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Jorge Gutiérrez-Cuevas, Daniel López-Cifuentes, Ana Sandoval-Rodriguez,
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Preface

Obesity and aging are two interrelated global health challenges that profoundly impact

metabolic function, quality of life, and long-term health outcomes. Traditional pharmacological

approaches for managing metabolic disorders and physiological aging have provided important

advances, yet issues of efficacy, adverse effects, and long-term sustainability persist. In recent years,

a growing body of scientific research has focused on the potential of natural products derived from

plants, herbs, and other biological sources to modulate key biological pathways involved in weight

regulation, metabolic health, and age-associated decline.

This Reprint brings together a curated collection of high-quality research and authoritative

reviews that examine the roles of natural compounds in counteracting obesity and slowing aspects of

the aging process. The assembled contributions span mechanistic studies, preclinical investigations,

and translational insights into how phytochemicals, antioxidants, botanicals, and bioactive extracts

influence metabolic balance, inflammation, oxidative stress, adipose tissue dynamics, and functional

resilience. Included work explores diverse subjects such as the impact of specific botanical extracts

on lipid metabolism and insulin sensitivity, modulation of gut microbiota, adipocyte biology and

thermogenesis, neuroprotective effects, and comprehensive analyses of bioactive compounds in the

management of complex metabolic diseases.

This Reprint reflects the current scientific dialogue on natural alternatives and adjuncts to

conventional interventions, emphasizing biological plausibility, molecular targets, and therapeutic

potential. By highlighting innovative research that bridges natural product chemistry, pharmacology,

and metabolic science, it aims to inform researchers, clinicians, and health professionals seeking

integrative strategies for improving metabolic health and promoting healthier aging.

Rosario Mare and Vincenzo Musolino

Guest Editors
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Zibibbo Grape Seeds’ Polyphenolic Profile: Effects on Bone
Turnover and Metabolism
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Abstract: Background: The consumption of seeds as food has become increasingly common due to
their numerous health benefits. Among these, the seeds of the Zibibbo grape from Pantelleria, a native
species of southern Italy, remain largely unexplored and are usually considered waste material from
viticulture. Nevertheless, Zibibbo grape seeds may offer health benefits, particularly for the elderly
and people with metabolic disorders, due to their potential content of beneficial compounds such as
polyphenols. Methods: The Zibibbo grape seeds extract (ZSE) was characterized using UV-visible
spectrophotometry and HPLC chromatography. The antioxidant activity of ZSE was measured by
different colorimetric assays and Electronic Paramagnetic Resonance (EPR). Additionally, specific
in vitro tests were conducted on human osteoblast cell lines (Saos-2 and MG63) aiming to evaluate
the ZSE’s effects on bone turnover and metabolism. Western blotting was used to assess the impact
on specific proteins and pathways related to bone health. Results: The ZSE contained almost ~3
mg/mL of carbohydrates and phenolic compounds, including rutin (~6.4 ppm) and hesperidin (~44.6
ppm). The extracts exhibited an antioxidant activity greater than 90% across all tests performed.
Moreover, the Zibibbo seed extracts exerted a significant proliferative effect on the Saos-2 cell human
osteoblast-like cell line, also modulating the phosphorylation of specific kinases involved in cell
health and metabolism. Conclusions: Zibibbo grape seeds are rich in phenolic compounds, especially
flavonoids with strong antioxidant and free radical scavenging properties. ZSE demonstrated benefi-
cial effects on bone metabolism and osteoblast proliferation, suggesting potential for counteracting
osteodegenerative conditions like osteoporosis. If confirmed through further studies, Zibibbo grape
seed phenolic compounds could serve as an adjunctive therapy for osteoporosis, helping to slow
aging and bone degeneration.

Keywords: grape seeds; polyphenols; flavonoids; osteoporosis; bone health

1. Introduction

Following the Mediterranean diet on a daily basis is commonly associated with differ-
ent benefits to health and pathological status [1]. Among vegetables and plant derivatives,
the consumption of fresh or dried seeds is becoming widespread because of the macro-
molecules they contain. In fact, seeds are usually considered a waste material from fruit

Pharmaceuticals 2024, 17, 1418. https://doi.org/10.3390/ph17111418 https://www.mdpi.com/journal/pharmaceuticals1
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processing procedures, but several studies have shown that they contain multiple beneficial
molecules such as vitamins, organic acids and polyphenolic compounds, including several
flavonoids, which could be useful in various pathological conditions [2]. In particular,
several beneficial effects have recently been associated with the consumption of grape
seeds and their derivatives, which have been shown to be advantageous in improving
gastrointestinal mobility [3], cardiovascular and metabolic diseases [4,5] and even in cancer
therapy [6]. Despite the growing interest in grape seeds, there is still a lack of comprehen-
sive studies on certain varieties of grapes, particularly regarding their biochemical diversity
and potential health applications. It is well known that the biochemical properties of grapes
can vary significantly depending on the botanical species and the climatic conditions [7].
This variability suggests the importance of investigating specific grape varieties to better
understand their unique compositions and potential health benefits.

Zibibbo grape is a peculiar grape species, cultivated in some Italian regions and pre-
dominant on Pantelleria island [8]. Despite the interest of the scientific community in grape
seeds, the Zibibbo grape was mostly, if not exclusively, studied for winemaking [9] or for
making raisins [10]. Therefore, the only studies available in the literature concern “passito”
wines and the microbiological characteristics of grapes for producing them [11]. As a result,
there is a significant gap in the literature regarding the potential health benefits of Zibibbo
seeds. In fact, within the literature there is a lack of information about their potential
nutritional or medical applications. However, recent scientific evidence demonstrates
that grape seeds are also rich in polyphenolic and antioxidant substances, which could
play a crucial role in various pathologies related to oxidative stress [12]. In addition, the
consumption of seeds has been shown to help mitigate osteodegenerative diseases such as
osteoporosis, a frequent condition that occurs in post-menopausal women and during the
physiological aging process [13].

This study aims to fill the gap in the literature about Zibibbo seeds by characterizing
their bioactive profile, focusing particularly on the polyphenolic compounds and antioxi-
dant properties they contain. Additionally, this study offers an evaluation of antioxidant
power using different analytical methods, finally investigating the biocompatibility and
safety of Zibibbo seed extracts (ZSEs) on osteoblast-like cell lines, with the goal of exploring
their potential benefits through in vitro models. By addressing this knowledge gap, we
aim to contribute to the understanding of the unique properties of Zibibbo grape seeds and
clarify their potential beneficial effects on bone tissues and the aging processes.

2. Results

2.1. Chemical Analyses

Purified ZSEs were analyzed using an UV-Vis spectrophotometer after being diluted
in a 1:200 ratio with the same hydro-alcoholic mixture used for the extraction. All ZSEs
showed a main and characteristic peak between 250 nm and 300 nm, with maximum
absorbance at λ~280 nm (Figure 1).

Zibibbo seeds extracts were characterized through different analytical approaches.
The results for the main macromolecules detected and quantified in the ZSEs are listed
and described in Table 1. In detail, according to the Bradford assay, the protein content
was ~0.69 ± 0.02 mg/mL, equivalent to that in bovine serum albumin (EBSA—Table 1).
The amounts of carbohydrates contained in the ZSEs were estimated using the sulfuric
acid–phenol assay and compared with a stock mixture containing glucose, sucrose and
fructose in equal ratio (conc. 6.25–75 ppm). The mean carbohydrates content in the ZSEs
was ~3.23 ± 0.49 mg/mL, equivalent to that in sucrose (SEq—Table 1).
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Figure 1. Spectrophotometric analyses of Zibibbo seed extracts (ZSEs) at wavelengths (λ) between
200 nm and 700 nm. Different colors refer to the analysis of different extractions.

A total phenolic content assay provided information about the presence of phenolic
compounds and tannin-like molecules in the ZSEs. The reaction with Folin–Ciocalteu’s
reagent allowed us to detect ~1.575 ± 0.19 mg/mL molecules, equivalent to gallic acid
(GAE—Table 1). The application of the sodium nitrite–aluminum chloride assay allowed
us to discriminate flavonoids. All samples demonstrated the peculiar and characteristic red
color of molecules with a catechinic structure. The spectrophotometric analyses showed a
content of ~2.05 ± 0.25 mg/mL, and mean flavonoids content was ~102 ± 12 mg for every
gram of seed powder investigated (Table 1).

Table 1. Chemical characterization of Zibibbo seeds extracts (ZSEa) using a UV-Vis spectrophotome-
ter.

Macromolecule Method Amount ± SD

Proteins Bradford Assay ~0.69 ± 0.02 mg/mL EBSA 1

Carbohydrates Phenol–Sulfuric Acid ~3.23 ± 0.49 mg/mL SEq 2

Phenolic Content Folin–Ciocâlteu Assay ~1.575 ± 0.19 mg/mL GAE 3

Flavonoids Nitrite–Aluminum Assay ~ 2.05 ± 0.25 mg/mL 4

1 EBSA = equivalent to bovine serum albumin; 2 SEq = equivalent to sucrose; 3 GAE = equivalent to gallic acid;
4 quantified using a flavonoids mixture calibration curve. Data are expressed as mean ± standard deviation (SD).

HPLC analyses confirmed the presence of flavonoids in the extracts and specifically
detected and quantified them as a function of the standard molecules available (Figure 2).
In detail, the injection peak, which is appreciable in all HPLC analyses, was detectable
after ~1 min retention. Rutin and hesperidin signals eluted, respectively, with an R.T.
of 7.5 min. and 12.5 min., with the latter having a concentration approximately seven
times higher than rutin. In fact, the mean concentrations of rutin and hesperidin in ZSE
were approximately ~6.4 ± 0.3 ppm and 44.6 ± 4.5 ppm (Figure 2). Moreover, The HPLC
analyses highlighted the presence of a large peak (R.T. ~17 min) attributable to another
polyphenolic substance, which is presumably a flavonoid but remains unknown. The
increase in absorbance detected after ~23 min is due to the increase in the organic phase in
the elution mixture, but it does not represent a peak (Figure 2).

The Zibibbo seed extracts showed strong antioxidant and free-radical scavenging
activities, regardless of the technique used (Figure 3). In detail, the interaction with the 2,2-
Diphenyl-1-picrylhydrazyl (DPPH) was expressed as percentage of free radicals inhibited
(%I). In this case, the ZSEs showed a percentage of antioxidant activity ~82 ± 3% in
comparison with a solution of L-ascorbic acid (5 mg/mL) enrolled as a positive control
(Figure 3A).

3
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The ABTS assay echoed the DPPH colorimetric assay’s results, but provided superior
data, finally confirming the ZSEs’ antioxidant activity of ~97 ± 1% I (Figure 3B). The use of
Electronic Paramagnetic Resonance (EPR) allowed us to assess the free radical scavenging
activity of ZSE. L-ascorbic acid (5 mg/mL solution) was also enrolled as positive control in
this test. The pure DPPH solution had a spectral area (a.u.) of S = 1754 ± 3. The mixture
obtained by adding ascorbic acid had a spectral area of S = 42 ± 2. However, the addition
of the Zibibbo seeds extract to the DPPH solution showed spectral area values (S) between
56 ± 3 and 93 ± 3, finally demonstrating an average free-radical scavenging activity of
95.75% (Figure 3C).

 

Figure 2. Chromatogram of Zibibbo seed extracts (ZSEs) analyzed by HPLC equipped with a 100
mm reverse-phase C18 column. Acquisition wavelength (λ) was set at 260 nm.

2.2. Effect of ZSE on Saos-2 Osteoblast In Vitro Model

We investigated the effects of Zibibbo seed polyphenols on Saos-2 osteoblast cells.
Specifically, changes in cell proliferation, ERK1/2 and AKT proteins phosphorylation
were examined, as well as the intracellular production of oxygen free radicals, aiming to
evaluate ZSEs’ influences on bone turnover and metabolism. After 24 h of incubation, the
ZSEs showed a statistically significant proliferative effect on a Saos-2 cell line at doses
between 5 and 40 μg/mL as well as at a dose of 0.31 μg/mL compared to the control
group (Figure 4A). In addition to this, in the Saos-2 cell line, the ZSEs showed a statistically
significant proliferative effect at doses greater than 1.25 μg/mL compared to the control
group treated with ethanol 70%, finally showing a dose-dependent proliferative effect
(Figure 4A).
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Figure 3. Antioxidant activity of Zibibbo seed extracts (ZSEs) analyzed by ABTS assay (A),
DPPH assay (B) and through Electronic Paramagnetic Resonance (EPR-C). CTR+ = positive control;
CTR− = negative control; DPPH = 2,2-Diphenyl-1-picrylhydrazyl; EXT = extract.

The effect of the ZSEs on ERK1/2 and AKT phosphorylation was assessed by treating
Saos-2 cells with a 10 nM dexamethasone medium containing the ZSEs in concentrations
between 2.5 μg/mL and 40 μg/mL (Figure 4B,C). The incubation with ZSEs increased
ERK1/2 phosphorylation in a dose-dependent manner compared to the untreated control
group (p = 0.0011; Figure 4B). In detail, treatment with the ZSEs resulted in a statistically
significant increase in p-ERK1/2 at doses of 10 μg/mL, 20 μg/mL (p < 0.001) and 40 μg/mL
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(p < 0.01) (Figure 4B). Additionally, on the same cell line, the incubation with ZSE also
increased AKT phosphorylation in a dose-dependent manner, compared to the untreated
control group (p < 0.0001), thus resulting in a statistically significant increase in AKT
phosphorylation at doses of 10 μg/mL (p < 0.05), 20 μg/mL and 40 μg/mL (p < 0.0001)
(Figure 4C).

Figure 4. Effect of ZSEs on Saos-2 osteoblast cells’ proliferation after 24 hours of treatment (A).
Variation in ERK1/2 and AKT protein phosphorylation level after 10 min treatment with ZSE ((B,C),
respectively). Cell proteins were analyzed by Western blotting using specific antibodies to detect
phosphorylated ERK and AKT, as well as for ß-actin. Evaluation of radical oxygen species released
by Saos-2 cells after 45 min treatment with ZSE, according to the ROS Assay Kit [AB113851] (D). Data
are expressed as mean of independent experiments (three at least) including distribution spots for
standard deviation. (* and Ψ p < 0.05; ** and ΨΨ p < 0.01; *** and ΨΨΨ p < 0.001; **** p < 0.0001).

Moreover, treatment with ZSEs was shown to significantly reduce the amount of
reactive oxygen species (ROS) released from cells regardless of the dose examined; finally,
a dose-dependent trend was also shown for this parameter (Figure 4D).

2.3. Effect of ZSE on MG63 Osteoblast In Vitro Model

Given that the MG63 cell line is an advantageous model for investigating the early
stages of osteoblastic differentiation, we used this cell line to test the ZSEs using same
conditions and dosages previously employed for the Saos-2 cells [14].

After 24 h of incubation with MG63 cells, treatment with 10 μg/mL of ZSE showed a
significant increase in cell viability compared to the control group and the ethanol-treated
control (Figure 5A, p < 0.05). On the contrary, the 40 μg/mL dose resulted in a significant
reduction in cell viability (Figure 5A, p < 0.05). Similarly, the evaluation of pERK1/2 protein
expression showed a reduction in the phosphorylated form of the protein at the 10 μg/mL
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dose, but did not reveal any significant changes at the other doses investigated. On the
contrary, treatment with the ZSEs increased AKT phosphorylation in a dose-dependent
manner, if compared to the untreated control group (Figure 5C, p < 0.0001). This resulted
in a statistically significant increase in protein phosphorylation at doses of 10 μg/mL and
40 μg/mL (p < 0.001) as well as treatment with 20 μg/mL (p < 0.01) (Figure 5C).

