-6. In the continuation of the study, the effect of
cinnamaldehyde on cecal microbiota (Lactobacillus,
Bifidobacteria, and Roseburia species) was assessed.
It was determined that cinnamaldehyde did not af-
fect the abundance of these bacterial genera (Khare
et al., 2016). In an in vitro study, trans-cinnamic acid
(tCA, 0-200 pM, 6-8 days) was demonstrated to up-
regulate the expression of brown adipose tissue-spe-
cific markers (PGC-1a, PRDM16, UCP1) and beige
adipose tissue-specific genes (Cd137, Cidea, Citedl,
Tbx1, Tmen26) in 3T3-L1 white adipocytes. Similar-
ly, tCA boosted the expression of PGC-1a, PRDM16,
and UCP1 in HIB1B brown adipocytes. Expression of
tissue-specific genes (Lhx8, Ppargcl, Prdm16, Ucpl,
and Zicl) was induced in HIB1B brown adipocytes
incubated with tCA. The expression levels of adipo-
genic transcription factors (e.g., C/EBPa and PPAR-y)
were measured in both tissues. C/EBPa and PPAR-y
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expression was diminished in white adipocytes while
elevated in brown adipocytes. tCA upregulated the
expression of mitochondrial biogenic genes such as
Cox4, Nrfl, MtDNA, and Tfam in both tissues. In
addition to these findings, treatment of 3T3-L1 cells
with tCA decreased the expression levels of lipogen-
ic markers (ACC and FAS) through the activation of
AMPK and B3-AR signaling pathways. Further, tCA
increased lipolysis by increasing the expression levels
of pHSL and ATGL. tCA treatment also significantly
enhanced the mitochondrial protein levels of ACOX1
and CPT1. In conclusion, the results revealed that
tCA may be effective in the treatment of obesity by
reducing adipogenesis and lipogenesis and increasing
fat oxidation (Kang et al., 2019). Mechanisms such
as increasing glucose uptake in muscle and adipose
tissue by inducing GLUT-4 production and translo-
cation, stimulating glycogen synthesis in the liver by
inhibiting GSK 3f, and downregulating PEPCK gene
expression are thought to be responsible for the pos-
itive effects on diabetes mellitus (Silva et al., 2022).
Research suggests that cinnamon and cinnamic ac-
id-derived compounds affect diabetes, obesity, and
related metabolic disorders by decreasing carbohy-
drate digestion, reducing hepatic glucose production,
enhancing cellular glucose uptake, inhibiting lipo-
genesis, facilitating lipolysis, augmenting energy ex-
penditure, and through mechanisms including potent

antioxidant and anti-inflammatory properties.
Curcuma longa L. (Turmeric)

The rhizomes of Curcuma longa (Zingiberaceae),
known as turmeric, are used for therapeutic purposes.
Curcuminoids, including curcumin, demethoxycur-
cumin, and bisdemethoxycurcumin, are responsible
for the pharmacological effects. The essential oil ex-
tracted from the rhizomes of C. longa contains vari-
ous monoterpene and sesquiterpene compounds such
as zingiberene, curcumin, and a- and B-turmerone.
Previous studies have reported that C. longa and its
active component, curcumin, exhibit a wide range
of pharmacological effects involving anti-inflamma-

tory, antioxidant, antidiabetic, antiangiogenic, anti-
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mutagenic, antimicrobial, and anticancer activities.
In recent years, clinical studies have been conducted
to evaluate the efficacy of C. longa and curcumin in
cancer, autoimmune diseases, metabolic diseases,
neurological diseases, cardiovascular diseases, lung
diseases, liver diseases, and other inflammatory dis-
eases (Karlowicz-Bodalska, Han, Freier, Smolenski, &
Bodalska, 2017; Kocaadam & Sanlier, 2017).

STZ-induced diabetic rats were administered
curcumin-loaded PLA-PEG copolymer nanoparti-
cles (20 mg/kg b.wt/day, orally). Curcumin decreased
oxidative stress markers such as MDA and NO while
elevating glutathione levels. It reduced serum NF-kB,
TGEF-B, and COX-2 levels. It also upregulated PPAR-y
mRNA expression levels in rats (El-Naggar, Al-Joufi,
Anwar, Attia, & El-Bana, 2019). Zhong et al. adminis-
tered curcumin at a dose of 100 mg/kg/day orally for 4
weeks to C57BL/6] mice fed a high-fat diet. Curcumin
upregulated insulin-stimulated Akt phosphorylation
levels in peripheral tissues. It suppressed the expres-
sion of genes involved in hepatic gluconeogenesis
(Pckl and G6pc) and de novo lipogenesis (SREBF1)
in HFD mice. It upregulated the expression of FGF15,
which is a gut-derived hormone. The observed effects
were attributed to the modulation of the gut microbi-
ota (Zhong et al., 2022). Curcumin (50 mg/kg/day, 8
weeks, orally) induced the expression of adipose tri-
glyceride lipase, hormone-sensitive lipase, PPAR-y/a,
and C/EBP-a in the adipose tissue of male C57BL/6]
obese mice fed a high-fat diet. Besides, it stimulated
lipolysis and improved glycolipid metabolism. In a
second study, differentiated 3T3-L1 adipocytes were
incubated with curcumin (10, 20, and 35 pM) for 48
hours. Curcumin lowered glycerol release and in-
creased glucose uptake by upregulating PPAR-y and
C/EBP-a (Pan et al., 2017). Maithilikarpagaselvi et al.
determined that curcumin treatment (200 mg/kg/b.
wt, orally, for 10 weeks) improved insulin resistance
in male Wistar rats fed a high fructose diet by de-
creasing IRS-1 serine phosphorylation and enhancing
IRS-1 tyrosine phosphorylation in skeletal muscles. It
decreased the expression of the proteins COX-2 and

PKC-6, as well as TNF-a and CRP levels. It promoted
GPx activity while inhibiting MDA and total oxidant
status. Further, curcumin suppressed ERK1/2 and p38
protein expression in the skeletal muscle of rats. The
study indicated that curcumin ameliorates glucose
intolerance and insulin resistance by exerting its an-
tioxidant and anti-inflammatory properties (Maithi-
likarpagaselvi, Sridhar, Swaminathan, & Zachariah,
2016). In a diet-induced obesity model, male C57BL/6
mice were given curcumin at doses of 40 and 80 mg/
kg/day by oral gavage for 12 weeks. It significantly di-
minished the hepatic mRNA expression of SREBP-1
and SREBP-2. Hepatic mRNA expression of genes
involved in cholesterol biosynthesis, such as HMG-
CR, FDPS, DHCR24, DHCR?7, LSS, MVK, Sc4mol,
SS, proprotein convertase subtilisin/kexin type 9, and
LDLR, was downregulated by curcumin administra-
tion. Expression of genes playing a role in fatty acid
metabolism, such as ACCI1, ACL, ACS, FAS, FADSI,
FADS2, SCD-1, and GPAT, was also suppressed with
curcumin. It did not affect hepatic ATP-binding cas-
sette, ABCA1, ABCG5, or ABCG8 mRNA levels.
Taken together, this study concluded that curcumin
improves lipid and glucose homeostasis through the
regulation of SREBP and important downstream tar-
get genes (Ding et al., 2016). The authors suggest that
C. longa and curcuminoids affect diabetes mellitus
by enhancing insulin sensitivity, diminishing hepatic
glucose production, suppressing oxidative stress and