Figure 5. Effect of ZSEs on MG63 osteoblast cells’ proliferation after 24 treatment (A). Variation in
ERK1/2 and AKT protein phosphorylation level after 10 min treatment with ZSEs ((B,C), respectively).
Cell proteins were analyzed by Western blotting using specific antibodies to quantify phosphorylated
ERK and AKT, as well as for ß-actin. Evaluation of radical oxygen species released by MG63 cells after
45 min treatment with ZSEs, according to the ROS Assay Kit [AB113851] (D). Data are expressed as
mean of independent experiments (three at least) including distribution spots for standard deviation
(* and Ψ p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

Moreover, and similarly to the Saos-2 cells, treatments with ZSEs were able to signifi-
cantly reduce the number of reactive oxygen species (ROS) released from cells, regardless
of the doses examined, and a dose-dependent trend was also shown for this parameter.
(Figure 5D, p < 0.0001 in all cases).

3. Discussion

Adherence to the Mediterranean diet appears to be the most beneficial approach
to pursuing healthy aging. Most of the recognized benefits of the Mediterranean diet
are related to the naturally high contents of polyunsaturated fatty acids, vitamins and
polyphenolic compounds in the foods. In particular, polyphenols were demonstrated to
play a key role in promoting people’s health and the prevention of various diseases, such as
type 2 diabetes, cardiovascular diseases, obesity and even neurological pathologies. In fact,
polyphenols are known to be directly involved in glucose regulation and transportation, as
well as in the protection of β-cells from glucose toxicity [15,16]. They also exerted effects on
reducing platelet activation and reducing LDL cholesterol [17], on adipocyte oxidation [18]
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and on psychological and cognitive health, and there were cases in which the consumption
of coffee, tea and red wine resulted in a reduction in depressive symptoms and perceived
stress [19].

Seeds have long played crucial roles in human nutrition throughout history, but in
recent decades, they have captured the attention of the scientific community because of the
potential health benefits associated with their regular consumption. In particular, different
nutrients, fat-soluble bioactives and polyphenols have been abundantly found in seeds
collected from hemp [13], black cumin, chia, flax, perilla, pumpkin, quinoa and sesame,
thus conferring them different health benefits that are mainly related to their antioxidant
activity, good bioavailability and toxicological safety [20].

Although several research groups have analyzed grape seeds, most of them focused
on lipophilic molecules [21].

The Zibibbo seed extracts were analyzed unconditionally and regardless of all the
information in the literature concerning grape berries and juice. This approach was nec-
essary and justified by the qualitative and quantitative differences existing between the
molecules contained in leaves, fruits and seeds belonging to the same plant species [22].
These differences, in agreement with data described in the literature, did not facilitate the
use of a predictive approach regarding the molecules contained in the extract, especially
considering this is the first study about Zibibbo seeds available in the literature. The extrac-
tion procedure was effective in isolating the hydrophilic compounds present in the Zibibbo
seeds, with the extracts containing a substantial number of phenolic compounds besides a
small fraction of proteins and carbohydrates. Interestingly, the total carbohydrates content
was analogous to the overall phenolic content detected in the extract. This phenomenon
may be justified by the fact that most of the phenolic compounds in fruits and vegetables
are spontaneously conjugated to a glucidic molecule, particularly D-glucopyranose or
rutinose. In agreement with our hypothesis, several studies in the literature confirm that
phenolic compounds are predominantly in the glycosylated form [23].

The phenolic fraction was rich in flavonoids and gallic acid-like polyphenols, which
overall showed a remarkable antioxidant capacity and strong scavenging activity against
free radicals with all in vitro assay proposed in the study. This aligns with findings from the
current literature, supporting the notion that the antioxidant and free radical scavenging
effects can be attributed to the phenolic compounds, placing specific emphasis on the
flavonoids contained within the Zibibbo seed extract (ZSE) [24,25].

The use of the HPLC apparatus allowed the analytical discrimination and quantifi-
cation of rutin and hesperidin contained in the extracts. Interestingly, one of the phenolic
compounds contained in the extract was unidentified due to the absence of the reference
standard molecule. Nevertheless, the use of chromatography allowed us to gain more
detailed information about the analytical composition of the extract compared to the ex-
clusive use of spectrophotometric analyses, as frequently reported in the literature [26,27].
This represents an advantage of the data described in this study, given the concomitant
presence of colorimetric assays aimed at completing the chemical–physical characterization
of the extracts.

The chemical composition of the molecules found in the Zibibbo grape seeds is similar
to other grape species previously analyzed, and data available in the literature include
slight differences related to the diversity between plant species investigated as well as by
the differences in cultivation conditions [21,28].

The abundances of the compounds mentioned above in the extract contribute to its
efficacy in reducing oxidative stress and neutralizing free radicals, as substantiated by
established scientific knowledge [29]. The extracts we obtained from Zibibbo seeds, likely
because of their abundance in phenolic compounds, showed a sustained antioxidant effect
in vitro and proved to be effective in reducing the reactive oxygen species produced by
both the MG63 and Saos-2 cell lines. The oxidative phenomena and the production of
free radicals are involved in the aging process and in the onset and worsening of several
pathologies including osteoporosis; therefore, the flavonoids contained in Zibibbo seeds
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could help to contrast these pathological conditions. In support of our hypothesis, ZSE also
showed a proliferative effect on Saos-2 osteoblast-like cells and, partially on the MG63 cell
line. The difference observed in the cells’ proliferation could be due to the different stages
of differentiation in the cell lines. In fact, Saos-2 cells are a useful model for studying the
later stages of osteoblast differentiation in human cells, while MG63 cells correspond to the
early stages [30].

The trends observed in the cell viability tests are consistent with the results obtained for
the proteins and pathways we analyzed in both cell lines. In fact, phosphorylated ERK and
AKT are protein kinases playing a crucial role in promoting cells’ survival and proliferation,
also inducing the expression of genes involved in DNA replication and cell division. The
results obtained on early differentiated MG63 cells and those made by the osteoblast cell
line Saos-2, both suggest the effectiveness of ZSE in promoting bone turnover and opposing
to the onset of osteoporosis, a pathological condition typically characterized by a specific
reduction in osteoblastic cells in bone tissue [31,32]. The promising results obtained with
in vitro cellular models and the antioxidant power demonstrated in laboratory tests suggest
that the consumption of Zibibbo grape seeds may contribute to reducing osteodegenerative
processes and the onset of osteoporosis.

This study analyzes, for the first time, the effect of flavonoids contained in Zibibbo
grape seeds, finally suggesting their direct involvement in bone turnover. These represent
the major advantages and innovations of the results obtained, especially considering that
most of the studies in the literature are exclusively based on molecules contained in fruits
and pulp, such as anthocyanins [33,34].

4. Materials and Methods

4.1. Chemicals and Reagents

Dexamethasone (DEX) and Bradford reagent for protein quantification, as well as Folin–
Ciocalteu reagent, phenol, sodium carbonate, gallic acid, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), aluminum chloride, sodium nitrite and sodium hydroxide required for spec-
trophotometric assays, were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gibco
(Life technologies, Grand Island, NY, USA) provided Dulbecco Modified Eagle Medium
(DMEM) and McCoy’s 5A modified medium, fetal bovine serum (FBS), and trypsin-EDTA;
penicillin/streptomycin was purchased from Lonza (Basel, Switzerland). The cellular
ROS Assay Kit [AB113851] DCFDA/H2DCFDA was provided by Abcam (Abcam Limited,
Cambridge, UK). Methanol and all other solvents and reagents were of analytical grade
(Carlo Erba, Milan, Italy).

4.2. Seeds Supply, Processing and Extraction

The seeds were obtained from the Zibibbo grape variety, which was purchased from
company Agricultural Cooperative Capers Producers SOC. COOP. The company is located
in Pantelleria (TP) – Sicily, a volcanic island in the Strait of Sicily characterized by a
subtropical Mediterranean climate, with hot, dry and humid summers, as well as mild,
frost-free winters. The island benefits from constant sea breezes that moderate daytime
summer temperatures, resulting in a relatively stable thermal environment.

The Zibibbo berries were dried naturally by exposing them to sunlight and, once they
arrived in the laboratory, each grape was individually opened, and the seeds removed with
a scalpel and tweezers. The seeds were washed and dried to deprive them of the adherent
pulp, and finally stored in a −80 ◦C freezer until the next processing step. The grape
seeds were crushed manually in a mortar, using liquid nitrogen to ease the process and
avoid temperature increases due to friction. The powder thus obtained was subsequently
used for the extraction procedure, as previously described by Spigno et al., with slight
modifications [35]. In detail, the seed powder was incubated with a hydro-alcoholic
solution of ethanol and milliQ® water (Carlo Erba, Milan, Italy) in a 7:3 molar ratio. The
ratio between the seed powder and extractive medium was 1:50 weight/volume. The
mixture was incubated for 24 h under continuous stirring and a temperature set at 45 ◦C.
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The extract obtained was subsequently purified by two different centrifugation cycles.
The first cycle was performed using an Eppendorf 5810R centrifuge set at 2500 rpm and
18 ◦C for 5 min, while the second one had a duration of 8 min during which the sample was
centrifuged at 14,000× g by a ThermoFisher Scientific – Fresco 21 apparatus (ThermoFisher
Scientific, Rosano, MI, Italy), with the temperature set at 4 ◦C. Pellets were always disposed
of as waste material, while the supernatant was further characterized.

4.3. Chemical Analyses

Zibbibo seed extracts (ZSEs) were analyzed with ThermoScientific-Genesys 150®

(ThermoFisher Scientific, Rosano, MI, Italy) before being characterized. All analyses
were performed using quartz cuvettes. The instrument was set to scansion mode with
a wavelength (λ) range set between 200 nm and 700 nm. The hydro-alcoholic mixture
used for extraction procedure was also used as blank and diluent before analyses. ZSE
were characterized in terms of the content of proteins, carbohydrates and polyphenols as
previously described [13]. In addition to this, we also specifically determined flavonoids
contained in the extracts according to a method recently published in the literature [36].

The proteins contained in the ZSEs were quantified using the Bradford solution. In
detail, Bradford solution was mixed with milliQ® water in a 1:4 ratio. Then, 2 μL samples
were added to the mixture and the absorbance was read at λ = 595 nm. Bovine serum
albumin (BSA) with a fixed concentration was used as a standard reference.

The carbohydrate profile of the ZSE was assessed using the phenol-sulfuric acid
assay. Briefly, the phenol-sulfuric acid assay involves the incubation of 500 μL of sample
with 1.25 mL of concentrated sulfuric acid. After vortexing, 250 μL of an aqueous solution
containing phenols (5% w/v) was added to the sample. The obtained mixture was incubated
on ice for 20 min and was finally read using a UV-vis spectrophotometer set at λ = 490
nm. A properly diluted stock solution containing sucrose (conc. 6.25–75 ppm) was used as
reference standard.

The total content of polyphenolic molecules (TPC) with a tannin-like structure was
evaluated by incubating the sample for 5 min with Folin–Ciocalteu’s reagent in a 1:5 ratio.
Subsequently, a solution of sodium carbonate was added to the mixture and the absorbance
was read at λ = 760 nm. Gallic acid was used as reference standard molecule.

4.4. Evaluation of Antioxidant and Free Radicals Scavenging Activities

The ZSEs were also characterized in terms of antioxidant activity and free radicals
scavenging activity using three different approaches. The free radical scavenging activity
of the ZSEs was evaluated by incubating the sample with two free radicals, 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) and 2,2’-Azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS),
as previously described in the literature [37].

For the DPPH assay, 25 μL of sample were incubated in the dark for 30 min with
0.004% w/v radical solution and absorbance detected at λ = 517 nm.

Concerning the ABTS assay, a 2.45 mM solution of potassium persulfate was pre-
viously prepared and mixed with a 7 mM aqueous solution of ABTS, followed by an
incubation overnight protected from light, with the aim of producing the ABTS radicals.
The working solution was obtained by adding milli Q® water at a volume equal to 35 times
the ABTS radical mixture. Finally, an appropriately diluted ZSE was mixed with the
working solution in a 1:4 ratio and the absorbance was measured at 734 nm after 5 min in-
cubation. In both assays, the variation in radical concentration was detected and quantified
by a UV-Vis spectrophotometer, and the percentage of inhibition was calculated using the
following equation:

I (%) = [(A0 − A1)/A0] × 100

A0 = absorbance of negative control; A1 = absorbance of extracts/standards.
The scavenging activity of the ZSE against DPPH radicals was also evaluated through

Electronic Paramagnetic Resonance (EPR). The decrease in EPR signal intensity (spectral
area) represented the free radical scavenging activity of the extracts. The scavenging activity
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was finally expressed as the percentage of reduction in curve area ± standard deviation
(a.u. − S ± S.D.) Ascorbic acid was used as the reference molecule (5 mg/mL).

4.5. HPLC Analyses

The HPLC apparatus consisted of a ThermoFisher Scientific Vanquish System Base VC-
S01-A-02 equipped with a VC-P20-A-01 quaternary pump, a VC-A13-A-02 split sampler, a
VC-C10-A-03 column compartment and a VF-D40-A UV/VIS variable wavelength detector
(ThermoFisher Scientific, Rosano, MI, Italy). The Chromeleon® software version 7.2 was
used for data processing and was purchased from ThermoFisher Scientific (Rosano, MI,
Italy). The analytical column was an Acclaim® 120 reverse phase C18 (100 mm 4.6 mm),
with a 5 μm particle size. The mobile phase was a H3PO4 10 mM aqueous solution/ACN
with different ratios during the analysis. The column temperature was 30 ◦C and the
absorbance was acquired at wavelengths of 260 nm and 270 nm. Peak identification
was carried out through a comparison of the retention times with those obtained with
key molecules representing the main categories of flavonoids (Supplementary Materials).
In detail, rutin was used as a model flavanol bearing a catechol ring; hesperidin was
used as a flavanone containing a methoxy derivative; and naringin and apigenin were
recruited as flavones containing p-hydroxy-phenolic rings in CIS and TRANS positions,
respectively (Supplementary Materials). Suitable calibration curves (min conc. 15.625 ppm
and max conc. 250 ppm–r2 > 0.97 in all cases) were used for the identification of flavonoids
contained in samples. The samples (20 μL) were injected into HPLC apparatus with the
total acquisition time set at 25 min.

4.6. Cell Line and Culture Conditions

The Saos-2 and MG63 cell lines were obtained from ATCC (ATCC, Milan, Italy) and
were used in this study, respectively, as human osteoblast-like and fibroblast cells lines. Saos-
2 cells were maintained in McCoy’s 5A (Gibco, Carlsbad, CA, USA) supplemented with 15%
fetal bovine serum (Gibco, Carlsbad, CA, USA), while the MG63 cell lines were maintained
with DMEM 1×-high glucose (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (Gibco, Carlsbad, CA, USA). Both media were also supplemented with a
1% penicillin–streptomycin solution (PAA, Linz, Austria), to avoid bacteria proliferation.
Maintenance conditions were temperature set at 37 ◦C with 5% CO2. All cell cultures
were harvested using trypsinization and were subcultured twice a week, and both were
incubated with dexamethasone 10 nM (Sigma Aldrich, St. Louis, MO, USA), respectively,
for 48 and 24 h before treatments to obtain more differentiated cell lines.

4.7. Cell Viability Assay

To evaluate cell viability, Saos-2 and MG63 cells were seeded at a density of
1 × 104 cells/well in 96-well plates. Cells were treated in serum-free medium and in-
cubated with ZSEs at concentrations ranging from 0.15 to 40 μg/mL for 24 h. Cell viability
was determined using the 3-(4,5-dimethylthiazol-2- yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, 10 μL of MTT solution (5 mg/mL) was added to each well and
incubated at 37 ◦C for 2 h. The supernatants were then removed and replaced with 100 μL
of DMSO. The absorbance of the obtained solution was measured at a wavelength of 595
nm by a multiplate spectrophotometer (BioTek–800TS microplate reader, Agilent, Santa
Clara, CA, USA).

4.8. Western Blotting

To investigate the pathways involved in the bone remodeling process, Saos-2 and
MG63 cells were seeded at a density of 4 × 105 cells/well in p60 plates. Cultures were
starved with serum-free media for 4 h before treatments. Cells were treated in serum-free
medium and incubated with ZSEs at concentration ranging from 2.5 to 40 μg/mL for
10 min. Cells were lysed in Mammalian Protein Extraction Reagent (M-PER) (Pierce,
Thermo Fisher Scientific). The medium from the cell cultures was centrifuged using Ami-
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con Ultra Centrifugal Filters (Merck Millipore, Milano, Italy) to concentrate the extracellular
proteins. The total amount of proteins was quantified using the Bradford spectrophoto-
metric assay. A Western blot analysis of the proteins extracted from the cell lysates was
performed according to standard procedures. The following antibodies were used: rabbit
anti-p Extracellular Signal-regulated Kinase (ERK)1/2 (9101), and mouse anti-pAKT(3700),
by Cell Signaling Technology (Beverly, MA, USA); from Sigma Aldrich (St. Louis, MO,
USA); ß-actin by Abcam (Cambridge, UK).

4.9. Kit ROS DCFDA

The cellular ROS Assay Kit [AB113851] DCFDA/H2DCFDA was used as prescribed
by the supplier company. In detail, bone cells (2.5 × 104) were seed on a 96-wells plate and
allowed to attach overnight.

The culture media were removed, and cells were washed with 1x buffer provided.
Subsequently, cells were stained with DCFDA 25 μM in 1x buffer and incubated for 45 min
at 37 ◦C. Cells were washed again with the 1x buffer and 100 μL of the solution containing
the ZSEs was added to each well. After 45 min incubation at 37 ◦C, the 96-well plate were
analyzed using Gloomax Discover (Promega-Promega Italia Srl-Milano). In detail, each
well was exited at wavelength 475 nm and signals emitted between 500 and 550 nm were
captured. Background noise was subtracted from all signals obtained and the results were
expressed as the percentage variation in comparison with the control group.

4.10. Statistical Analysis

All data describe the average of three independent experiments and are expressed as
the mean including distribution spots for standard deviation or percentage in weight and
volume. Data concerning all physicochemical properties of the extracts were processed
using Microsoft® ExcelTM (Microsoft office 2016). HPLC and UV/VIS graphs were realized
with SigmaPlot 12.0 (Systat Software INC, 2011, Chicago, IL, USA). All data related to the
in vitro study were analyzed with the GraphPad Prism 5.0 software using a two-tailed
Student’s t-test for pairwise comparisons and an ANOVA test to compare the means among
three or more groups. Significant differences were assumed to be present at p < 0.05. The
* symbol was used to compare the data with control group, while Ψ describes statistical
significance versus the solvent used for the extracts (ethanol 70% v/v). In detail, we used
* and Ψ for p < 0.05; ** and Ψ Ψ for p < 0.01; *** and Ψ Ψ Ψ p < 0.001 and **** p < 0.0001.

5. Conclusions

Seeds are an important food source of biomolecules. Zibibbo grape seeds were shown
to contain a significant number of phenolic compounds, especially flavonoids, which have
strong antioxidant and free radical scavenging properties. Polyphenolic extracts from
Zibibbo grape seeds (ZSEs) have been shown to exert beneficial effects on bone metabolism
and promote osteoblast proliferation, thus probably helping to counteract and reduce
osteodegenerative diseases, such as osteoporosis. The consumption of Zibibbo grape seeds
could, therefore, help mitigate the aging process and delay osteodegenerative processes.
If confirmed by further analysis, the phenolic compounds in Zibibbo grape seeds could
represent a valid adjuvant therapy for treating osteoporosis.

6. Limitations of the Study

Despite the promising results achieved in this work, this study has some limitations.
First, the effects potentially deriving from lipophilic molecules usually contained in the
seeds were not evaluated. Additionally, more in-depth chemical analyses based on mass
spectrometry (LC/MS) could provide a more accurate profile of the extracts. Furthermore,
other foods rich in flavonoids, especially rutin and hesperidin, were not considered and
compared. Finally, other specific pathways involved in bone metabolism could be evaluated
to validate and strengthen the results of this study.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph17111418/s1, Figure S1: Chromatogram of standard flavonoids
(rutin, naringin, hesperidin and apigenin) with their molecular structures.
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Abstract: Bixin (C25H30O4; 394.51 g/mol) is the main apocarotenoid found in annatto seeds. It has a
25-carbon open chain structure with a methyl ester group and carboxylic acid. Bixin increases the
expression of antioxidant enzymes, which may be interesting for counteracting oxidative stress. This
study investigated whether bixin-rich annatto extract combined with metformin was able to improve
the disturbances observed in high-fat diet (HFD)-induced obesity in mice, with an emphasis on
markers of oxidative damage and antioxidant defenses. HFD-fed mice were treated for 8 weeks with
metformin (50 mg/kg) plus bixin-rich annatto extract (5.5 and 11 mg/kg). This study assessed glucose
tolerance, insulin sensitivity, lipid profile and paraoxonase 1 (PON-1) activity in plasma, fluorescent
AGEs (advanced glycation end products), TBARSs (thiobarbituric acid-reactive substances), and the
activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) in
the liver and kidneys. Treatment with bixin plus metformin decreased body weight gain, improved
insulin sensitivity, and decreased AGEs and TBARSs in the plasma, liver, and kidneys. Bixin plus
metformin increased the activities of PON-1, SOD, CAT, and GSH-Px. Bixin combined with metformin
improved the endogenous antioxidant defenses in the obese mice, showing that this combined therapy
may have the potential to contrast the metabolic complications resulting from oxidative stress.

Keywords: carotenoids; advanced glycation end products; glycoxidative stress; antioxidant enzymes;
natural bioactives

1. Introduction

Obesity and overweight are highly prevalent clinical conditions and act as risk factors
for the development of type 2 diabetes mellitus (T2DM). These conditions trigger cellular
processes responsible for the development of insulin resistance, culminating in chronic
hyperglycemia typical of DM [1]. On the other hand, chronic hyperglycemia contributes to
the establishment of glycoxidative stress, which is responsible for tissue damage, induced
by the glycation of macromolecules and the excessive production of advanced glycation
end products (AGEs) and reactive oxygen species (ROS) [2]. Therefore, the adoption of
therapeutic regimens that can reduce both glycemia and glycoxidative stress becomes
important, aiming to mitigate the complications of these metabolic diseases [3].

Metformin is the most used drug for the treatment of T2DM, as it acts efficiently in
glycemic control, mainly through the inhibition of hepatic gluconeogenesis [4]. However,
despite its good efficiency in controlling glycemia, metformin therapy can cause important
adverse effects, which are responsible for treatment abandonment in up to 10% of cases [5].
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Furthermore, the glycemic control achieved with the use of metformin is not able to
prevent the development of long-term complications of T2DM given its mechanisms
related to metabolic memory, which is defined as the persistence of complications caused
by hyperglycemia even after the achievement of glycemic control due to several detrimental
changes triggered by AGEs and ROS [6].

Bioactive compounds of natural origin become interesting in the search for comple-
mentary options to the traditional therapy for T2DM, as many of them have antioxidant
and antiglycation activities. Among these interesting natural bioactive compounds are
carotenoids. Carotenoids have a chemical structure that allows the accommodation of
unpaired electrons from radical species, which makes them potent antioxidants. Bixin
(C25H30O4; 394.51 g/mol) is the main apocarotenoid (70–80%) constituent of seeds from
annatto (Bixa orellana L.), which grows in tropical countries from Central and South America
to India, Indonesia, and East Africa. Annatto is widely used in popular cuisine as a condi-
ment. Bixin has a 25-carbon open chain structure with double bonds and contains a methyl
ester group and carboxylic acid. It is a carotenoid pigment with reddish-orange tonality.
Bixin and annatto extracts are known for their antioxidant properties and beneficial effects
on the prevention and treatment of various diseases [7,8]. Bixin can interact with important
transcription factors to promote effective cellular responses in controlling lipid metabolism
and combating oxidative stress, including peroxisome proliferator-activated receptor γ

(PPARγ) and nuclear factor erythroid 2-related factor 2 (NRF-2) [9,10].
It seems interesting to explore combined therapy strategies based on the use of a tra-

ditional antidiabetic drug (such as metformin) and a natural bioactive compound (such as
bixin), aiming to achieve responses related to glycemic control and mitigating the mech-
anisms associated with metabolic memory and glycoxidative stress. However, both met-
formin and bixin have low bioavailability [11,12], which makes it difficult to promote their
pharmacological effects in vivo. This situation can be overcome by incorporating bixin
into pharmaceutical delivery systems, including nanostructured lipid systems, which allow
greater interaction with the aqueous environment and biological membranes, increasing
absorption and reducing the need for high doses of drugs during oral administration [13,14].

The proposal of this study was to investigate the impacts of a bixin-rich annatto extract,
alone or co-administered with metformin and delivered in a nanostructured lipid system,
on physiometabolic parameters, glycoxidative stress biomarkers, and antioxidant defenses
in an in vivo model system of obesity and insulin resistance.

2. Results

2.1. Physiological and Biochemical Parameters

From the fifth week of the experiment, the mice fed an HFD showed a significant
increase in their body weight gain in comparison with the corresponding values of the
C group. From the 12th week, the HFD-fed mice belonging to the M, B1, B2, MB1, and
MB2 groups had low body weight gain in comparison with the mice from the H group
(Figure 1).

As expected, the H mice exhibited decreased food intake, accompanied by increased
energy intake. Treatments with bixin-rich annatto extract and metformin, alone or in
combination, were not able to promote changes in either the food or energy intake of the
HFD-fed mice until the end of the treatments (Figure 2).

There were significant increases in the weights of the epididymal white adipose tissues
of the H and V mice in relation to these corresponding values for the C mice. This finding,
together with the increase in body weight gain, indicates that the production of an in vivo
model system of obesity occurred in the mice fed an HFD. Treatments of the HFD-fed
mice with metformin or bixin-rich annatto extract (both doses), alone or in combination,
decreased the weights of their epididymal white adipose tissues in comparison with the
corresponding values for the H mice (Table 1). Treatments with metformin or 5.5 and
11 mg/kg bixin-rich annatto extract, alone or in combination, also decreased the weights of
their brown adipose tissues in comparison with the values from the C group (Table 1). The
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weights of the livers of the mice treated with metformin + 5.5 mg/kg bixin-rich extract also
decreased when compared with the values found in the mice from the H group (Table 1).

Figure 1. Body weight of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg
bixin-rich annatto extract. Evolution of body weight (A,B) and total weight gain from week 0 to
week 17 (C,D). Results are expressed as mean ± standard error. C: mice fed control diet; H: mice
fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg
metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and
treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with
11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg
bixin-rich extract. Differences between groups were considered significant at * p < 0.05, ** p < 0.01,
and *** p < 0.001. a, differences from C; b, differences from H.

Table 1. Weights of tissues (mg/mm of tibia) of HFD-fed mice treated for 8 weeks with metformin
and/or 5.5 and 11 mg/kg bixin-rich annatto extract.

Groups C H V M B1 B2 MB1 MB2

Liver 59.5 ± 1.0 64.1 ± 1.9 58.3 ± 2.2 57.4 ± 1.8 57.2 ± 1.6 57.5 ± 1.8 55.0 ± 1.8 b 57.9 ± 2.2

Kidneys 9.2 ± 0.6 10.4 ± 0.7 9.7 ± 0.7 9.1 ± 0.6 9.4 ± 0.8 9.7 ± 0.7 9.1 ± 0.4 6.7 ± 0.3

Heart 7.0 ± 0.2 7.4 ± 0.1 7.1 ± 0.2 7.1 ± 0.2 7.3 ± 0.2 7.1 ± 0.2 7.1 ± 0.2 7.1 ± 0.2

Muscles
(gastrocnemius) 8.1 ± 0.1 8.4 ± 0.2 8.1 ± 0.1 8.1 ± 0.1 8.1 ± 0.1 8.2 ± 0.1 8.1 ± 0.1 8.1 ± 0.1

WAT
(epididymal) 26.7 ± 1.5 66.4 ± 5.3 a 54.6 ± 3.8 a,b 41.2 ± 5.0 b 37.4 ± 2.9 b 43.3 ± 4.0 b 44.2 ± 4.8 a,b 42.1 ± 3.2 b

BAT
(interscapular) 4.1 ± 0.2 3.8 ± 0.3 3.5 ± 0.2 3.0 ± 0.2 a 2.9 ± 0.1 a 3.2 ± 0.2 a 3.2 ± 0.2 a 3.1 ± 0.2 a

Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and
treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with
5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich
extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with
50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at
p < 0.05. a, differences from C; b, differences from H.
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Figure 2. Food and energy intake of HFD-fed mice treated for 8 weeks with metformin and/or
5.5 and 11 mg/kg bixin-rich annatto extract. Food intake (A,C) and energy intake (B,D). Results are
expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD
and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed
HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg
metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich
extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract.
Differences between groups were considered significant at p < 0.05.

No significant differences were observed in the weights of the kidneys, hearts, or
gastrocnemius skeletal muscles between the experimental groups studied (Table 1).

The mice from the H and V groups had high plasma levels of total cholesterol and
high-density lipoprotein cholesterol (HDL-cholesterol) and low levels of triglycerides when
compared to the values found in the mice from the C group. The mice from the M, B1, B2,
MB1, and MB2 groups had low levels of triglycerides when compared to the mice from the
C group, without differences in comparison to the values found in the mice from the H and
V groups. The plasma levels of cholesterol were significantly decreased in the mice from
the M, B1, B2, MB1, and MB2 groups in comparison to the values of the H group, while
the HDL-cholesterol levels were decreased in the mice from the M, MB1, and MB2 groups
when compared to the corresponding values of the H group (Table 2).

Table 2. Plasma levels of biochemical markers in plasma of HFD-fed mice treated for 8 weeks with
metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract.

Groups C H V M B1 B2 MB1 MB2

Triglycerides
(mg/dL) 53.4 ± 7.1 41.3 ± 8.4 a 41.6 ± 5.5 a 38.6 ± 10.1 a 38.1 ± 8.0 a 39.8 ± 5.3 a 39.4 ± 10.5 a 39.5 ± 6.2 a

Total
Cholesterol

(mg/dL)
98.3 ± 3.3 135.6 ± 15.8 a 131.2 ± 19.4 a 107.3 ± 14.1 b 113.3 ± 9.6 b 112.3 ± 14.1 b 108.5 ± 8.7 b 116.0 ± 9.4 b
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Table 2. Cont.

Groups C H V M B1 B2 MB1 MB2

HDL-
Cholesterol

(mg/dL)
79.3 ± 2.5 108.3 ± 15.1 a 99.8 ± 7.5 a 89.7 ± 14.4 b 94.2 ± 2.8 94.0 ± 8.3 90.1 ± 6.6 b 90.8 ± 12.2 b

Creatinine
(mg/dL) 0.16 ± 0.003 0.15 ± 0.002 0.16 ± 0.004 0.15 ± 0.003 0.16 ± 0.011 0.16 ± 0.003 0.16 ± 0.003 0.15 ± 0.003

Uric Acid
(mg/dL) 0.4 ± 0.02 0.4 ± 0.02 0.3 ± 0.03 0.3 ± 0.03 0.4 ± 0.09 0.4 ± 0.04 0.4 ± 0.04 0.4 ± 0.07

Albumin
(g/dL) 2.1 ± 0.02 2.1 ± 0.03 2.1 ± 0.03 2.1 ± 0.04 2.1 ± 0.03 2.1 ± 0.02 2.1 ± 0.03 2.1 ± 0.03

ALT
(U/L) 24.8 ± 2.3 28.4 ± 4.4 27.3 ± 2.4 21.4 ± 2.4 24.4 ± 1.6 21.5 ± 3.1 24.1 ± 2.5 23.0 ± 4.0

Results are expressed as mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and
treated with vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with
5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich
extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with
50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered significant at
p < 0.05. a, differences from C; b, differences from H.