inflammation, and regulating lipid metabolism.
Ginseng

Panax ginseng C.A.Mey. (Asian ginseng, Korean
red ginseng) and Panax quinquefolius L. (American
ginseng) (Araliaceae) are two important ginseng spe-
cies that are prominent for their effects on diabetes
mellitus and other endocrine system diseases. Previ-
ous phytochemical studies have shown that roots and
rhizomes contain saponins, polysaccharides, poly-
acetylene, phenol, and alkaloid compounds. “Ginse-
nosides”, classified in three different forms as damma-
ran (protopanaxadiol and protopanaxatriol), ocotillol,
and oleanane type, are compounds with a saponin
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structure that are responsible for the pharmacological
effects of ginseng plants. Ginseng has been the subject
of many preclinical and clinical studies with its car-
dioprotective, cerebrovascular protective, neuropro-
tective, antitumoral, anti-inflammatory, hemostatic,
anticoagulant, antidiabetic, anti-aging, and immuno-
modulatory effects (Chen, Balan, & Popovich, 2019;
Liu, Lu, Hu, & Fan, 2020).

Shin et al. documented that water extract pre-
pared from P. ginseng roots (GE, 5%, eight-week diet)
decreased body weight, adipose tissue, and adipo-
cyte size without affecting food intake in a testoster-
one-deficient castrated C57BL/6] mouse model fed a
high-fat diet. GE suppressed the mRNA expression of
adipogenesis-related genes (SREBP1C, PPAR-y, FAS,
SCD1, and ACC1) in visceral adipose tissues. In a sec-
ond study, 3T3-L1 adipocytes were incubated with 10
pg/ml GE and 10 pM ginsenosides (Rb1 and Rgl) for
24 hours. The extract and ginsenosides inhibited lipid
accumulation and mRNA expression of PPAR-y, C/
EBP-a, and SCD1. These effects were potentiated by
co-administration of the extract or ginsenosides with
testosterone. These results suggested that ginseng ex-
hibits positive effects on obesity and dyslipidemia by
inhibiting adipogenic gene expression and acting like
testosterone (Shin & Yoon, 2018). Nagar et al. injected
an ethanol extract of P. ginseng roots (KRG) and KRG
enriched with ginsenoside Rg3 into the jugular vein
of SHRs at a dose of 3 mL/kg. The results showed that
endothelial nitric oxide synthase phosphorylation
levels in the aorta and NO production in plasma were
induced (Nagar, Choi, Jung, Jeon, & Kim, 2016). The
mechanism of the antidiabetic effect of hydrometha-
nolic extract rich in malonyl ginsenosides (PQ-MGR)
prepared from P. quinquefolius roots was studied in an
HFD/STZ-induced Type 2 diabetes mellitus model.
C57BL/6] male mice were administered dietary PQ-
MGR at doses of 100 and 300 mg/kg/day for 5 weeks.
PQ-MGR administration upregulated protein expres-
sion of p-PI3K, p-AKT, p-AMPK, p-ACC, PPAR-y,
and GLUT-4 in liver and skeletal muscle while down-

regulating protein expression of p-IRS1 and p-JNK.
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This study demonstrated that PQ-MGR improved
insulin resistance through inhibition of the JNK sig-
naling pathway and activation of the IRS1/PI3K/AKT
signaling pathway (Liu et al., 2021). The activity of
the ginsenoside Rb2 on glucose metabolism and fat
accumulation in the insulin-sensitive cell line 3T3-L1
adipocytes and high-fat diet-induced obesity mice
was investigated. Ginsenoside Rb2 induced glucose
uptake in 3T3-L1 adipocytes by activating the PI3K/
AKT signaling pathway at a concentration of 25 uM.
Ginsenoside Rb2 suppressed TNF-a-induced acti-
vation of JNK, ERK, and P38 and phosphorylation
of IRS-1 at Ser307. It also inhibited TNF-a-induced
IKK a/p phosphorylation and IKK a/f activation.
It reduced the expression of IL-6 and suppressor of
SOCS-3. Administration of ginsenoside Rb2 (40 mg/
kg/d, 10 days, ip.) to C57BL/6] mice upregulated
p-AKT (Ser473) expression, which supported the in
vitro finding. The results indicate that ginsenoside
Rb2 enhances the uptake of glucose and improves in-
sulin sensitivity via AKT-dependent pathways. (Dai
et al., 2018). Another study treated male Wistar rats
with ginsenoside Re at a dose of 25 mg/kg/b.wt once
daily by gastric irrigation for 30 days in an HFD/
STZ-induced Type 2 diabetes mellitus model. Ginse-
noside Re diminished oxidative stress by increasing
SOD and CAT activities and lowering MDA levels.
Ginsenoside Re was found to activate the AMPK sig-
naling pathway by stimulating the cannabinoid type
1 receptor and CaMK II (Wang et al., 2021). The hy-
poglycemic, anti-inflammatory, and lipid-lowering
effects of 25-OH-PPT (20 and 40 mg/kg, 5 weeks,
orally), which is a triterpenoid saponin isolated from
the stem and leaves of P. ginseng, were examined in
STZ-induced hyperglycemic mice and DB/DB mouse
models. In the STZ mouse model, 25-OH-PPT at
both doses diminished the transcription levels of IL-
1, IL-6, and COX-2. It did not affect the transcription
of TNF-a. In the DB/DB mouse model, 25-OH-PPT
decreased the transcription levels of IL-1, IL-6, and
TNF-a. It significantly upregulated skeletal muscle
GLUT4 and AMPK transcription levels in the STZ-in-
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duced mouse model, while it did not affect transcrip-
tion in DB/DB mice. In both mouse models, 25-OH-
PPT treatment upregulated phosphorylated IR, IRS,
and AKT protein expression but did not alter GSK 33
expression. The findings suggested that 25-OH-PPT
increases insulin sensitivity by activating the insulin
signaling pathway (Xu et al,, 2021). Ginseng and its
constituent ginsenosides have demonstrated potential
in diabetes management through direct modulation
of insulin sensitivity and glucose metabolism at the
cellular level, as well as by regulating factors such as
inflammation and oxidative stress that increase the

severity of diabetes.
Juglans regia L. (Walnut)

The different parts of Juglans regia (Juglandaceae),
including leaf, fruit (husk, nut), bark, inflorescence,
and root, have been used for medicinal purposes
for many years. Different parts of the plant contain
phenolic compounds (3- and 5-caffeoylquinic acid,
3- and 5-p-coumaroylquinic acid, quercetin and de-
rivatives, taxifolin-pantocid, syringetin-O-hexoside,
myricetin-3-O-glucoside, myricetin-3-O-pantocid,
and epicatechin), naphthalene derivatives (juglone),
and organic compounds (citric acid, malic acid, phos-
phate, and calcium oxalate). The most important sec-
ondary metabolites detected in the leaves and green
husk of the walnut are juglone and phenolic com-
pounds. Walnut oil is rich in polyunsaturated fatty
acids, tocopherols, and phytosterols. Previous studies
have stated that walnuts and their secondary metab-
olites have broad pharmacological effects, including
antioxidant, antimicrobial, anticancer, antidiabetic,
antihypertensive, and lipid-lowering activities (Bhat
et al., 2023; Delaviz, Mohammadi, Ghalamfarsa, Mo-
hammadi, & Farhadi, 2017).