No changes were observed in the plasma levels of creatinine, uric acid, albumin, or
ALT among the groups (Table 2).

2.2. Glucose Tolerance and Insulin Sensitivity

In the oral glucose tolerance test (OGTT), 15 min after glucose overload, the mice from
the H and V groups had higher glycemic peaks than the values found in the mice from the
C group. After 120 min, the mice from the H and V groups continued to have elevated
glycemic values when compared to the corresponding values for the C group (Figure 3A,C).
Therefore, glucose intolerance occurred in the mice from the H and V groups (Figure 3B,D).

Figure 3. Glucose tolerance of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and
11 mg/kg bixin-rich annatto extract. Oral glucose tolerance test (OGTT) (A,C) and AUC of
OGTT (B,D). Results are expressed as mean ± standard error. AUC: area under the curve; C: mice
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fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD
and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich
extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2:
mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with
50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered
significant at ** p < 0.01 and *** p < 0.001. a, differences from C; b, differences from H; c, differences
from V.

The HFD-mice treated with metformin showed improvements in their glucose toler-
ance (Figure 3B,D). The mice from the M group exhibited low fasting glycemia, a minor
glycemic peak after the glucose overload, and low glycemia levels after 120 min in the
OGTT when compared to the corresponding values in the H and V groups (Figure 3A,C).
Treatment with the bixin-rich annatto extract, alone or in combination with metformin, did
not improve the glucose tolerance of the HFD-fed mice (Figure 3).

In the insulin tolerance test (ITT), after the administration of insulin, the mice from the
H and V groups showed high glycemia levels throughout the monitoring period in com-
parison with the corresponding values for the C mice (Figure 4A,C). This finding supports
the decreased insulin sensitivity in the mice from the H and V groups (Figure 3B,D).

Figure 4. Insulin sensitivity of HFD-fed mice treated for 8 weeks with metformin and/or 5.5 and
11 mg/kg bixin-rich annatto extract. Insulin tolerance test (ITT) (A,C) and AUC of ITT (B,D). Results
are expressed as mean ± standard error. AUC: area under the curve; C: mice fed control diet; H: mice
fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed HFD and treated with 50 mg/kg
metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and
treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract; B2: mice fed HFD and treated with
11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with 50 mg/kg metformin + 11 mg/kg
bixin-rich extract. Differences between groups were considered significant at * p < 0.05, ** p < 0.01,
and *** p < 0.001. a, differences from P; b, differences from H; c, differences from V.

Treatment with metformin or bixin-rich annatto extract (5.5 and 11 mg/kg) alone
was able to improve the insulin sensitivity in the HFD-fed mice (Figure 4). The combined

20



Pharmaceuticals 2024, 17, 1202

therapies between metformin and bixin-rich annatto extract, at both doses tested, improved
insulin sensitivity as efficiently as the treatments with the bioactives alone, which suggests
that the combined therapies maintained the beneficial effects of the isolated therapies on
the insulin sensitivity of the HFD-fed mice.

2.3. Biomarkers of Glycoxidative Stress and Antioxidant Defenses in Plasma

The mice from the H group showed significantly high plasma levels of fluorescent
AGEs (Figure 5A) and TBARSs (Figure 5B) when compared to the corresponding values for
the C group. The V group also had high plasma levels of AGEs (Figure 5A) and TBARSs
(Figure 5B) at similar values to those for the H group. Therefore, the establishment of
glycoxidative stress in the H and V groups occurred as a probable consequence of glucose
intolerance and chronic hyperglycemia.

Figure 5. Biomarkers of glycoxidative damage and antioxidant defenses in plasma of HFD-fed mice
treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Fluorescent
AGEs (A), TBARSs (B), and activity of PON-1 (C). Results are expressed as mean ± standard error.
C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with vehicle; M: mice fed
HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with 5.5 mg/kg bixin-rich
extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg bixin-rich extract;
B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed HFD and treated with
50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between groups were considered
significant at * p < 0.05, ** p < 0.01, and *** p < 0.001. a, differences from P; b, differences from H; c,
differences from V; d, differences from M; e, differences from B1.

There were significant decreases in the levels of fluorescent AGEs (Figure 5A) and
TBARSs (Figure 5B) in the plasma of the M, B1, MB1, B2, and MB2 mice when compared to
the corresponding values found in the H mice, without differences between treatments,
suggesting that metformin and 5.5 and 11 mg/kg bixin-rich annatto extract decreased
glycoxidative stress in the plasma of the HFD-fed mice.

The activity of the antioxidant enzyme paraoxonase-1 (PON-1) in the plasma of the H
and V mice was significantly lower than values found in the C mice (Figure 5C).

Treatment with the lower dose (5.5 mg/kg) of bixin-rich annatto extract was not able
to improve PON-1 activity. On the other hand, the HFD-fed mice treated with metformin
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or with bixin-rich annatto extract at the higher dose (11 mg/kg) recovered in their PON-1
activity, the levels of which were similar to those of the C group. About the combined
therapies, treatment with metformin + 11 mg/kg bixin-rich annatto extract increased PON-1
activity in a similar way to the isolated therapies. On the other hand, the increase in PON-1
activity observed in the HFD-fed mice treated with metformin + 5.5 mg/kg bixin-rich
annatto extract was higher than that based on the effects of bixin alone, suggesting that the
combined therapy had an additive effect on triggering endogenous antioxidant defenses
(Figure 5C).

2.4. Biomarkers of Glycoxidative Stress and Antioxidant Defenses in the Liver

The levels of fluorescent AGEs (Figure 6A) and TBARSs (Figure 6B) in the livers of the
HFD-fed mice from the H and V groups were higher than the values found in the C group.
In parallel, the activities of the antioxidant enzymes SOD (Figure 6C), CAT (Figure 6D),
and GSH-Px (Figure 6E) were decreased in the H and V mice. These findings support the
establishment of oxidative stress in the livers of mice fed an HFD.

Figure 6. Biomarkers of glycoxidative damage and antioxidant defenses in livers of HFD-fed mice
treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Fluorescent
AGEs (A), TBARSs (B), and activities of SOD (C), CAT (D), and GSH-Px (E). Results are expressed as
mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with
vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with
5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg
bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed
HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between
groups were considered significant at * p < 0.05, ** p < 0.01 and *** p < 0.001. a, differences from P; b,
differences from H; c, differences from V; d, differences from M; e, differences from B1; f, differences
from B2.

The treatments with metformin and bixin-rich annatto extract (5.5 and 11 mg/kg),
alone or in combination, significantly decreased the hepatic levels of AGEs (Figure 6A) and
TBARSs (Figure 6B) in comparison with the values found in the H and V mice. In addition,
the treatments with metformin and bixin-rich annatto extract at both doses, alone or in
combination, increased the activity of CAT in the livers of the HFD-fed mice (Figure 6D).
Conversely, when metformin and bixin-rich annatto extract (5.5 and 11 mg/kg) were admin-
istered alone, these bioactives did not improve the activities of SOD (Figure 6C) or GSH-Px
(Figure 6E). On the other hand, the HFD-fed mice treated with metformin + bixin-rich
annatto extract, at both doses, had notable increases in their activities of SOD (Figure 6C)
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and GSH-Px (Figure 6E), suggesting that the combined therapy had synergistic effects on
triggering endogenous antioxidant defenses in the livers of these HFD-fed mice.

2.5. Biomarkers of Glycoxidative Stress and Antioxidant Defenses in the Kidneys

As well as their plasma and livers, the onset of oxidative stress was also observed in
the kidneys of the HFD-fed mice. Increased levels of fluorescent AGEs (Figure 7A) and
TBARSs (Figure 7B) were found in the kidneys of the HFD-fed mice from the H and V
groups, whose values were higher than those in the C group. In addition, the activities
of the antioxidant enzymes SOD (Figure 7C) and CAT (Figure 7D) were decreased in the
kidneys of the H and V mice.

Figure 7. Biomarkers of glycoxidative damage and antioxidant defenses in kidneys of HFD-fed mice
treated for 8 weeks with metformin and/or 5.5 and 11 mg/kg bixin-rich annatto extract. Fluorescent
AGEs (A), TBARSs (B), and activities of SOD (C), CAT (D), and GSH-Px (E). Results are expressed as
mean ± standard error. C: mice fed control diet; H: mice fed HFD; V: mice fed HFD and treated with
vehicle; M: mice fed HFD and treated with 50 mg/kg metformin; B1: mice fed HFD and treated with
5.5 mg/kg bixin-rich extract; MB1: mice fed HFD and treated with 50 mg/kg metformin + 5.5 mg/kg
bixin-rich extract; B2: mice fed HFD and treated with 11 mg/kg bixin-rich extract; MB2: mice fed
HFD and treated with 50 mg/kg metformin + 11 mg/kg bixin-rich extract. Differences between
groups were considered significant at * p < 0.05, ** p < 0.01, and *** p < 0.001. a, differences from P; b,
differences from H; c, differences from V; d, differences from M.

The levels of AGEs (Figure 7A) and TBARSs (Figure 7B) were significantly decreased
in the kidneys of the mice treated with metformin and bixin-rich annatto extract (5.5 and
11 mg/kg), alone or in combination, when compared with the values found in the H and V
mice. However, it is interesting to note that metformin did not improve the activities of the
antioxidant enzymes SOD (Figure 7C), CAT (Figure 7D), or GSH-Px (Figure 7E).

Bixin-rich annatto extract, at both doses, alone or in combination with metformin,
caused significant increases in the activities of SOD (Figure 7C), CAT (Figure 7D), and
GSH-Px (Figure 7E) in the kidneys of the mice fed an HFD, whose effects were greater
than those of metformin and maintained the antioxidant responses of bixin-rich annatto
extract, which reinforces that the combined therapy had beneficial effects on triggering
their endogenous antioxidant defenses.

3. Discussion

The present study provides evidence regarding the effects of a therapeutic strategy
based on combining metformin and a bixin-rich annatto extract to combat metabolic
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disturbances. The main beneficial effects promoted by this combined therapy were the
following: (i) bixin-rich annatto extract + metformin had antiobesogenic effects; (ii) bixin-
rich annatto extract + metformin improved the insulin sensitivity of the HFD-fed mice;
and (iii) bixin-rich annatto extract + metformin had the ability to trigger their endogenous
antioxidant machinery.

The increase in the body weight gain and the accumulation of fat in the white adipose
tissues of the mice maintained on an HFD occurred as expected in this in vivo model
system of obesity. Before the beginning of the treatments (from week 1 to week 8), the
HFD-fed mice showed higher body weight values than the corresponding values in the
mice fed the control (C) diet, denoting the production of obesity. After the beginning of the
treatments with metformin or bixin-rich annatto extract at 5.5 and 11 mg/kg, alone or in
combination, the HFD-fed mice had decreases in their body weight gain when compared
to untreated the HFD-fed mice (the H group). Furthermore, metformin and/or bixin-
rich annatto extract partially prevented fat accumulation in their white adipose tissues.
Therefore, an antiobesogenic effect can be attributed to the treatments with metformin
and bixin-rich annatto extract, alone or in combination, without changes in food or energy
intake. Previously, a study by Gutierrez and Romero [15] observed that the treatment of
HFD-fed mice with bixin at doses of 5 and 10 mg/kg for 14 weeks also decreased their
body weight gain without decreasing their food intake.

The establishment of obesity favors an increase in the concentrations of free fatty
acids and circulating triglycerides, as well as hyperglycemia due to the development of
insulin resistance, which is related to lipotoxicity, occurring in animals with obesity [16,17].
These changes favor, at least in part, an increase in the levels of ROS in the intracellular
environment and subsequent mitochondrial dysfunction, with losses in β-oxidation and
increases in the production of fatty acid radicals in the mitochondrial matrix, leading
to events such as the uncoupling of electron transport chains, increased production of
superoxide radical anions, and the establishment of oxidative stress [18].

Excess free fatty acids in the cytoplasm serve as a source of precursors for the synthesis
of molecules such as diacylglycerol and ceramides, which participate in the development
of insulin resistance, culminating in the inhibition of the translocation of vesicles contain-
ing the glucose transporter type 4 (GLUT 4) to the plasma membrane of myocytes and
adipocytes, thus reducing glucose uptake and contributing to an increase in blood glucose
levels [19]. This process is directly related to the results of the OGTT and ITT assays, which
point to the establishment of glucose intolerance and insulin resistance, respectively, in the
mice from the H and V groups.

The mice from the H and V groups had increased fasting glycemia levels in relation to
the values of the mice fed the C diet. The mice fed an HFD and treated with metformin
and bixin-rich annatto extract, alone or combination, had better glycemic control when
compared to the mice from the H group. Therefore, there is favorable potential for these
treatments since metformin + bixin-rich annatto extract improved insulin sensitivity in the
animals with obesity.

Glucose intolerance and chronic hyperglycemia contribute to the onset of glycoxidative
stress, characterized by an exacerbation of the generation of AGEs in tissues where the
uptake of glucose occurs in a non-insulin-dependent manner, including the liver and
kidneys [20]. The antihyperglycemic effects of metformin and bixin-rich annatto extract
may have contributed to the decrease observed in the levels of fluorescent AGEs in the
livers and kidneys of the mice fed an HFD, where the effects of the treatments were most
evident. It is known that AGEs are capable of activating signaling pathways that culminate
in the activation of kinases such as IKKβ (inhibitory kappa B kinase beta) and JNK (c-Jun
N-terminal kinase), both related to the inhibitory phosphorylation of IRS-1 (insulin receptor
substrate 1), leading to reduced insulin sensitivity. Apocarotenoids, including bixin, are
capable of inhibiting the signaling pathways that activate IKKβ and JNK, contributing
to the restoration of insulin sensitivity, which may be related to improvements in insulin
sensitivity [21,22]. On the other hand, there are studies showing that the antihyperglycemic
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activity of bixin may be associated with its ability to reduce carbohydrate absorption via the
inhibition of the enzymes α-glucosidase and α-amylase [15]. Additionally, the possibility
that bixin may have improved the pancreatic function in the mice fed an HFD cannot be
ruled out. Although there are no studies on the effects of bixin or other carotenoids acting
as inhibitors of dipeptidyl peptidase-4 (DPP-4), there is growing evidence on bioactives
from natural sources having antidiabetic activity via DPP-4 inhibition [23,24]. Furthermore,
there is great encouragement of studies on bioactives of a natural origin that act as DPP-4
inhibitors since they possess significant antioxidant properties and their use may be an
effective strategy for overcoming oxidative stress in pancreatic β-cells and other important
tissues, in parallel to treating diabetes [25]. In this sense, considering the promising results
of this study regarding the significant potential of bixin to trigger endogenous antioxidant
defenses, this set of information greatly encourages future studies on the mechanism of the
antihyperglycemic activity of bixin and its relation to the inhibition of DPP-4.

Metformin has low bioavailability, reaching an absorption rate between 40 and 60%
of the administered dose (peak plasma concentration). This is explained by metformin
being in its protonated form at a physiological pH, which makes it difficult for it to
diffuse through biological membranes. In this context, metformin depends on membrane
transporters to enter cells and promote its pharmacological effects [26]. Thus, it is necessary
to administer high doses of metformin, and consequently, this increases the chances of
adverse effects occurring. The use of a nanostructured lipid system makes it possible
to overcome the problem of the low bioavailability of metformin since encapsulation
allows greater absorption of the metformin carried in the structure of the vesicles that
form the nanostructured system [27]. It can be assumed that once it is incorporated into a
nanoemulsion, metformin does not primarily require the process to be mediated by the
transporters present in enterocytes to access the cellular environment. Consequently, a low
dose of metformin would be required to obtain its therapeutic effect.

The mice fed an HFD and treated with metformin showed low fasting glycemia
values, improvements in their glucose tolerance, and increased insulin sensitivity when
treated with a dose of 50 mg/kg of the drug, a lower dose than those used in studies with
the same in vivo model system of obesity but without the use of a nanostructured lipid
system [28,29].

A nanostructured lipid system can also be used to deliver bixin due to this system’s
ability to increase the absorption of this apocarotenoid, also carried in the micelle’s structure
and integrated into the lipid portion of the vesicle. Due to the amphipathic nature of
the nanostructured lipid system, the interaction of bixin with the aqueous medium can
be facilitated, increasing its absorption [30,31]. This conformation allows more efficient
delivery of bixin, enabling its more evident antioxidant potential in the plasma, liver, and
kidneys, as well as promoting improvements in insulin sensitivity.

After offering an HFD for 17 weeks, increases in the plasma levels of total choles-
terol and HDL-cholesterol and a decrease in the levels of triglycerides were observed,
reproducing previous findings of our laboratory [32]. This decrease in the plasma levels
of triglycerides may be related to an increase in the tissue’s accumulation of this lipid
promoted by the onset of obesity, observed mainly in the increases in the weight of the
white adipose tissues of the animals maintained on the HFD.

The enzyme PON-1 is associated with HDL in plasma, and its activity is related to the
protection of this lipoprotein and others, including low-density lipoprotein (LDL), from
oxidation [33]. The PON-1 activity was significantly decreased in the plasma of the H and
V mice. It is known that in a scenario of hyperglycemia, a decrease in PON-1 activity may
be related to the occurrence of the glycation of this enzyme [34,35], which may explain, at
least in part, the low PON-1 activity in the plasma of the mice from the H and V groups. In
a previous study from our laboratory, we observed that treatment with 5.5 mg/kg of bixin-
rich annatto extract for 50 days was also able to increase the PON-1 activity in the plasma
of streptozotocin-induced diabetic rats. [36]. The increased PON-1 activities in the plasma
of the HFD-fed mice treated with metformin, bixin-rich annatto extract at the highest dose,
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and combinations of metformin + bixin-rich annatto extract (the MB1 and MB2 groups)
may be related to improvements observed in their glycemic control, culminating in less
glycation of this enzyme [37].

The enzymes analyzed in this study are part of the first-line antioxidant defenses. Su-
peroxide dismutase (SOD) is the first enzyme in ROS detoxification and the most powerful
antioxidant enzyme in the cellular environment. Its activity consists of the dismutation of
two superoxide radical anion molecules into hydrogen peroxide and molecular oxygen,
thus reducing the damage potential of this reactive species. Catalase (CAT) acts on hydro-
gen peroxide molecules, reducing them into water and molecular oxygen and using iron
and manganese ions as cofactors. The enzyme glutathione peroxidase (GSH-Px) acts on
hydrogen peroxide, reducing it into water, but also catalyzes the reduction of lipoperoxides
into their corresponding alcohols, mainly in the mitochondria [38,39].

Carotenoids and apocarotenoids, including bixin, are involved in the modulating
pathways that activate NRF-2, a transcription factor that acts as a positive regulator of
responses to oxidative stress [40]. Therefore, when activating NRF-2, there may be an
increase in the expression of these first-line antioxidant enzymes [40,41], which may explain
the results found in this study for the three antioxidant enzymes analyzed in the livers
and kidneys of the HFD-fed mice treated with bixin-rich annatto extract. Previously, Assis
and collaborators [36] also found increases in the activities of SOD and CAT in the livers of
streptozotocin-induced diabetic rats treated with 5.5 mg/kg of bixin-rich annatto extract
for 50 days.

With increases in the activities of antioxidant enzymes in the mice fed an HFD and
treated with metformin or bixin-rich annatto extract, a decrease in the oxidative stress
induced by obesity is expected. This was observed in the analysis of their TBARS levels.
The animals treated with metformin or bixin-rich annatto extract, alone or in combination,
showed significant decreases in the levels of TBARSs in their livers and kidneys. A similar
result was found by Ma et al. [9], with a reduction in the levels of malondialdehyde, a
biomarker of lipoperoxidation, and an increase in the activities of antioxidant enzymes
in the kidneys of the mice through a mechanism dependent on NRF-2 activation in a
CCl4-induced kidney inflammation model. Bixin and other carotenoids have important
mechanisms of action in regulating inflammatory responses, modulating NF-kB activity
and adipocyte differentiation. Carotenoids are involved in the activation of important com-
ponents, including PPARγ, which is related to the activation of lipogenesis pathways [42].
The activation of PPARγ is fundamental to the differentiation of adipocytes, increasing the
hydrolysis rates of the triglycerides present in lipoproteins via the activation of lipoprotein
lipase; concomitantly, PPARγ promotes an increase in the transcription of genes involved
in the uptake of fatty acids, including the fatty acid transport protein (FATP) and the fatty
acid translocase (FAT/CD36) [43].

The activation of PPARγ can lead to a recovery in the lipid storage capacity of the
adipose tissues via preservation of adipocytic function, contributing to increased insulin
sensitivity [44]. In addition, the present study showed the antiobesogenic potential of both
metformin and bixin-rich annatto extract, whether administered alone or in combination. In
parallel, these treatments caused improvements in insulin sensitivity. These improvements
may be related, at least in part, to the effects of bixin on PPARγ activation in the white
adipose tissues. Since bixin is capable of activating PPARγ, its beneficial effects related
to antiobesogenic potential and insulin sensitivity restoration may be a consequence of
improvements in adipocyte function in a pathway that is not dependent on the dose
administered to the animals.

4. Materials and Methods

4.1. Preparation of the Nanostructured Lipid System

The nanostructured lipid system had the following composition: oil phase: sunflower
oil (5%); surfactant mixture: Brij O20/soy phosphatidylcholine—2:1 (10%); and aqueous
phase: phosphate buffer (pH of 7.4) (85%). Bixin-rich annatto extract and metformin, alone
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or in combination, were incorporated into the oil phase and the surfactant mixture. Next,
the aqueous phase was added, and the mixtures were sonicated with a rod sonicator (Q500
of QSonica®®, Newtown, CT, USA) in an ice bath (25 min at 30 s intervals every minute).
The formulations containing the bioactives were centrifuged (11,180× g for 15 min) [45].

The formulations based on the nanostructured lipid system contained 1.1 or 2.2 mg/mL
bixin-rich annatto extract and/or 10 mg/mL metformin, allowing them to reach final doses
of 5.5 or 11 mg/kg bixin-rich annatto extract and/or 50 mg/kg metformin, respectively,
alone or in combination.

4.2. Animal Model—Induction of Obesity/Insulin Resistance and Experiment Conclusion

C57BL-6J male mice with body weight values of 21 ± 0.17 g (4 weeks old) were
obtained from Anilab (Animais de Laboratório, Criação e Comércio LTDA, Paulínia, Brazil).
The mice were housed in polypropylene cages (two animals per cage) and maintained under
a light/dark cycle (12 h) and controlled conditions of humidity (55 ± 5%) and temperature
(23 ± 1 ◦C) at the Bioterium of the Department of Clinical Analysis (FCF/UNESP). During
the acclimation period (2 weeks), a standard chow diet (Presence Nutrição Animal, Paulínia,
São Paulo, Brazil) and water were offered to the mice ad libitum. Next, the mice were fed
with a control diet (C; 3.85 kcal/g; 4% lipids) or with a high-fat diet (HFD; 5.40 kcal/g;
35% lipids) (Pragsoluções Biociências Serviços e Comércio Ltd., Jaú, Brazil) (Table S1
in the Supplementary Materials). The HFD enabled the development of obesity and
insulin resistance.

The mice were divided into eight groups (n = 12 per group; total of 96 mice): the C
group (non-obese mice fed a C diet), the H group (obese, HFD-fed mice), the V group
(HFD-fed mice treated with a vehicle—the nanostructured lipid system), the M group
(HFD-fed mice treated with 50 mg/kg metformin), the B1 group (HFD-fed mice treated
with 5.5 mg/kg bixin-rich annatto extract), the MB1 group (HFD-fed mice treated with 50
mg/kg metformin + 5.5 mg/kg bixin-rich annatto extract), the B2 group (HFD-fed mice
treated with 11 mg/kg bixin-rich annatto extract), and the MB2 group (HFD-fed mice
treated with 50 mg/kg metformin + 11 mg/kg bixin-rich annatto extract). To allocate the
animals into the experimental groups, stratified randomization was used. In addition,
standardization of the median body weight values across the groups was applied to
composing the experimental groups containing the HFD-fed mice. The inclusion criteria
for the groups containing the HFD-fed mice were the animals having body weight values
of approximately 30 g before the beginning of the treatments. The exclusion criteria for
groups containing the HFD-fed mice were low body weight gain values.

All the treatments were administered orogastrically (gavage). Annato extract powder
rich in bixin (Bixa orellana L., 60% bixin, Lichnoflora Pesquisa e Desenvolvimento em Produ-
tos Naturais Ltd., Ribeirão Preto, Brazil) and metformin (99.56% metformin hydrochloride,
Abhilash Chemicals and Pharmaceuticals, Madurai, India) were incorporated into a nanos-
tructured lipid system. The doses of bixin-rich annatto extract (5.5 and 11 mg/kg) were
chosen based on our previous study [36], and the dose of metformin (50 mg/kg) was based
on studies performed in mice under experimental models of obesity/insulin resistance and
treated with metformin [28,29], and we reduced the dose of the drug since it was adminis-
tered in a nanostructured lipid system. The experiment was performed for 17 weeks; the
mice were treated for the last 8 weeks via daily gavage (5 μL/g animal) between 08:00 and
09:00 h from the 9th to the 17th weeks. The mice from the V group received the vehicle
(the nanostructured lipid system without metformin or bixin-rich annatto extract) via daily
gavage (5 μL/g animal). Finally, to mimic the oral treatments, the mice from the C and H
groups received water by gavage.

Their body weight and food intake were monitored weekly throughout the exper-
imental period. By multiplying their food intake values (g) by the energy values (kcal)
provided for the diets, the energy intake values were obtained. The oral glucose tolerance
test (OGTT) was performed at week 15 (which corresponded to 6 weeks of treatments). In
12 h-fasted mice, the OGTT was performed at 11:00 a.m. after gavage with 1 g/kg glucose
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(glucose overload). Their glycemia levels were monitored before (0 min) and after (15, 30,
60, 90, and 120 min) the glucose overload. A drop of peripheral blood was obtained from
the mice’s tails to determine their glycemia levels, which were measured by a glucometer
(Abbott Diabetes Care Ltd., São Paulo, Brazil) [46]. The insulin tolerance test (ITT) was
performed at week 16 (which corresponded to 7 weeks of treatments). In 2 h-fasted mice,
the ITT was performed at 01:00 p.m. with an intraperitoneal injection of insulin (0.4 UI/kg).
Their glycemia levels were monitored before (0 min) and after (15, 30, 45, and 60 min) the
administration of insulin [46].

At week 17 (which corresponded to 8 weeks of treatments), the mice were fasted for
6 h and anesthetized by intraperitoneal administration of xylazine–ketamine (16 mg/kg
xylazine–90 mg/kg ketamine). Next, the mice were euthanized by exsanguination via
cardiac puncture under anesthesia, and blood samples were collected into heparinized
tubes and then centrifuged (700× g for 10 min at 25 ◦C) to obtain plasma samples. Their
livers, kidneys, hearts, gastrocnemius skeletal muscles, epididymal white adipose tissues,
and interscapular brown adipose tissues were removed, weighed, snap-frozen in liquid
nitrogen, and frozen (−80 ◦C).

All the experimental procedures were previously approved by the Committee for
Ethics in Animal Experimentation at the School of Pharmaceutical Sciences, UNESP
(CEUA/FCF/CAr no 19/2019).

4.3. Analysis of Plasma Biochemical Markers

Their plasma levels of glucose, total cholesterol, high-density lipoprotein choles-
terol (HDL-cholesterol), triglycerides, albumin, alanine aminotransferase (ALT), creati-
nine, and uric acid were measured using commercial kits (Labtest Diagnostica SA, Lagoa
Santa, Brazil).

4.4. Analysis of Glycoxidative Stress Biomarkers

In the plasma and livers, fluorescent AGEs were measured using 1.2 M chloroform,
0.12 M trichloroacetic acid, and 0.1 M sodium hydroxide (plasma) or 2.4 M chloroform
(liver homogenates) [47]. In the kidney homogenates, fluorescent AGEs were measured
using 0.1 M sodium hydroxide [48]. Next, the tubes containing these samples were vigor-
ously shaken, and then the tubes were maintained at 10 ± 2 ◦C for 30 min, followed by
centrifugation (10,000× g for 10 min at 10 ◦C). Tissue supernatants were used to measure
the fluorescence intensity relative to the AGEs, with excitation and emission wavelengths
of 370 nm and 440 nm, respectively, in a microplate multi-mode reader with the split set
at 16 nm (Synergy H1TM, BioTek Instruments Inc., Winooski, VT, USA). The results were
expressed as arbitrary units (AU) of fluorescence per milligram of protein.

Deproteinized tissue samples (plasma, livers, and kidneys) were used to determine
the lipid peroxidation products via a thiobarbituric acid (TBA) assay [49]. The thiobar-
bituric acid-reactive substances (TBARSs), including malondialdehyde, were measured
via spectrofluorescence (with excitation and emission wavelengths of 510 nm and 553 nm,
respectively) in the plasma and via spectrophotometry (535 nm) in the livers and kid-
neys. The results were expressed in terms of μmol/L (plasma) and μmol/g tissue (livers
and kidneys).

4.5. Analysis of Endogenous Antioxidant Defenses

The livers and kidneys were used to determine the activities of superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px), and the plasma samples
were used to determine the activity of paraoxonase 1 (PON-1), according to standard-
ized methods.

Sample preparations: The livers and kidneys (0.1 g) were prepared in 1 mL sodium
phosphate buffer (10 mmol/L, pH 7.4) at 4 ◦C. The homogenates were then centrifuged at
10,000× g for 10 min at 4 ◦C. The activities of SOD, CAT, and GSH-Px were measured in
the liver and kidney supernatants.
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The SOD activity was measured by monitoring the inhibition of the reduction of nitrob-
lue tetrazolium (NBT). Xanthine oxidase catalyzes xanthine’s oxidation, and superoxide
anion radical (O2

•−) molecules are produced, which reduce NBT into a formazan. The
SOD present in the sample catalyzes the dismutation of O2

•−, inhibiting the reduction of
NBT, which is monitored at 550 nm. The results were expressed in terms of U/mg protein.
One SOD unit is defined as the amount of the enzyme required to inhibit the rate of NBT
reduction by 50% [50].

The CAT activity was monitored by the consumption of hydrogen peroxide (H2O2)
at 230 nm. The results were expressed in terms of μmol of H2O2 consumed/min/mg
protein [51].