The effect of an ethanol extract prepared from J.
regia leaves (200 mg/kg, 21 days, orally) on STZ* nic-
otinamide-induced Type 2 diabetes mellitus was eval-
uated using Wistar albino rats. The extract alleviated
insulin resistance by increasing ADP and FNDC5

levels. It suppressed inflammation by reducing serum

TNF-a levels (Atila Uslu & Uslu, 2022). J. regia oil-de-
rived polyunsaturated fatty acid was administered
orally to male Wistar rats at doses of 225, 450, and 900
mg/kg b.wt for 18 days in a model of STZ-induced
gestational diabetes mellitus. PUFA administration
ameliorated oxidative stress by elevating hepatic
SOD, GSH, and CAT activities and lowering MDA
content. PUFA suppressed the enhanced expression
of SREBP-1, SCD-1, ACC, and FAS mRNA in the liv-
er tissue of gestational diabetes mellitus. rats. The ob-
served effects were found to be dose-dependent (Sun
et al,, 2020). Treatment with walnut-derived peptides
(fractions 3-10 kDa and LP5) boosted SOD and GSH
activities and inhibited TNF-a, IL-6, and IL-1p secre-
tion in mice with Type 2 diabetes mellitus induced by
STZ and HFD. Walnut-derived peptides augmented
liver mitochondrial ATP, COX, SDH, and MMP levels.
It upregulated LC3-II/LC3-I and Beclin-1 expression
while downregulating p62 expression, which may be
associated with activation of the AMPK/mTOR/ULK1
pathway. In conclusion, walnut-derived peptides pro-
moted autophagy through activation of the AMPK/
mTOR/ULK1 pathway to ameliorate hyperglycemia
in mice with Type 2 diabetes mellitus (Hou et al.,
2023). In another study, male Sprague-Dawley rats
fed an HFD were given orally walnut meal peptides at
doses of 200, 400, and 800 mg/kg for 4 weeks. Walnut
meal peptides increased Apo-1 levels while decreas-
ing Apo-B levels. Expression of FAS and HMGR was
significantly inhibited in the livers of rats treated with
walnut meal peptides. Moreover, walnut meal pep-
tides induced the expression of LCAT and CYP7A1
(Yang, Zhong, Wang, Zhang, & Zhang, 2021). Wal-
nuts and their components are effective in diabetes by
improving insulin sensitivity, reducing inflammation
and oxidative stress, regulating fat metabolism, and

promoting autophagy and mitochondrial function.
Linum usitatissimum L. (Flaxseed)

Linum usitatissimum is used for food and medic-
inal purposes in four common types: whole flaxseed,
ground flaxseed, flaxseed oil, and partially defatted

flaxseed meal. Flaxseed is particularly enriched in
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a-linolenic acid (ALA), fiber, and lignans (mainly se-
coisolariciresinoldiglucoside). Flaxseed and its isolat-
ed secondary metabolites prevent, regress, and slow
the progression of cardiovascular diseases such as lip-
id-induced coronary artery disease, peripheral artery
disease, and stroke by lowering serum lipid levels. Se-
coisolariciresinoldiglycosides, which are responsible
for the biological effects, act by being converted into
enterolignans such as enterodiol and enterolactone by
intestinal bacteria through biotransformation. Many
studies have shown that flaxseed increases the diversi-
ty of the gut microbiota and the relative abundance of
beneficial bacteria (Parikh et al., 2019; Prasad, Khan,
& Shoker, 2020).

Bouzghaya et al. reported that treatment with
flaxseed extract (1 mL of aqueous extract per mouse,
five weeks, oral) ameliorated oxidative stress in allox-
an-induced diabetic mice by decreasing hepatic and
renal TBARS content and increasing GP,, SOD, and
CAT activities. Phytochemical analysis has revealed
that the water extract contained four phenolic com-
pounds (gallic acid (GA), vanillic acid, resveratrol,
and coumaric acid) and three flavonoids (kaemp-
ferol, apigenin, and luteolin). The secondary metab-
olite with the highest amount was detected as GA.
In the continuation of the study, GA was treated in
mice by gavage at a dose of 50 mg/day for 5 weeks.
GA significantly improved the activity of antioxidant
markers in the liver and kidney, similar to the findings
obtained in the water extract. These results suggested
that flaxseed water extract has antihyperglycemic and
antioxidative activities associated with its high GA
content (Bouzghaya, Amri, & Homblé, 2020). Whole-
grain flaxseeds (7.5 g/kg rat/day, 90 days, orally) sig-
nificantly enhanced the levels of catalase, SOD, GPx,
GR, GST, and cellular antioxidant enzymes in heart
and liver tissues in male Wistar albino mice fed a high
cholesterol diet. Although it did not reach statistical
significance, reductions in TBARS levels have been
observed in heart and liver tissues (Naik et al., 2018).
Ground flaxseed (16.7%) was coadministered with a

diet for 6 weeks to C57BL/6] male mice in a model of
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STZ-induced diabetes mellitus. Treatment with flax-
seed decreased glucose tolerance in the OGTT and
raised glycogen levels in the liver. It reduced TNF-a
levels in the liver but did not affect IL-1f or IL-6 lev-
els. It also downregulated proinflammatory gene ex-
pression, including TLR4, MyD88, and NF-kB. More-
over, there was a significant increase in the number
of some beneficial bacteria in the gut microbiota of
the mice in the treatment group. Taken together,
these results demonstrate that it is effective in treat-
ing diabetes mellitus by suppressing the TLR4/NF-kB
signaling pathway and improving the gut microbiota
(Xia et al., 2022). Zhu et al. showed that flaxseed oil
(10% w/w, 5 weeks, oral) lowered plasma lipopolysac-
charide, IL-1B, TNF-a, IL-6, IL-17A, and MDA lev-
els and boosted SOD levels in male Sprague-Dawley
rats in a STZ-nicotinamide-induced Type 2 diabetes
mellitus model. As a result of the intestinal microbi-
ota analysis, it was found that there was a decline in
the relative abundance of Firmicutes and Blautia and
the ratio of Bacteroidetes to Firmicutes in the inter-
vention group. There was an increase in the relative
abundance of Bacteroidetes and Alistipes. Treatment
with flaxseed oil has enhanced the levels of intestinal
microbiota metabolites of short-chain fatty acids such
as acetic acid, propionic acid, and butyric acid (Zhu et
al., 2020). Another study assessed the potential mech-
anism of action of flaxseed oil on obesity and meta-
bolic disorders in mice fed an HFD. Flaxseed oil was
fed to rats for 5 days at three different concentrations:
30% (m/m, LFO), 60% (m/m, MFO), and 90% (m/m,
HFO). Flaxseed oil lowered the concentrations of con-
jugated bile acids such as cholic acid, tauro-a-muro-
cholic acid, and tauro-ursodesoxycholic acid in feces.
It improved intestinal microbial dysbiosis by increas-
ing the abundance of Clostridiales and Ruminococ-
caceae and community diversity. It decreased the ex-
pression of the FXR and FGF-15 proteins in the colon.
These effects were observed to be more pronounced in
the HFO group. In the continuation of the study, the
effect of flaxseed oil administration on FXR-related