The GSH-Px activity was determined by monitoring the oxidation of the reduced
form of nicotinamide adenine dinucleotide phosphate (NADPH) into NADP+. GSH-Px
catalyzes the oxidation of the reduced form of glutathione (GSH) in the presence of H2O2.
Glutathione in its oxidized form (GSSG) is reduced into GSH by glutathione reductase
(GSH-Rd), with the concomitant oxidation of NADPH into NADP+, monitored at 340 nm.
The results were expressed in terms of μmol of NADPH oxidized/min/mg protein [52].

The activity of PON-1 in the plasma was measured by monitoring p-nitrophenol at
405 nm, which is released after paraoxon’s hydrolysis by PON-1 [36]. The results were
expressed in terms of U/mg HDL-cholesterol (unit = μmoL paraoxon hydrolyzed/min).

The protein levels in the tissue samples were determined according to Lowry et al. [53]
to correct the results for SOD, CAT, GSH-Px, and fluorescent AGEs.

4.6. Statistical Analysis

The data are expressed as mean ± standard error of mean (SEM). To compare the
intergroup differences, one-way analysis of variance followed by the Student–Newman–
Keuls test was used. To compare the intragroup changes in the body weight values relative
to week 0, a paired Student’s t-test was used. The data were considered statistically different
at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Statistical analyses were performed using
GraphPad Prism 6.01 (GraphPad Software, San Diego, CA, USA).

5. Conclusions

Combining current medicines with bioactives of a natural origin might be an interest-
ing therapeutic strategy to attenuate or even prevent the complications occurring in obesity
and diabetes mellitus. In this regard, the present study showed that metformin combined
with bixin-rich annatto extract had antiobesogenic effects and decreased the cholesterol
levels and improved the insulin sensitivity in mice fed a high-fat diet, which represents the
maintenance of metformin’s effects and bixin’s effects when they are administered alone.
In addition, metformin + bixin-rich annatto extract triggered cytoprotective mechanisms
that counteracted the harmful impacts of oxidative stress by increasing their endogenous
antioxidant defenses. To the best of our knowledge, by targeting not only obesity, hyper-
glycemia, and insulin resistance but also hypercholesterolemia and oxidative stress, this
study provides the first evidence of a therapeutic strategy based on the combination of
bixin and metformin for combating the complications of metabolic disturbances resulting
from oxidative stress.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ph17091202/s1. Table S1: Compositions of control diet (C) and
high-fat diet (HFD).
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AGEs: advanced glycation end products; ALT: alanine aminotransferase; AUC: area under the
curve; B1: mice fed an HFD and treated with 5.5 mg/kg bixin-rich annatto extract; B2: mice fed an
HFD and treated with 11 mg/kg bixin-rich annatto extract; C: control diet or mice fed the control
diet; CAT: catalase; DM: diabetes mellitus; DPP-4: dipeptidyl peptidase-4; FAT/CD36: fatty acid
translocase; FATP: fatty acid transport protein; GLUT 4: glucose transporter type 4; GSH: glutathione,
reduced form; GSH-Px: glutathione peroxidase; GSH-Rd: glutathione reductase; GSSG: glutathione,
oxidized form; H: mice fed a high-fat diet; H2O2: hydrogen peroxide; HDL: high-density lipoprotein;
HFD: high-fat diet; IKKβ: inhibitory kappa B kinase beta; ITT: insulin tolerance test; IRS-1: insulin
receptor substrate 1; JNK: c-Jun N-terminal kinase; LDL: low-density lipoprotein; M: mice fed an
HFD and treated with 50 mg/kg metformin; MB1: mice fed an HFD and treated with 50 mg/kg
metformin + 5.5 mg/kg bixin-rich annatto extract; MB2: mice fed an HFD and treated with 50 mg/kg
metformin + 11 mg/kg bixin-rich annatto extract; NADP+: nicotinamide adenine dinucleotide phos-
phate, oxidized form; NADPH: nicotinamide adenine dinucleotide phosphate, reduced form; NBT:
nitroblue tetrazolium; NRF-2: nuclear factor erythroid 2-related factor 2; O2

•−: superoxide anion
radical; OGTT: oral glucose tolerance test; PON-1: paraoxonase 1; PPARγ: peroxisome proliferator-
activated receptor gamma; ROS: reactive oxygen species; SOD: superoxide dismutase; T2DM: type 2
diabetes mellitus; TBA: thiobarbituric acid; TBARS: thiobarbituric acid reactive substance; V: mice
fed an HFD and treated with the vehicle.
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4. Adak, T.; Samadi, A.; Ünal, A.Z.; Sabuncuoğlu, S. A Reappraisal on Metformin. Regul. Toxicol. Pharmacol. 2018, 92, 324–332.
[CrossRef]

5. Nasri, H.; Rafieian-Kopaei, M. Metformin: Current knowledge. J. Res. Med. Sci. 2014, 19, 658–664, Erratum in: J. Res. Med. Sci.
2024, 29, 6. [CrossRef]

6. Testa, R.; Bonfigli, A.R.; Prattichizzo, F.; La Sala, L.; De Nigris, V.; Ceriello, A. The “Metabolic Memory” Theory and the Early
Treatment of Hyperglycemia in Prevention of Diabetic Complications. Nutrients 2017, 9, 437. [CrossRef]

7. Enayati, A.; Assadpour, E.; Jafari, S.M. Bixin—Properties and Applications. In Handbook of Food Bioactive Ingredients; Jafari, S.M.,
Rashidinejad, A., Simal-Gandara, J., Eds.; Springer: Cham, Switzerland, 2023. [CrossRef]

8. Vilar, D.A.; Vilar, M.S.; de Lima e Moura, T.F.; Raffin, F.N.; de Oliveira, M.R.; Franco, C.F.; de Athayde-Filho, P.F.; Diniz, M.F.;
Barbosa-Filho, J.M. Traditional uses, chemical constituents, and biological activities of Bixa orellana L.: A review. Sci. World J. 2014,
2014, 857292. [CrossRef]

30



Pharmaceuticals 2024, 17, 1202

9. Ma, J.Q.; Zhang, Y.J.; Tian, Z.K.; Liu, C.M. Bixin Attenuates Carbon Tetrachloride Induced Oxidative Stress, Inflammation and
Fibrosis in Kidney by Regulating the Nrf2/TLR4/MyD88 and PPAR-γ/TGF-B1/Smad3 Pathway. Int. Immunopharmacol. 2021,
90, 107117. [CrossRef]

10. Roohbakhsh, A.; Karimi, G.; Iranshahi, M. Carotenoids in the Treatment of Diabetes Mellitus and Its Complications: A Mechanistic
Review. Biomed. Pharmacother. 2017, 91, 31–42. [CrossRef]

11. Foretz, M.; Guigas, B.; Viollet, B. Metformin: Update on mechanisms of action and repurposing potential. Nat. Rev. Endocrinol.
2023, 19, 460–476. [CrossRef]

12. Shahid-ul-Islam; Rather, L.J.; Mohammad, F. Phytochemistry, Biological Activities and Potential of Annatto in Natural Colorant
Production for Industrial Applications—A Review. J. Adv. Res. 2016, 7, 499–514. [CrossRef]

13. Dima, C.; Assadpour, E.; Dima, S.; Jafari, S.M. Bioactive-Loaded Nanocarriers for Functional Foods: From Designing to
Bioavailability. Curr. Opin. Food Sci. 2020, 33, 21–29. [CrossRef]

14. Salvi, V.R.; Pawar, P. Nanostructured Lipid Carriers (NLC) System: A Novel Drug Targeting Carrier. J. Drug Deliv. Sci. Technol.
2019, 51, 255–267. [CrossRef]

15. Gutierrez, R.M.; Romero, R.V. Effects of bixin in high-fat diet-fed-induced fatty liver in C57BL/6J mice. Asian Pac. J. Trop. Biomed.
2016, 6, 1015–1021. [CrossRef]

16. Lytrivi, M.; Castell, A.L.; Poitout, V.; Cnop, M. Recent Insights into Mechanisms of β-Cell Lipo- and Glucolipotoxicity in Type 2
Diabetes. J. Mol. Biol. 2020, 432, 1514–1534. [CrossRef]

17. Zhou, K.; Yee, S.W.; Seiser, E.L.; Van Leeuwen, N.; Tavendale, R.; Bennett, A.J.; Groves, C.J.; Coleman, R.L.; Van Der Heijden, A.A.;
Beulens, J.W.; et al. Variation in the Glucose Transporter Gene SLC2A2 Is Associated with Glycemic Response to Metformin.
Nat. Genet. 2016, 48, 1055–1059. [CrossRef]

18. Meex, R.C.R.; Watt, M.J. Hepatokines: Linking Nonalcoholic Fatty Liver Disease and Insulin Resistance. Nat. Rev. Endocrinol.
2017, 13, 509–520. [CrossRef]

19. Benador, I.Y.; Veliova, M.; Liesa, M.; Shirihai, O.S. Mitochondria Bound to Lipid Droplets: Where Mitochondrial Dynamics
Regulate Lipid Storage and Utilization. Cell Metab. 2019, 29, 827–835. [CrossRef]

20. González, P.; Lozano, P.; Ros, G.; Solano, F. Hyperglycemia and Oxidative Stress: An Integral, Updated and Critical Overview of
Their Metabolic Interconnections. Int. J. Mol. Sci. 2023, 24, 9352. [CrossRef]

21. Roehrs, M.; Conte, L.; da Silva, D.T.; Duarte, T.; Maurer, L.H.; de Carvalho, J.A.M.; Moresco, R.N.; Somacal, S.; Emanuelli, T.
Annatto Carotenoids Attenuate Oxidative Stress and Inflammatory Response after High-Calorie Meal in Healthy Subjects. Food
Res. Int. 2017, 100, 771–779. [CrossRef]

22. Roehrs, M.; Figueiredo, C.G.; Zanchi, M.M.; Bochi, G.V.; Moresco, R.N.; Quatrin, A.; Somacal, S.; Conte, L.; Emanuelli, T. Bixin
and Norbixin Have Opposite Effects on Glycemia, Lipidemia, and Oxidative Stress in Streptozotocin-Induced Diabetic Rats.
Int. J. Endocrinol. 2014, 2014, 839095. [CrossRef] [PubMed]

23. Shaikh, S.; Lee, E.J.; Ahmad, K.; Ahmad, S.S.; Lim, J.H.; Choi, I. A Comprehensive Review and Perspective on Natural Sources as
Dipeptidyl Peptidase-4 Inhibitors for Management of Diabetes. Pharmaceuticals 2021, 14, 591. [CrossRef]

24. Chhabria, S.; Mathur, S.; Vadakan, S.; Sahoo, D.K.; Mishra, P.; Paital, B. A review on phytochemical and pharmacological facets of
tropical ethnomedicinal plants as reformed DPP-IV inhibitors to regulate incretin activity. Front. Endocrinol. 2022, 13, 1027237.
[CrossRef]

25. Singh, A.K.; Yadav, D.; Sharma, N.; Jin, J.O. Dipeptidyl Peptidase (DPP)-IV Inhibitors with Antioxidant Potential Isolated from
Natural Sources: A Novel Approach for the Management of Diabetes. Pharmaceuticals 2021, 14, 586. [CrossRef]

26. Tulipano, G. Integrated or Independent Actions of Metformin in Target Tissues Underlying Its Current Use and New Possible
Applications in the Endocrine and Metabolic Disorder Area. Int. J. Mol. Sci. 2021, 22, 13068. [CrossRef]

27. Kenechukwu, F.C.; Isaac, G.T.; Nnamani, D.O.; Momoh, M.A.; Attama, A.A. Enhanced circulation longevity and pharmacody-
namics of metformin from surface-modified nanostructured lipid carriers based on solidified reverse micellar solutions. Heliyon
2022, 8, e09100. [CrossRef]

28. Guo, W.R.; Liu, J.; Cheng, L.D.; Liu, Z.Y.; Zheng, X.B.; Liang, H.; Xu, F. Metformin Alleviates Steatohepatitis in Diet-Induced
Obese Mice in a SIRT1-Dependent Way. Front. Pharmacol. 2021, 12, 704112. [CrossRef]

29. Zhou, Z.Y.; Ren, L.W.; Zhan, P.; Yang, H.Y.; Chai, D.D.; Yu, Z.W. Metformin exerts glucose-lowering action in high-fat fed mice via
attenuating endotoxemia and enhancing insulin signaling. Acta Pharmacol. Sin. 2016, 37, 1063–1075. [CrossRef] [PubMed]

30. Rostamabadi, H.; Falsafi, S.R.; Jafari, S.M. Nanoencapsulation of Carotenoids within Lipid-Based Nanocarriers. J. Control. Release
2019, 298, 38–67. [CrossRef] [PubMed]

31. Enayati, A.; Rezaei, A.; Falsafi, S.R.; Rostamabadi, H.; Malekjani, N.; Akhavan-Mahdavi, S.; Kharazmi, M.S.; Jafari, S.M.
Bixin-loaded colloidal nanodelivery systems, techniques and applications. Food Chem. 2023, 412, 135479. [CrossRef]

32. Costa, M.C.; Lima, T.F.O.; Arcaro, C.A.; Inacio, M.D.; Batista-Duharte, A.; Carlos, I.Z.; Spolidorio, L.C.; Assis, R.P.; Brunetti, I.L.;
Baviera, A.M. Trigonelline and Curcumin Alone, but Not in Combination, Counteract Oxidative Stress and Inflammation and
Increase Glycation Product Detoxification in the Liver and Kidney of Mice with High-Fat Diet-Induced Obesity. J. Nutr. Biochem.
2020, 76, 108303. [CrossRef]

33. Koren-Gluzer, M.; Aviram, M.; Meilin, E.; Hayek, T. The Antioxidant HDL-Associated Paraoxonase-1 (PON1) Attenuates Diabetes
Development and Stimulates β-Cell Insulin Release. Atherosclerosis 2011, 219, 510–518. [CrossRef] [PubMed]

31



Pharmaceuticals 2024, 17, 1202

34. Shokri, Y.; Variji, A.; Nosrati, M.; Khonakdar-tarsi, A.; Kianmehr, A.; Kashi, Z.; Bahar, A.; Bagheri, A.; Mahrooz, A. Importance of
Paraoxonase 1 (PON1) as an Antioxidant and Antiatherogenic Enzyme in the Cardiovascular Complications of Type 2 Diabetes:
Genotypic and Phenotypic Evaluation. Diabetes Res. Clin. Pract. 2020, 1, 108067. [CrossRef] [PubMed]

35. Chistiakov, D.A.; Melnichenko, A.A.; Orekhov, A.N.; Bobryshev, Y.V. Paraoxonase and Atherosclerosis-Related Cardiovascular
Diseases. Biochimie 2017, 132, 19–27. [CrossRef]

36. Assis, R.P.; Arcaro, C.A.; Gutierres, V.O.; Oliveira, J.O.; Costa, P.I.; Baviera, A.M.; Brunetti, I.L. Combined Effects of Curcumin and
Lycopene or Bixin in Yoghurt on Inhibition of LDL Oxidation and Increases in HDL and Paraoxonase Levels in Streptozotocin-
Diabetic Rats. Int. J. Mol. Sci. 2017, 18, 332. [CrossRef]

37. Koren-Gluzer, M.; Aviram, M.; Hayek, T. Paraoxonase1 (PON1) Reduces Insulin Resistance in Mice Fed a High-Fat Diet, and
Promotes GLUT4 Overexpression in Myocytes, via the IRS-1/Akt Pathway. Atherosclerosis 2013, 229, 71–78. [CrossRef]

38. Ighodaro, O.M.; Akinloye, O.A. First Line Defence Antioxidants-Superoxide Dismutase (SOD), Catalase (CAT) and Glutathione
Peroxidase (GPX): Their Fundamental Role in the Entire Antioxidant Defence Grid. Alex. J. Med. 2018, 54, 287–293. [CrossRef]

39. Pisoschi, A.M.; Pop, A.; Iordache, F.; Stanca, L.; Predoi, G.; Serban, A.I. Oxidative Stress Mitigation by Antioxidants—An
Overview on Their Chemistry and Influences on Health Status. Eur. J. Med. Chem. 2021, 209, 112891. [CrossRef] [PubMed]

40. Xue, L.; Zhang, H.; Zhang, J.; Li, B.; Zhang, Z.; Tao, S. Bixin Protects against Particle-Induced Long-Term Lung Injury in an
NRF2-Dependent Manner. Toxicol. Res. 2018, 7, 258–270. [CrossRef]

41. Xu, Z.; Kong, X.Q. Bixin Ameliorates High Fat Diet-Induced Cardiac Injury in Mice through Inflammation and Oxidative Stress
Suppression. Biomed. Pharmacother. 2017, 89, 991–1004. [CrossRef]

42. Luisa-Bonet, M.; Canas, J.A.; Ribot, J.; Palou, A. Carotenoids and Their Conversion Products in the Control of Adipocyte Function,
Adiposity and Obesity. Arch. Biochem. Biophys. 2015, 572, 112–125. [CrossRef] [PubMed]

43. Echeverría, F.; Ortiz, M.; Valenzuela, R.; Videla, L.A. Long-Chain Polyunsaturated Fatty Acids Regulation of PPARs, Signaling:
Relationship to Tissue Development and Aging. Prostaglandins Leukot. Essent. Fat. Acids 2016, 114, 28–34. [CrossRef] [PubMed]

44. Murphy, G.J.; Holder, J.C. PPAR-γ Agonists: Therapeutic Role in Diabetes, Inflammation and Cancer. Trends Pharmacol. Sci. 2000,
21, 469–474. [CrossRef]

45. de Freitas, E.S.; da Silva, P.B.; Chorilli, M.; Batista, A.A.; de Oliveira Lopes, E.; da Silva, M.M.; Leite, C.Q.; Pavan, F.R.
Nanostructured lipid systems as a strategy to improve the in vitro cytotoxicity of ruthenium(II) compounds. Molecules 2014, 19,
5999–6008. [CrossRef]

46. Motta, B.P.; Pinheiro, C.G.; Figueiredo, I.D.; Cardoso, F.N.; Oliveira, J.O.; Machado, R.T.A.; da Silva, P.B.; Chorilli, M.; Brunetti, I.L.;
Baviera, A.M. Combined Effects of Lycopene and Metformin on Decreasing Oxidative Stress by Triggering Endogenous Antioxi-
dant Defenses in Diet-Induced Obese Mice. Molecules 2022, 27, 8503. [CrossRef]

47. Zilin, S.; Naifeng, L.; Bicheng, L.; Jiping, W. The determination of AGE-peptides by flow injection assay, a practical marker of
diabetic nephropathy. Clin. Chim. Acta 2001, 313, 69–75. [CrossRef]

48. Pokupec, R.; Kalauz, M.; Turk, N.; Turk, Z. Advanced glycation endproducts in human diabetic and non-diabetic cataractous
lenses. Graefe’s Arch. Clin. Exp. Ophthalmol. 2003, 241, 378–384. [CrossRef]

49. Kohn, H.I.; Liversedge, M. On a new aerobic metabolite whose production by brain is inhibited by apomorphine, emetine,
ergotamine, epinephrine, and menadione. J. Pharmacol. Exp. Ther. 1944, 82, 292–300.

50. Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem.
1971, 44, 276–287. [CrossRef]

51. Beers, R.F., Jr.; Sizer, I.W. A spectrophotometric method of measuring the breakdown of hydrogen peroxide by catalase.
J. Biol. Chem. 1952, 195, 133–140. [CrossRef]

52. Rush, J.W.; Sandiford, S.D. Plasma glutathione peroxidase in healthy young adults: Influence of gender and physical activity.
Clin. Biochem. 2003, 36, 345–351. [CrossRef] [PubMed]

53. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

32



pharmaceuticals

Article

Docosatrienoic Acid Inhibits Melanogenesis Partly through
Suppressing the Intracellular MITF/Tyrosinase Axis

Kyoung Mi Moon 1,†, Min-Kyeong Lee 1,2,†, Su-Yeon Park 1, Jaeseong Seo 1, Ah-reum Kim 1 and

Bonggi Lee 1,3,4,*

1 Department of Food Science and Nutrition, Pukyong National University, Busan 48513, Republic of Korea;
omkksm@pknu.ac.kr (K.M.M.); lmk1905@korea.kr (M.-K.L.); suzan@pukyong.ac.kr (S.-Y.P.);
syj5528@pukyong.ac.kr (J.S.); kimar0107@pukyong.ac.kr (A.-r.K.)

2 Biotechnology Research Division, National Institute of Fisheries Science, Busan 48513, Republic of Korea
3 Department of Smart Green Technology Engineering, Pukyong National University,

Busan 48513, Republic of Korea
4 Marine Integrated Biomedical Technology Center, The National Key Research Institutes, Pukyong National

University, Busan 48513, Republic of Korea
* Correspondence: bong3257@pknu.ac.kr; Tel.: +82-51-629-5852
† These authors contributed equally to this work.

Abstract: Melanogenesis, essential for skin photoprotection and pigmentation, can lead to disorders
like melasma and hyperpigmentation, which are challenging to treat and affect quality of life.
Docosatrienoic acid (DTA), a polyunsaturated omega-3 fatty acid, has been identified as a potential
regulator of skin aging. This study investigates DTA’s effects on melanogenesis and its underlying
molecular mechanisms using in silico and in vitro analyses. SwissSimilarity analysis revealed that
DTA shares close structural similarities with known anti-melanogenic lipids, suggesting it may
inhibit melanogenesis in similar manners. Our results demonstrated that DTA reduces melanin
content and intracellular tyrosinase activity in B16F10 cells, significantly downregulating the mRNA
expression of tyrosinase, TRP-1, and TRP-2 by inhibiting MITF translocation to the nucleus. While
DTA exhibited mild inhibitory effects on mushroom tyrosinase activity and antioxidant properties
at higher concentrations, direct inhibition of tyrosinase is likely not the primary mechanism, as the
observed anti-melanogenic effects occurred at much lower concentrations compared to those required
for direct tyrosinase inhibition. Together, DTA-mediated modulation of MITF and tyrosinase mRNA
expression offers a novel approach to treating hyperpigmentation. DTA’s potential extends into
the cosmetic industry, enhancing product stability, functionality, and aesthetics. Further research is
needed to explore DTA’s broader applications in skincare and cosmetic formulations.

Keywords: melanogenesis; docosatrienoic acid; fatty acid; skin aging

1. Introduction

Melanogenesis, while essential for protecting the skin from ultraviolet (UV) radiation
and contributing to skin and hair pigmentation, can have several harmful effects under
certain conditions. Disorders like melasma and post-inflammatory hyperpigmentation
result in dark, discolored patches on the skin, which are often challenging to treat and
affect individuals’ quality of life. Excessive UV exposure linked to melanogenesis can lead
to skin cancers, including melanoma, by causing DNA damage in melanocytes. Addi-
tionally, chronic UV exposure also results in age-related pigmentation such as lentigines
and contributes to photoaging, characterized by uneven skin tone and an aged appear-
ance [1,2]. Furthermore, visible pigmentation disorders can significantly impact self-esteem
and mental health, leading to emotional distress [3].

In addition to these risks, genetic disorders related to melanin production, such as
albinism, which involves a lack of melanin, make individuals highly susceptible to sunburn
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and skin cancers, while vitiligo leads to depigmented patches on the skin, causing psycho-
logical and social effects. These issues underscore that, although melanogenesis is crucial
for photoprotection, its dysregulation can lead to various skin disorders and increased
cancer risk, highlighting the need for effective treatments and preventive measures [1,2,4].

Recent research has further elucidated the complex roles that melanin plays beyond
mere photoprotection. For example, melanin is now understood to be involved in the
modulation of immune responses, neuroprotection, and the regulation of reactive oxygen
species (ROS) [5]. These findings underscore the importance of maintaining balanced
melanin production, as both overproduction and underproduction can lead to significant
physiological consequences.

Melanogenesis is a complex process that occurs within specialized organelles called
melanosomes in melanocytes and involves multiple enzymatic reactions. The key en-
zyme, tyrosinase, catalyzes the conversion of tyrosine to dopaquinone, initiating melanin
synthesis [1,6]. This process is tightly regulated by various factors, including tyrosinase-
related proteins (TYRP1 and TYRP2), the microphthalmia-associated transcription factor
(MITF), and multiple signaling pathways. MITF is particularly significant as it regulates
the expression of essential melanogenic enzymes and proteins, thus controlling melanin
production [7]. Understanding and regulating these molecular mechanisms is essential for
developing therapeutic interventions for pigmentation disorders such as vitiligo, melasma,
and hyperpigmentation.

Ultraviolet (UV) radiation, particularly UVB, is a primary environmental factor that
induces melanin production. However, UV radiation’s effects extend beyond melanin
production; it also interacts with the neuroendocrine and immune systems, influencing
overall human physiology. This intricate interplay, known as “photo-neuro-immuno-
endocrinology”, reflects the complex regulatory mechanisms by which UV radiation af-
fects the body, brain, and immune system [8]. These interactions highlight the impor-
tance of understanding UV radiation’s broader impacts when considering the regulation
of melanogenesis.

Melanogenesis is a complex process influenced by various factors, including recent
research highlighting the significant role of fatty acids in modulating this process. Fatty
acids are known for their functions in energy metabolism and cellular signaling, and
they are also recognized for their impact on melanin production [9,10]. These lipids,
classified by their chain length and degree of unsaturation, exhibit distinct effects on
melanogenesis. Saturated fatty acids, such as palmitic acid, have been shown to stimulate
melanin production, whereas polyunsaturated fatty acids, like linoleic acid, have inhibitory
effects on this process [11]. The interaction between fatty acids and melanogenesis has
important implications in fields such as dermatology, cosmetology, and oncology [12–14].
Insights gained from studying these interactions may lead to novel therapeutic strategies
for addressing pigmentation disorders and melanoma.

Docosatrienoic acid (DTA), also known as 22:3(n-3), is a polyunsaturated omega-3
fatty acid with a long carbon chain comprising 22 carbon atoms and three cis double bonds.
These double bonds are typically located at the 7th, 10th, and 13th carbon positions from the
omega end, contributing to the molecule’s flexibility and fluidity in biological membranes.
This structural configuration may allow DTA to play a crucial role in maintaining cell mem-
brane integrity and enhancing membrane fluidity [15,16]. However, despite its potential
significance, the biological functions of this lipid have not been thoroughly investigated.
In this study, we examined whether this fatty acid regulates melanogenesis and explored
its underlying molecular mechanisms. To achieve this, we conducted both in silico and
in vitro analyses to investigate the anti-melanogenic properties of DTA.

2. Results

2.1. Structural and Functional Analysis of Docosatrienoic Acid (DTA)

SwissSimilarity is a powerful web-based tool designed to facilitate the rapid screening
of extensive libraries, including drugs, bioactive small molecules, commercially avail-

34



Pharmaceuticals 2024, 17, 1198

able compounds, and an ultra-large collection of virtual compounds that can be readily
synthesized from commercially available reagents. It enables efficient identification of
potential bioactive compounds using molecular fingerprints and both superpositional and
fast non-superpositional 3D shape similarity approaches. These methods allow to compare
and identify similar compounds quickly, aiding in drug discovery, molecular mechanism
studies, and lead compound optimization [17].

Although previous research indicated that DTA accumulates in human fibroblast
phospholipids when cultured in a basal nutrient medium (MCDB 110) with reduced fetal
bovine serum levels (0.4%) [18], the role of this lipid in skin aging is not well understood.
To explore its potential functions in the skin, we used SwissSimilarity to compare DTA
with structurally similar lipids. The analysis revealed that DTA shares a high similarity
with several lipids: dihomo-gamma-linolenic acid (similarity score 0.999), alpha-linolenic
acid (0.999), linoleic acid (0.999), gamma-linolenic acid (0.998), cis-vaccenic acid (0.997),
oleic acid (0.997), gondoic acid (0.997), ethanolamine oleate (0.997), arachidonic acid (0.996),
alpha-hydroxylinoleic acid (0.996), and palmitoleic acid (0.995) (Figure 1). Of these lipids,
palmitoleic acid, alpha-linolenic acid, and linoleic acid [10] exhibited anti-melanogenic
properties (Figure 1) [19]. Although found in minimal amounts in mammalian tissues,
dihomo-gamma-linolenic acid and its metabolites are increasingly recognized as crucial
mediators of inflammation, potentially playing important roles in specific disease condi-
tions including obesity, type 2 diabetes, cardiovascular diseases, hepatic diseases, cancers,
gastrointestinal diseases, arthritis, bronchial asthma, and atopic dermatitis [20]. Given
the structural similarity of DTA to these lipids, we hypothesized that it might also inhibit
melanogenesis. To test this hypothesis, we conducted a series of in vitro and cell-free
experiments to evaluate the potential anti-melanogenic effects of DTA.

 
Figure 1. Structural analysis of docosatrienoic acid (DTA) using SwissSimilarity. SwissSimilarity
was used to compare docosatrienoic acid (DTA) with structurally similar lipids to predict its potential
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functions in the skin. SwissSimilarity enables the rapid analysis of extensive libraries, including
drugs, bioactive small molecules, commercially available compounds, and an immense collection of
virtual compounds that can be easily synthesized from commercially accessible reagents. The virtual
screening process utilizes molecular fingerprints, as well as both super positional and non-super
positional 3D shape similarity methods. The chemical structure images for the similar lipids were
obtained from PubChem.

2.2. Effects of DTA on Melanogenesis and Tyrosinase Activity in B16F10 Cells

To investigate the effects of DTA on melanogenesis, we first evaluated cytotoxicity
in various skin cell lines, including B16F10 cells and HS68 cells. DTA showed no toxicity
in B16F10 cells up to 15 μM, whereas toxicity was observed at 100 μM in HS68 cells
(Figure 2a,b). Based on these findings, we proceeded to assess melanin content in B16F10
cells. Initially, cells were pre-treated with 1 μM and 5 μM DTA, followed by induction of
melanin synthesis using α-MSH for 6 days, starting one hour post-pre-treatment. Results
indicated that melanin content increased by 250% with 500 nM α-MSH compared to the
control, followed by a concentration-dependent decrease (Figure 2c). Notably, treatment
with 5 μM DTA reduced melanin content by up to 150% compared to that of the α-MSH
treated group (Figure 2c).

Figure 2. Effects of DTA on melanogenesis in α-MSH-induced B16F10 melanoma cells. Cell cyto-
toxicity was assessed in (a) B16F10 and (b) HS68 cells treated with various concentrations of DTA
(1–100 μM) for 24 h (n = 4/group). (c) Intracellular melanin content and (d) tyrosinase activity were
measured in B16F10 cells pretreated with various concentrations of DTA (1, 5 μM) and kojic acid
(5 μM) for 1 h, followed by stimulation with α-MSH (500 nM) for 6 days (n = 4/group). Results are
presented as mean ± SEM. ### p < 0.001 compared with the non-treated control group and * p < 0.05,
** p < 0.01, *** p < 0.001 compared with the α-MSH-treated group.
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Furthermore, to explore the anti-melanogenic effects and mechanism of DTA, in-
tracellular tyrosinase activity was examined. Tyrosinase activity, which had increased
approximately 400% with α-MSH treatment, decreased in a dose-dependent manner with
DTA treatment, showing a more pronounced reduction compared to the known anti-
melanogenic positive control, kojic acid (Figure 2d). Like the results observed for melanin
content, treatment with 5 μM DTA significantly reduced intracellular tyrosinase activity
(Figure 2d).