lipid metabolism genes in the liver was tested. It up-
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regulated the mRNA expression of bile acid receptors
(FXR and SHP) and the expression of lipolysis-related
genes (CPT-1a and ATG5). The mRNA expression of
the lipogenesis-related SREBP-1¢ and PPAR-a genes
diminished, while the mRNA expression of FAS was
not altered. It induced the mRNA expression of CY-
P7A1 in the liver but did not change the expression
of another bile acid synthesis gene, CYP8B1. Taken
together, these findings suggested that flaxseed oil
improved serum lipid concentrations in metabolic
diseases by regulating the gut microbiota, modulat-
ing the FXR-FGF15 signaling pathway, and affecting
bile acid metabolism (Yang et al., 2023). The effect
of herbacetin (10, 20, and 40 mg/day, intragastric, 5
weeks), a flavonoid isolated from flax seeds, on obesi-
ty induced by a fatty diet in male C57BL/6] mice was
investigated. Herbacetin significantly reduced body
weight, plasma glucose, plasma insulin, and HO-
MA-IR activity in obesity-associated insulin-resistant
mice. It significantly suppressed the mRNA expres-
sion of SREBP-1c and 2. It also decreased FAS, hepatic
fatty acid B-oxidation, and G6PD activity, whereas it
enhanced malic enzyme and CPT activity (Veeramani
et al., 2018). In summary, flaxseed presents potential
therapeutic benefits for diabetes mellitus and obesi-
ty through multiple pathways, including antioxidant
and anti-inflammatory properties, modulation of gut
microbiota and metabolites, enhancement of lipid
metabolism and weight management, and improve-

ment of glucose tolerance.

Momordica charantia L. (Bitter Melon or Bitter
Gourd)

The fruits of Momordica charantia (Cucurbitace-
ae), known as bitter melon or bitter gourd, are used for
therapeutic purposes. Secondary metabolites in the
structure of sterol (daucosterol, B-sitosterol, campes-
terol, and stigmasterol), terpenoid (charantin A and
B, charantagenins D and E, kuguaosides A, B, C, and
D, charantoside A, momordicosides I, F1, F2, K, L,
and U, momordicine I, II, VI, VII, and VIII), pheno-
lic acid (caffeic, coumaric, ferulic, and gallic acids),

flavonoid, amino acid, vitamin, peptide, and protein,

ribosome-inactivating proteins, polypeptide-P, in-
hibitory proteins, and P-insulin were isolated from
the fruit and other parts of M. charantia. The hypo-
glycemic effect of M. charantia fruits and their isolat-
ed secondary metabolites comes to prominence. The
hypoglycemic effect has been particularly related to
charantin, polypeptide-P, and visin. It also has anti-in-
flammatory, antioxidant, antimicrobial, antitumor-
al, immunomodulatory, and hepatoprotective effects
(Oyelere et al., 2022; Pahlavani et al., 2019). Ethanol
extract prepared from M. charantia fruits (MCE) was
administered orally for eight weeks at three different
doses (100, 200, and 400 mg/kg/day) in a rat model of
Type 2 diabetes mellitus induced by an HFD and STZ
injection. In a dose-dependent manner, serum levels
of TNF-a and IL-6 were significantly decreased in all
groups treated with MCE. MCE treatment dose-de-
pendently upregulated Akt-2 gene expression levels
while downregulating mRNA expression of PTP-1B,
SOCS-3, and JNK. MCE elevated GLUT-4 protein lev-
els in skeletal muscle and liver tissues (Ma, Yu, Xiao,
& Wang, 2017). In rats with Type 2 diabetes mellitus
induced by an HFD and STZ, treatment with ethanol
extract prepared from wild bitter gourd fruits (150 and
300 mg/kg, 4 weeks, orally) enhanced the content of
antioxidant enzymes such as SOD, CAT, and GSH in
serum and diminished the levels of inflammatory pa-
rameters including CRP, TNF-q, and IL-6. In molecu-
lar mechanism studies, it upregulated hepatic protein
expression levels of p-AKT and p-IRS but downreg-
ulated p-GSK3p (Ser9) protein expression. It exerted
its effect by activating the AMPK signaling pathway
and inducing protein expression of GLUT-2. All ef-
fects were dose-dependent (Sun et al., 2023). Yang et
al. treated male OLETF rats fed an HFD with freeze-
dried M. charantia fruit powder at concentrations of
1% and 3% for 6 weeks. It reduced the expression of
the proinflammatory cytokine TNF-a and the levels of
IL-6 and CCL2 in the liver, muscle, and epididymal
adipose tissue. It suppressed the activation of NF-«kB
in the liver and muscle. Administration of M. charan-
tia at 3% concentration upregulated phospho-insu-
lin receptor substrate-1 (Tyr612) and phospho-Akt
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(Ser473) levels while downregulating phospho-NF-«xB
(p65) (Ser536) and JNK (Thr183/Tyr185) levels. Tak-
en together, the molecular mechanism mediating the
antidiabetic effect of M. charantia fruits appeared to be
the modulation of NF-kB and JNK signaling pathways
(Yang et al.,, 2015). Wang et al. administered saponin
(L-SMC: 20 mg/kg, M-SMC: 40 mg/kg, H-SMC: 80
mg/kg) and polysaccharides (PMC, 500 mg/kg) iso-
lated from M. charantia fruits by oral gavage to male
Kunming mice for five weeks in an STZ-induced Type
2 diabetes mellitus model. SMC and PMC improved
antioxidant capacity by increasing SOD levels and
decreasing MDA levels in the liver. M- and H-SMC
treatment suppressed NF-kB levels. M-SMC induced
hepatic AMPK phosphorylation. PMC did not affect
AMPK phosphorylation or NF-kB levels. These results
suggested that the M. charantia saponin fraction was
more effective than polysaccharides, and the possible
antidiabetic mechanism of action was related to the
regulation of the AMPK/NF-kB signaling pathway
(Wang, Wu, Shi, & Liu, 2019). The effect and mech-
anism of action of four different cucurbitane types
(C1-C4) triterpenoid compounds isolated from eth-
anol extract prepared from M. charantia fruits on dia-
betes mellitus were evaluated. Among these secondary
metabolites, C2 (1.68 mg/kg, i.v.) significantly boosted
glycogen storage in skeletal muscles in an STZ-induced
diabetes mellitus model. The hypoglycemic effect of
C2 in diabetic mice was found to be associated with
the activation of IRS-1 and its downstream signaling
pathways, including Akt, GSK-3p, Erk1/2, and PKC {
/\. 1t did not have any effect on AMPK or ACC (Han
et al,, 2018). In another study, 3p,7p,25-trihydroxycu-
curbita-5,23(E)-dien-19-al, a cucurbitane triterpenoid
isolated from M. charantia, was demonstrated to acti-
vate PPAR-y (Noruddin et al., 2021). Bitter melon dis-
plays significant antidiabetic properties by enhancing
insulin sensitivity and glucose absorption through the
activation of insulin signaling pathways (Akt, IRS-1,
PPAR-y) and AMPK. It also mitigates inflammation
(via NF-kB, JNK) and oxidative stress (through the
modulation of antioxidant enzymes) that facilitate di-

abetes progression.
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Nigella sativa L. (Black cumin or Black seed)

The dried seeds of Nigella sativa (Ranunculaceae),
known as black cumin, are used for therapeutic pur-
poses. Thymoquinone, the major component of the
essential oil, is responsible for its pharmacological ef-
fects. The essential oil also contains compounds such
as thymol, carvacrol, phellandrene, a-pinene, and
B-pinene. Phenolic acids, flavonoids, alkaloids, sapo-
nins, and fatty acids were isolated from different parts
of the plant. Previous studies have demonstrated that
various extracts from seeds and thymoquinone ex-
hibit antioxidant, anti-inflammatory, antihepatotoxic,
analgesic, antineoplastic, antimutagenic, antinephro-
toxic, immunomodulatory, hypoglycemic, antiulcer,
and antimicrobial activities (Dalli et al., 2021; Giirel
& Cigek Polat, 2025).

Balbaa et al. administered black cumin oil at a dose
of 100 mg/day for 21 days intragastrically to male al-
bino Sprague-Dawley rats in an experimental diabe-
tes mellitus model induced by HFD and STZ. Black
cumin oil reduced serum TBARS, hepatic TBARS,
serum NO, hepatic NO, and serum TNF-a levels in
diabetic rats. It upregulated the gene expression of
IGF-1, PI3K, and IR while suppressing the expression
of ADAM-17 (Balbaa, El-Zeftawy, Ghareeb, Taha, &
Mandour, 2016). N. sativa seed polysaccharides were
administered at three different doses of 35, 70, and
140 mg/kg for 4 weeks intragastrically to Kunming
mice in an STZ- and HFD-induced Type 2 diabetes
mellitus model. The high dose lowered MDA, TNF-a,
IL-6, and IL-1P levels while elevating total antiox-
idant capacity, SOD, and CAT levels in the skeletal
muscle tissues of mice. It also stimulated p-AKT and
GLUT-4 protein levels and expression. Gut microbi-
ota analysis showed that the abundance of Muribac-
ulaceae unclassified and Bacteroides suppressed by
diabetes mellitus was significantly boosted by black
cumin treatment. This study revealed that N. sativa
seed polysaccharides are effective in treating diabetes
mellitus by modulating the gut microbiota and acti-
vating the PI3K/AKT signaling pathway (Dong et al.,
2020). The hydroalcoholic extract prepared from N.
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sativa seeds (100, 200, and 400 mg/kg, 6 weeks, oral-
ly) significantly improved vasorelaxant responses to
acetylcholine at all doses in male Wistar rats in the
STZ-induced diabetes mellitus model. It upregulat-
ed eNOS mRNA expression while downregulating
VCAM-1 and LOX-1 mRNA expression in vascular
cells of aortic tissue. These results suggested that N.
sativa ameliorated vasoreactivity, endothelial dys-
function, and vascular inflammation in the aorta of
diabetic rats (Abbasnezhad et al., 2019). Adult female
Wistar rats were treated intraperitoneally with black
seed oil at a dose of 0.2 mg/kg/day for 6 days a week
for 30 days in an STZ-induced diabetes mellitus mod-
el. It significantly inhibited the expression of Bax and
caspase-3 in abdominal and thoracic aortic sections
(Clice et al., 2016). In another study, black cumin seed
oil treatment (400 mg/kg, orally, for 21 days) overex-
pressed Bcl2 in female Wistar albino rats in a model of
STZ-induced diabetes mellitus (Altun, Avci, Yildirim,
& Yildirim, 2019). These studies concluded that the
cardiovascular effects of black seed oil are associated
with suppression of apoptosis (Ciice et al., 2016; Altun
etal., 2019). Black cumin oil (2.5 mg/kg/day, 8 weeks,
orally) reversed L-NAME-induced high blood pres-
sure in adult male Sprague-Dawley rats. The effects of
black cumin oil on blood pressure have been associ-
ated with a lowering of the content of the cardiac lip-
id peroxidation product MDA, inhibition of cardiac
NADPH oxidase and angiotensin-converting enzyme
activities, and a reduction in plasma nitric oxide,
as well as an elevation of HO-1 activity in the heart
(Jaarin et al., 2015). Collectively, black cumin and thy-
moquinone have been proposed to exert antidiabetic
effects through various mechanisms of action, such as
reducing insulin resistance, accelerating p-cell pro-
liferation, augmenting pancreatic insulin secretion
and glucose uptake, and attenuating oxidative stress.
It inhibited hepatic gluconeogenesis through the re-
duction of gluconeogenic precursors such as glycerol,
alanine, and lactate. The other possible mechanism
is the activation of the insulin signaling pathway, the

AMPK signaling pathway, and the PPAR-y pathways

in skeletal muscle cells, hepatocytes, and adipocytes
(Maideen, 2021). Previous studies stated that it exhib-
its antihyperlipidemic activity by strongly inhibiting
the hepatic HMG-CoA reductase enzyme, inducing
arylesterase activity, and playing a regulatory role in
genes affecting cholesterol metabolism. Furthermore,
the positive effect on the lipid profile is attributed to
the high antioxidant activity of the plant (Mollazadeh,
Mahdian, & Hosseinzadeh, 2019). Collectively, black
cumin seed and its phytochemicals seem to improve
the management of diabetes and its related compli-
cations by augmenting insulin sensitivity, facilitat-
ing glucose uptake and secretion, inhibiting hepatic
glucose production, reducing oxidative stress and
inflammation, positively modulating gut microbio-

ta, and balancing lipid metabolism.
Punica granatum L. (Pomegranate)

The seeds, seed oil, roots, stem bark, leaves, flow-
ers, fruit, and fruit peels of the Punica granatum
(Punicaceae), also known as pomegranate, are me-
dicinally valuable. Different parts of the plant contain
alkaloids (pelletierin, pseudopelletierin, N-methyl-
pelletierin, isopelletierin, 1-pelletierin), anthocyanins
(delphinidin, cyanidin, pelargonidin), tannins (pu-
nicalagin, punicafolin, punicalin a, and p- catechin,
ellagitannins), flavonoids, phenolic acids (punicalin,
gallic acid, ellagic acid, pyrogallol), sterols, terpenes,
lignans, fatty acids, and organic acids. Previous pre-
clinical studies have reported that it has pharmaco-
logical effects, including antimicrobial, anticancer,
anti-inflammatory, antidiabetic, and antiobesity ac-
tivities (Maphetu, Unuofin, Masuku, Olisah, & Leb-
elo, 2022).

In an STZ-NAD-induced Type 2 diabetes mellitus
model, rats were orally administered 100 and 300 mg/
kg b.wt of pomegranate aril juice equivalent to puni-
calagin at a dose of 2.6 and 7.8 mg/kg b.wt, respective-
ly, for 6 weeks. High-dose pomegranate juice amelio-
rated oxidative stress by significantly reducing serum
TNF-a concentration, liver MDA concentration, and
NOx production and enhancing GST activity in the

liver. It upregulated the mRNA expression of hepat-
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ic IRS1 while downregulating the mRNA expression
of hepatic JNK in both doses administered (El-Beih,
Ramadan, El-Husseiny, & Hussein, 2019). In anoth-
er study, Sprague-Dawley rats were treated with fresh
pomegranate juice (1 mL, 21 days, oral) or powdered
pomegranate seeds (100 mg, 21 days, oral) in a STZ-
NAD-induced diabetes mellitus model. Pomegranate
juice reduced plasma IL-6, TNF-a, and NF-kB levels
(Taheri Rouhi, Sarker, Rahmat, Alkahtani, & Oth-
man, 2017). P. granatum flowers were administered
to male Sprague-Dawley rats by oral gavage at doses
of 50 and 100 mg/kg for 4 weeks in an STZ-induced
diabetes mellitus model. It boosted the level of glyco-
gen in the liver and muscles. It increased CAT, SOD,
and GSH levels while decreasing MDA levels. It sup-
pressed ER stress by downregulating the expression
levels of IREla, eIF2a, XBP1-s, and CHOP, which are
ER stress markers. In conclusion, it has been demon-
strated that polyphenol extract prepared from pome-
granate flowers reduces insulin resistance through the
activation of the Akt-GSK3p signaling pathway and
inhibition of ER stress (Tang et al., 2018). Punicalagin
administration (20 mg/b.wt/day, 4 weeks, orally) up-
regulated the expression of autophagy-related pro-
teins, including PU, LC3B, and p62, in male C57BL/6]
mice in an STZ-induced diabetes mellitus model. It
significantly reversed the diabetes mellitus-induced
increase in phosphorylated Akt/total Akt and phos-
phorylated FoxO3a/total FoxO3a protein ratios
(Zhang et al., 2019). Punicalagin (100, 150, and 200
mg/kg, 4 weeks, orally) decreased gluconeogenesis
and augmented glycogenesis by stimulating the PI3K/
AKT signaling pathway and regulating the HMGB-1/
TLR4/NF-«B signaling pathway in C57BL/6] mice in
the STZ-induced Type 2 diabetes mellitus model (Jin,
Zhang, Li, & Zhou, 2020). Treatment with pomegran-
ate ellagic polyphenols (PEP; 50, 150, and 300 mg/kg/
day, 14 days, orally) was found to enhance 11p-HSD2
protein and mRNA levels in the placental tissue of rats
with gestational diabetes mellitus in an STZ-induced
model. It inhibited cell apoptosis in pancreatic and

placental tissues by suppressing p-PI3K and p-AKT
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expressions. It downregulated ANP and chemerin
expressions in pancreatic tissue, which are associat-
ed with insulin resistance and inflammation. More-
over, it downregulated the mRNA and protein levels
of CRP, TNF-q, and IL-6 in pancreatic tissue. It also
markedly upregulated the protein and mRNA levels
of PPAR-a, TRB3, AKT?2, p-FOXO1, and GLUT-2. All
these effects were stated to be dose-dependent (Sun,
Zhou, & Wang, 2019). Ellagic acid-rich pomegranate
peel extract (44, 88, and 177 mg/kg/b.wt, week, oral)
improved the lipid profile in hamsters by upregulating
LXR-a, PPAR-a, PPAR-y, and their downstream gene
ABCALI (Liu et al., 2015). In addition to these mech-
anisms, it is stated that the possible mechanisms of
action of pomegranate juice may be increased p-cell
function, induction of insulin secretion, inhibition of
a-amylase, a-glucosidase, and dipeptidyl peptidase-4
enzymes, and protective effects against DNA damage
(Virgen-Carrillo, Martinez Moreno, & Valdés Mi-
ramontes, 2020). In summary, pomegranate and its
components influence diabetes mellitus by enhancing
insulin sensitivity and glucose utilization, reducing
oxidative stress and inflammation, suppressing en-
doplasmic reticulum stress, promoting cellular health
and survival (through autophagy and anti-apoptotic
effects), and improving lipid metabolism.

Trigonella foenum-graecum L. (Fenugreek)

The seeds of the T. foenum graecum (Fabaceae)
are used for therapeutic purposes. The seeds contain
pyridine alkaloids (trigonellin, choline, gentianine,
and carparine), steroidal saponins (diosgenin, yamo-
genin, tigogenin, neotigogenin), flavonoids (apigenin,
orientin, luteolin, quercetin, vitexin, and isovitexin),
free amino acids (4-hydroxyisoleucine, arginine, ly-
sine), essential oil (n-alkane and sesquiterpene com-
pounds), galactomannan, protein, and fixed oil. It has
been reported that fenugreek and its phytochemicals
exhibit antimicrobial, anticancer, antioxidant, hy-
poglycemic, hypolipidemic, hypocholesterolemic,
immunomodulatory, and neuroprotective activities
(Visuvanathan, Than, Stanslas, Chew, & Vellasamy,

2022).
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Fenugreek powder (2 or 8 g per 100 g of chow,
orally, for 4 weeks) was administered to male ham-
sters fed a high-cholesterol diet. High-dose fenugreek
seed significantly upregulated LDLR gene expression,
but there was no significant change in the low-dose
group. These results suggested that fenugreek may be
effective in treating dyslipidemia through upregula-
tion of LDLR gene expression (Kassaee, Goodarzi, &
Kassaee, 2021). In a second study, the saponin frac-
tion isolated from fenugreek seeds (6, 12, and 24 mg/
kg doses, 9 weeks, orally) boosted CYP 7A1, SCARBI,
and Niemann-Pick Cl1-like 1 levels in HFD-fed rats.
It also decreased the level of HMG-CoA reductase in
the liver and serum. In conclusion, the possible pos-
itive effects of the saponin fraction on dyslipidemia
were related to accelerated cholesterol metabolism,
inhibited cholesterol synthesis, and facilitated re-
verse cholesterol transport (Chen et al., 2017). It was
determined that diosgenin (20 mg/kg b.wt, 20 days,
intragastric), which is one of the active components
of fenugreek seed, ameliorated oxidative stress in
C57BL/KsJ-Lepdb/db/+(db/+) pregnant mice by re-
ducing TBARS content, increasing GSH level, and
inducing the activities of antioxidant enzymes such
as SOD and CAT. It also downregulated the expres-
sion of SREBP-1 and its target genes, including FAS,
SCD-1, and acetyl coenzyme A carboxylase (Hua, Li,
Su, & Liu, 2016). In a model of STZ-induced diabe-
tes mellitus, male Sprague-Dawley rats were treated
orally with trigonelline at a dose of 40 mg/kg/day for
8 weeks. Trigonellin lowered the levels of IL-1p, IL-
6, and IL-18 while elevating the level of IL-10. The
protein expressions of p53 and Bax, as well as the
activities of caspase-3 and caspase-9, were inhibited
following trigonellin treatment. It decreased MDA
levels and increased SOD, GSH, and GSH-Px levels.
Moreover, it induced protein expression of PPAR-y
and GLUT-4 while suppressing protein expression of
TNF-a and leptin. Taken together, it was concluded
that trigonellin may act on Type 2 diabetes mellitus
through antioxidative, anti-inflammatory, and an-

tiapoptotic effects and by modulating the PPAR-y/

GLUT-4-leptin/TNF-a signaling pathway (Li, Li,
Wang, Lou, & Li, 2019). The effect of a water extract
prepared from fenugreek seeds and its active compo-
nent, 4-hydroxyisoleucine, on insulin resistance was
tested using human liver cells (HepG2). The extract
and 4-hydroxyisoleucine (for both: 100 ng/mL) mark-
edly stimulated the phosphorylation of IR-B, Akt,
GSK-3a/pB, and GLUT-2 under normoglycemic and
hyperglycemic conditions. Fenugreek seeds and the
active ingredient were observed to exhibit insulin-like
antihyperglycemic effects by inducing insulin signal-
ing, modulating the expression of insulin signaling
pathway-related genes, and increasing glucose uptake
(Naicker, Nagiah, Phulukdaree, & Chuturgoon, 2016).
In another study, 4-hydroxyisoleucine (10 uM for 24
h) upregulated the tyrosine phosphorylation of both
IR-B and IRS-1 in TNF-a-induced C2C12 myotubes.
It reduced the protein concentration of SOCS-3. It
increased immunoprecipitation of the IR-p subunit
with IRS-1 while decreasing coimmunoprecipita-
tion of SOCS-3 with IR-p and IRS-1. It also activated
AMPK phosphorylation. These results suggested that
4-hydroxyisoleucine ameliorates inflammation-medi-
ated insulin resistance by activating the AMPK path-
way and suppressing the co-immunoprecipitation of
SOCS-3 with IR-B and IRS-1 (Gautam et al.,, 2016).
INDUS810 isolated from fenugreek seed (200 mg/kg,
15 weeks, i.p.) inhibited lipid accumulation while in-
ducing lipolysis activity in 3T3-L1 adipocytes. It up-
regulated PPAR-a, PPAR-y co-activator 1§, sirtuin 1,
and sirtuin three protein levels. It did not affect FAS,
PPAR-y, and CCAAT/enhancer-binding protein-a
expression. Moreover, it diminished the lipid content
in adipocytes by activating AMP-activated protein ki-
nase (Cheng, Yang, Ekambaranellore, Huang, & Lin,
2018). The authors suggested that fenugreek could
be effective in diabetes mellitus by improving insulin
signaling and glucose uptake, exhibiting significant
anti-inflammatory and antioxidant properties, pro-
tecting cells from apoptosis, and regulating lipid and

cholesterol metabolism.
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Zingiber officinale Roscoe (Ginger)

The dried rhizomes of Zingiber officinale Roscoe
(Zingiberaceae) are used for medicinal purposes and
as a spice. Essential oils (a-zingiberene, B-sesquifel-
landrene, B-bisabolene, (-)-B-phellandrene, and gera-
niol) and gingerol analogs (gingerol, shogaol, paradol,
and zingerone) in the composition of the rhizomes
are responsible for the biological activity. The com-
pounds, such as diarylheptanoids, sulfonates, ste-
roids, and monoterpenoid glycosides, were isolated
from different parts of the plant. Ginger and its iso-
lated compounds have a wide range of pharmacolog-
ical activities, including gastroprotective, anticancer,
lipid-lowering, antiobesity, antihelmintic, antiallergic,
neuroprotective, hepatoprotective, and neuroprotec-
tive effects (Zhang et al., 2021).

The hydroethanolic extract prepared from ginger
rhizomes was administered orally to male Wistar rats
at a dose of 250 mg/kg/day for 5 weeks. The extract
suppressed the expression of GPAT, connective tissue
growth factor, SREBP-1¢, and collagen 1 in the liver.
It upregulated both PPAR-a and PPAR-y expression.
Ginger treatment significantly enhanced plasma adi-
ponectin levels while decreasing plasma leptin levels.
It did not affect the protein expression of the CYP7A1
enzyme or LXR (de Las Heras et al., 2017). Ahmad
et al. administered zingerone (at 50 and 100 mg/kg
b.wt/day, 21 days, orally) to Wistar male albino mice
in a model of alloxan-induced diabetes mellitus. Zin-
gerone diminished inflammation by inhibiting the
NF-«xB signaling pathway and down-regulating the
expression of inflammatory cytokines such as IL-1p,
IL-2, IL-6, and TNF-a. It improved oxidative stress by
boosting antioxidant enzyme activities such as SOD,
CAT, and GPx and lowering MDA levels (Ahmad et
al., 2018). 6-gingerol (200 mg/kg/day, 28 days, oral-
ly) augmented GLP-1 levels and reduced DPP4 levels
and activity by stimulating the GLP1/cAMP/PKA/
CREB pathway in Lepr db/db type 2 diabetic mice.
It upregulated the gene and protein expression of Ra-
b27a and Slp4-a. It also induced membrane translo-
cation of GLUT-4 by upregulating Rab8 and Rab10.
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These results suggested that 6-gingerol increased glu-
cose uptake in the skeletal muscles of mice (Samad
et al, 2017). In another study, it was reported that
administration of 6-gingerol (0.05%, 4 weeks) with a
20% casein diet suppressed hepatic gene expression
of PEPCK and G6Pase in db/db mice. It upregulated
the gene expression of glycogen synthase while down-
regulating glycogen phosphorylase. Moreover, it sig-
nificantly reduced TBARS and TNF-a levels (Son et
al., 2015). In addition to these mechanisms, there is
in vitro evidence that ginger and its constituents ex-
ert antidiabetic effects by enhancing the viscosity of
gastrointestinal contents, delaying gastric emptying,
forming a barrier against diffusion, and inhibiting the
activities of a-amylase, a-glucosidase, and angioten-
sin-converting enzymes (Tran, Pham, & Le, 2020).
Ginger and its phytochemicals have been shown to
be effective in the management of diabetes mellitus
by increasing glucose uptake and storage, reducing
glucose production, suppressing inflammation and
oxidative stress, regulating lipid metabolism, and bal-

ancing appetite-related hormones.
CONCLUSION

The increasing prevalence of diabetes mellitus has
led to a rise in the use of medicinal plants to support
medical treatment. Several studies have investigated
the efficacy and mechanisms of action of medicinal
plants such as cinnamon, garlic, ginseng, flaxseed,
black cumin, pomegranate, and walnut in diabetes
mellitus and dyslipidemia. Garlic modulates appe-
tite through increasing POMC expression in the hy-
pothalamus and reducing ObR mRNA levels, while
also promoting energy expenditure by p3-ADR and
UCP-1 expression. It also inhibits inflammatory me-
diators such as IL-6, IL-1p, and TNF-a. Cinnamon
contributes to weight management by modulating
glucose metabolism by the inhibition of a-amylase
and a-glucosidase and by increasing mitochondrial
biogenesis through AMPK activation. Turmeric and
curcumin mitigate oxidative stress by lowering MDA

and NO levels and reduce inflammation by diminish-
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ing NF-kB and COX-2 levels. It augments insulin sig-
naling by elevating Akt phosphorylation in peripheral
organs. It improves glycolipid metabolism by inhibit-
ing hepatic gluconeogenesis and lipogenesis. Ginseng
is effective in weight management by downregulating
adipogenic genes, including SREBP1C, PPAR-y, FAS,
SCD1, and ACCI. The ginsenosides increase glucose
uptake and insulin sensitivity by activating the PI3K/
AKT and AMPK signaling pathways, as well as reduc-
ing inflammation. Walnuts reduce insulin resistance
by increasing ADP and FNDCS5 levels. Polyunsaturat-
ed fatty acids and peptides in their composition alle-
viate oxidative stress and enhance hyperglycemia by
promoting autophagy via the AMPK/mTOR/ULK1
pathway. Flaxseed has been demonstrated to contrib-
ute to managing diabetes by regulating gut flora and
enhancing short-chain fatty acid synthesis. It improves
lipid profiles by modulating bile acid metabolism by
regulating the FXR-FGF15 signaling pathway. Black
cumin increases insulin sensitivity and promotes glu-
cose absorption by activating the PI3K/AKT and the
AMPK pathways. The positive effects on lipid me-
tabolism are related to the inhibition of the enzyme
HMG-CoA reductase. Pomegranate reduces insulin
resistance by activating the Akt-GSK3p signaling
pathway and decreases gluconeogenesis and enhanc-
es glycogen production by stimulating the PI3K/AKT
signaling pathway. It also mitigates inflammation and
oxidative stress by modulating the HMGB-1/TLR4/
NF-kB pathway. Pomegranate increases cellular via-
bility through autophagy and anti-apoptotic mecha-
nisms. It has been proven that these plants may be ef-
fective against the mentioned disease groups by regu-
lating mitochondrial biogenesis-related pathways and
by antioxidant, anti-inflammatory, and antiapoptotic
mechanisms of action. It is extremely important that
the results obtained are supported by randomized,
controlled clinical trials in large populations with
standardized, quality-controlled herbal products. In
this regard, preclinical and clinical studies assessing
the mechanisms of action of these herbal products

should be increased.

ABBREVIATIONS

DM: Diabetes mellitus, HDL-c: high-density lipo-
protein cholesterol, TG: triglyceride, LDL-c: low-den-
sity lipoprotein cholesterol, POMC: proopiomelano-
cortin, ObR: leptin receptor, p3-ADR: p3-adrenergic
receptor, PPAR-y: peroxisome proliferator-activa-
tor receptor-y, LPL: lipoprotein lipase, HSL: hor-
mone-sensitive lipase, InsR: insulin receptor, GLUT-
4: glucose transporter type-4, UCP-1: uncoupling
protein-1, IL: interleukins, TNF-a: tiimor necrosis
factor-alpha, iNOS: inducible nitric oxide synthase,
ABCA1: ATP-binding cassette transporter A1, HMG-
CR: 3-hydroxy-3-methylglutaryl-CoA reductase, CY-
P46A1: cholesterol-24 hydroxylase, SREBP-2: sterol
regulatory element binding protein-2, ACAT-2: ace-
tyl-CoA acetyltransferase-2, HMG-CoA: B-hydroxy
B-methylglutaryl-CoA, STZ: streptozotocin, HFD:
high-fat diet, MyHC: myosin heavy chain, PGC-1a:
peroxisome proliferator-activated receptor-y coacti-
vator a, AMPK: AMP-activated protein kinase, Nrf-
1: nuclear respiratory factor-1, Tfam: mitochondrial
transcription factor A, ACC: acetyl-CoA carbox-
ylase, SOD: superoxide dismutase, CAT: catalase,
GPx: glutathione peroxidase, SREBF1: sterol regula-
tory element-binding transcription factor 1, LDLR:
low-density lipoprotein receptor, NR2F2: nuclear
receptor subfamily 2 group F member 2, FOXOI:
forkhead box transcription factor O1, MDA: malond-
ialdehyde, TAC: total antioxidant capacity, LXR-a:
liver X receptor-a, ACLY: ATP-citrate lyase, FAS: fat-
ty acid synthase, IRS-1: insulin receptor substrate-1,
HO-1: heme oxygenase-1, BDNF: brain-derived
neurotrophic factor, CARTPT: cocaine and amphet-
amine-related transcript, CCK: cholecystokinin, C/
EBP-a: CCAAT/enhancer-binding protein, DLK-1:
delta-like 1 homolog, PNPLAZ2: patatin phospholipase
domain containing 2, MGLL: monoglyceride lipase,
BMP4: bone morphogenetic protein 4, PRDM16: PR
domain containing 16, COX: cyclooxygenase, MCP1:
monocyte chemotactic protein 1, ATGL: adipose tri-
glyceride lipase, ACOX1: acyl-coenzyme A oxidase
1, CPT1: carnitine palmitoyltransferase 1, GSK 3p:
glycogen synthase kinase 3B, PEPCK: phosphoe-
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nolpyruvate carboxykinase, TGF-B: transforming
growth factor-p, FGF15: fibroblast growth factor 15,
PKCB: protein kinase theta, FDPS: farnesyl diphos-
phate synthetase, DHCR24: 24-dehydrocholesterol
reductase, DHCR?7: 7-dehydrocholesterol reductase,
LSS: lanosterol synthase, MVK: mevalonate kinase,
Sc4mol: sterol-C4-methyl oxidase-lik, SS: squalene
synthase, SCD-1: stearoyl-coenzyme A desaturase,
GPAT: glycerol-3-phosphate acyltransferase, SOCS-3:
suppressor of cytokine signaling-3, FXR: farnesoid X
receptor, CYP8BI: sterol 12-a-hydroxylase, XBP1-s: X
box-binding proteinl-s, SCARBI: scavenger receptor
class B type I, HFD: high-fat diet, ADP: adinopectin,
PUFA: polyunsaturated fatty acid, FNDC5: fibronec-
tin type III domain containing 5, CYP7A1: cholester-
ol 7a-hydroxylase, PTP-1B: protein tyrosine phospha-
tase 1B, JNK: phospho-c-Jun N-terminal kinase
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