2.3. Analysis of the Inhibitory Effects of DTA on Melanogenesis-Related Gene Expression

To evaluate the impact of DTA on the expression of genes involved in melanogenesis,
we measured the mRNA levels of key enzymes such as TRP-1, TRP-2, and tyrosinase using
real-time PCR analysis. Treatment of B16F10 cells with α-MSH significantly increased the
mRNA expression levels of TRP-1, TRP-2, and tyrosinase (Figure 3). However, compared
to the control group treated only with α-MSH, the DTA-treated group showed a dose-
dependent and significant downregulation of these genes (Figure 3).

Figure 3. Effects of DTA on the expression of melanogenesis−related genes in B16F10 cells. Real-time
PCR analysis of mRNA levels of (a) TRP-1, (b) TRP-2, and (c) tyrosinase in B16F10 cells treated with
α-MSH and various concentrations of DTA (1 and 5 μM). The results show a significant downreg-
ulation of these genes in a dose-dependent manner with DTA treatment. Results are presented as
mean ± standard error of the mean (SEM). ### p < 0.001 compared with the non-treated control
group, and * p < 0.05 and *** p < 0.001 compared with the α-MSH-treated group.

MITF is a transcription factor for TRP-1, TRP-2, and tyrosinase, playing a crucial role
in melanin production. Therefore, we used immunofluorescence staining to determine
whether DTA treatment inhibits the translocation of MITF to the nucleus in B16F10 cells.
The results showed that treatment with α-MSH alone showed abundant MITF in the nucleus
(Figure 4). In contrast, in the DTA-treated group, the translocation of MITF was inhibited
in a dose-dependent manner compared to the group treated only with α-MSH (Figure 4).
These results suggest that DTA effectively inhibits the expression of genes essential for
melanin synthesis, at least partially, by preventing the translocation of the key transcription
factor MITF to the nucleus, highlighting its potential as a melanogenesis regulator.

2.4. Antioxidant Activity and Tyrosinase Binding Affinity of DTA

Tyrosinase is one of the most important enzymes involved in melanin production.
Based on the observed anti-melanogenic effects of DTA in the previous figures, we evalu-
ated whether DTA directly affects tyrosinase activity. Using a cell-free system with mush-
room tyrosinase, we treated the enzyme with various concentrations of DTA (5–60 μM)
and observed a slight inhibition of tyrosinase activity only at a concentration of 60 μM
(Figure 5a).
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Figure 4. Effects of DTA on MITF nuclear translocation. To evaluate the inhibitory effect of DTA on
the nuclear translocation of MITF, immunofluorescence analysis was conducted. B16F10 cells were
treated with DTA and observed using fluorescent microscopy. MITF was detected using an anti-MITF
monoclonal antibody, followed by an FSD™-conjugated secondary antibody. This analysis shows the
localization of MITF and illustrates the impact of DTA on MITF nuclear translocation.

Figure 5. Tyrosinase and antioxidant activities of DTA in a cell−free system. (a) Tyrosinase inhibition
effect of DTA measured using mushroom tyrosinase. (b) Copper ion reduction capacity of DTA
determined by CUPRAC analysis, compared to ascorbic acid as a reference. (c) Peroxynitrite analysis
using DHR123. Data are presented as mean ± standard error of the mean (SEM) (n = 3). Results
were analyzed using one-way ANOVA followed by Dunnett’s test. ** p < 0.01 and *** p < 0.001 are
compared with the control group in (a) and (b), ### p < 0.001 is compared with the non-treated control
group in (c), and *** p < 0.001 is compared with the α-MSH-treated group in (c).

Oxidative stress can induce melanin production, and antioxidants can inhibit melanin
synthesis by reducing oxidative stress. Therefore, in this study, we investigated the antioxi-
dant effects of DTA using the CUPRAC assay and peroxynitrite (ONOO−) assay. The results
showed that DTA increased the reducing power in the CUPRAC assay at concentrations
of 15 μM and 60 μM (Figure 5b). Additionally, SIN-1-induced ONOO- levels were slightly
reduced at 60 μM DTA (Figure 5c). Specifically, at higher concentrations (60 μM), DTA demon-
strated both an inhibitory effect on mushroom tyrosinase activity and antioxidant activity.
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2.5. Protein Docking Simulation of DTA with Tyrosinase

Given the previous results showing that DTA inhibits tyrosinase activity, we con-
ducted docking studies to understand how DTA binds to and deactivates tyrosinase. We
compared the docking scores of kojic acid and arbutin to DTA. The predicted binding
affinities (docking scores) between tyrosinase and kojic acid, arbutin, and DTA were −5.7,
−5.3 kcal/mol, and −5.7 kcal/mol, respectively (Figure 6a,c,e). To better understand their
binding modes with tyrosinase, we employed LigandScout 4.4.8 software for binding mode
analysis. Kojic acid demonstrated three hydrogen bond acceptor (HBA) interactions and
three hydrogen bond donor (HBD) interactions, stabilizing the ligand within the tyrosinase
binding site by both accepting and donating hydrogen bonds with surrounding residues
(Figure 6b). Arbutin displayed a complex interaction profile with tyrosinase, including
seven HBA interactions, five HBD interactions, one hydrophobic (H) interaction, and one
aromatic (AR) interaction, contributing to various stabilizing effects within the binding site
(Figure 6d). DTA may exhibit two HBA interactions and one negatively charged interac-
tion (NI), potentially enhancing its binding affinity through electrostatic attraction with
positively charged residues in the protein (Figure 6f).

Figure 6. Computational docking analysis of tyrosinase with kojic acid, arbutin, and DTA. Binding
affinity analysis between tyrosinase (PDB ID: 2Y9X) and various compounds computational structure
prediction for docking simulation between mushroom tyrosinase and various compounds, including
(a) kojic acid, (c) arbutin, and (e) dodecanoic acid (DTA). The ligand binding abilities were predicted
using AutoDock Vina 1.1.2 software. The indicated boxes show the enlarged images of the binding
sites within the tyrosinase structure. The docking scores were: kojic acid (−5.7 kcal/mol), arbutin
(−5.3 kcal/mol), and DTA (−5.7 kcal/mol). Pharmacophore analysis was performed to analyze the
binding residues of (b) kojic acid, (d) arbutin, and (f) DTA with tyrosinase.
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3. Discussion

Although previous research indicated that docosatrienoic acid (DTA) accumulate
in human fibroblast phospholipids when cultured in a basal nutrient medium (MCDB
110) with reduced fetal bovine serum levels (0.4%), the role of this lipid in skin aging is
not well understood. The findings of this study support the anti-melanogenic properties
of DTA, showcasing its potential in modulating melanogenesis. Previous studies have
highlighted the role of various fatty acids in modulating melanogenesis, often by targeting
tyrosinase activity or transcription factors like MITF. For instance, alpha-linolenic acid
and linoleic acid, structurally similar to DTA, have been shown to inhibit melanogenesis
through both direct and indirect pathways. Our study further supports these findings,
demonstrating that DTA also reduces melanin production, primarily through the inhibition
of MITF translocation [21].

Melanin pigmentation plays a critical role in protecting the skin from ultraviolet (UV)
radiation, as melanin absorbs and dissipates the energy from UV rays, thereby preventing
DNA damage in skin cells [22,23]. However, the role of melanin extends beyond simple
photoprotection. Melanin is also involved in modulating immune responses, neuropro-
tection, and regulating reactive oxygen species (ROS) [5,24,25]. These additional roles
highlight the importance of maintaining balanced melanin production, as both excessive
and insufficient melanin can have significant physiological consequences.

UV radiation, particularly UVB, is a well-established inducer of melanogenesis. UV
exposure triggers a cascade of molecular events within melanocytes, leading to increased
melanin production as a protective response. However, the effects of UV radiation are
not confined to the skin alone [26]. UV exposure influences various biological systems,
including the neuroendocrine and immune systems, through mechanisms collectively
known as “photo-neuro-immuno-endocrinology” [8]. This complexity underscores the
need for a comprehensive understanding of UV radiation’s impact when considering
therapeutic strategies aimed at modulating melanogenesis.

Melanogenesis, the process of melanin production in the skin, is a multifaceted and
tightly regulated biological pathway involving a complex network of enzymes and reg-
ulatory proteins. Central to this process is the MITF, which acts as a master regulator
by controlling the expression of key melanogenic enzymes such as tyrosinase, TRP-1,
and TRP-2 [7]. These enzymes are essential for the biosynthesis of melanin, the pigment
responsible for skin color and protection against UV radiation. Given MITF’s pivotal
role, it represents a strategic target for developing anti-melanogenic therapies aimed at
treating hyperpigmentation disorders. Our study has provided insights into the molecu-
lar mechanisms by which DTA exerts its effects. We found that DTA effectively inhibits
the nuclear translocation of MITF, resulting in a marked decrease in the transcription of
melanogenic enzymes. This suppression of MITF activity consequently leads to reduced
melanin production, highlighting the potential of DTA as a novel therapeutic agent for skin
pigmentation disorders.

However, we believe that DTA does not directly inhibit tyrosinase activity. This con-
clusion is supported by the observation that DTA exhibited only a very mild inhibitory
effect on mushroom tyrosinase at a high concentration of 60 μM. In contrast, significant
inhibitory effects on cellular tyrosinase activity and melanin content were observed at
much lower concentrations, starting from 1 μM. Therefore, we propose that the inhibitory
effects of DTA on cellular tyrosinase and melanogenesis are primarily due to its impact on
the mRNA expression levels of tyrosinase, likely resulting from the inactivation of MITF.
This distinction may be important as it highlights the indirect mechanism by which DTA
modulates melanogenesis. The indirect mechanism of action of DTA might offer several
advantages in therapeutic applications. Targeting the transcriptional regulation of melano-
genesis could provide a longer-lasting effect as it intervenes earlier in the melanogenic
pathway. This may reduce the frequency of application needed for therapeutic effectiveness,
improving patient compliance and overall treatment outcomes. Moreover, by modulating
MITF activity, DTA may also influence other MITF-regulated pathways involved in cell
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survival and differentiation, potentially offering additional benefits in skin health and
regeneration. Further research is needed to fully understand the broader implications of
MITF inhibition by DTA. Investigating the long-term effects of DTA on skin cells, including
potential impacts on cell viability and the expression of other MITF target genes, will be
essential for developing safe and effective skin care treatments. Additionally, exploring the
effects of DTA in various skin types and conditions can help tailor therapies to individual
needs, enhancing the efficacy and safety of treatments for hyperpigmentation disorders.

The structural resemblance between DTA and other well-documented anti-melanogenic
lipids, such as palmitoleic acid, alpha-linolenic acid, and linoleic acid, was a pivotal com-
ponent of our research. These lipids are known for their capacity to inhibit melanogenesis,
and our findings indicate that DTA shares this functional characteristic. This resemblance
suggests that DTA might operate through similar biochemical pathways, potentially of-
fering comparable efficacy in reducing melanin production. Utilizing SwissSimilarity for
structural and functional predictions highlights the importance of bioinformatics tools
in identifying and validating potential bioactive compounds [17]. These tools enable re-
searchers to predict the functional capabilities of new compounds based on structural
similarities to known active molecules. In our study, SwissSimilarity provided critical
insights that guided our experimental focus, helping to prioritize DTA as a candidate
for further investigation. By leveraging these predictions, we were able to streamline
the research process, ensuring a more targeted and efficient exploration of DTA’s anti-
melanogenic potential. The application of such bioinformatics tools is not only useful
for predicting the functional properties of compounds but also for understanding their
potential interactions within biological systems.

Although further studies are necessary, DTA may also hold considerable promise for
the cosmetic industry, offering benefits that span beyond its anti-melanogenic properties.
Fatty acids and their derivatives are fundamental components in cosmetic formulations
due to their multifaceted roles in enhancing product stability, functionality, and aesthetic
appeal. They are crucial not only for maintaining the skin’s lipid barrier, thus preventing
transepidermal water loss and ensuring optimal hydration—key considerations for anti-
aging and sensitive skin products—but also for reinforcing the skin’s protective shield
against environmental stressors such as UV radiation and pollutants.

In cosmetic formulations, fatty acid derivatives such as esters play an indispens-
able role in creating emulsions, particularly in formulations like water-in-oil (W/O) and
oil-in-water (O/W). These derivatives significantly enhance the sensory attributes and
spreadability of products, thereby improving consumer experience and acceptance. Ad-
ditionally, fatty acid-derived surfactants are crucial in micellar solubilization processes,
which are pivotal for increasing the bioavailability and efficacy of hydrophobic active
ingredients in aqueous-based formulations. This capability is particularly advantageous
for incorporating potent anti-aging compounds like retinoids into skincare products.

Beyond their emulsifying and solubilizing properties, fatty acids serve as effective
moisturizers and skin conditioners, contributing to the overall sensory profile and efficacy
of cosmetic formulations [27]. They play a key role in maintaining skin suppleness, smooth-
ness, and elasticity—attributes that are essential for anti-aging and moisturizing products.
Moreover, fatty acids possess soothing and anti-inflammatory properties, making them
suitable for formulations aimed at addressing sensitive or irritated skin conditions. Further
investigation is warranted to explore the potential application of DTA in these cosmetic
fields. Its structural similarity to other effective anti-melanogenic and skincare-active lipids
suggests that DTA could offer similar or complementary benefits in cosmetic formulations.
Research into its specific mechanisms of action, compatibility with other ingredients, and
efficacy in diverse product formulations will be essential for fully realizing its potential in
skincare and cosmetic applications.
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4. Materials and Methods

4.1. Material

Docosatrienoic acid (DTA): DTA was obtained as part of a fatty acid library purchased
from Enzo Life Sciences (Catalog No. BML-L1120-0001) The equipment was sourced from
Lausen, Switzerland. This library includes a variety of fatty acids, which were screened
for potential anti-melanogenic compounds. Enzo Life Sciences is known for providing
high-quality biochemical products, and this library has been extensively used in lipid
research studies.

Other Reagents and Materials: The mushroom tyrosinase, NaOH, DCFDA, esterase,
Trolox, DHR123, penicillamine, and most other reagents used in this study were purchased
from Sigma (St. Louis, MO, USA). Additionally, primers for tyrosinase, microphthalmia-
associated transcription factor (MITF), tyrosinase-related protein 1 (TRP-1), and tyrosinase-
related protein 2 (TRP-2) were mostly ordered from Bioneer (Daejeon, Republic of Korea).
The anti-MITF antibody used for staining was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The chemical structure images of lipids used in this study were
sourced from PubChem.

4.2. Structural Analysis Using SwissSimilarity

We utilized the web-based tool SwissSimilarity to identify compounds structurally
similar to DTA and predict its potential biological functions. DTA (docosatrienoic acid, Pub-
Chem CID 5312557) showed high similarity scores with several fatty acids, including palmi-
toleic acid (PubChem CID 445638), cis-vaccenic acid (PubChem CID 5282761), ethanolamine
oleate (PubChem CID 16759), oleic acid (PubChem CID 445639), alpha-linolenic acid (Pub-
Chem CID 5280934), gondoic acid (PubChem CID 5282768), gamolenic acid (PubChem CID
5280933), dihomo-gamma-linolenic acid (PubChem CID 5280581), arachidonic acid (Pub-
Chem CID 444899), alpha-hydroxylinoleic acid (PubChem CID 21158511), and linoleic acid
(PubChem CID 5280450). The chemical structure images for these similar lipids were ob-
tained from PubChem. Based on these similarities, we hypothesized that DTA might inhibit
melanogenesis. To test this hypothesis, we conducted in vitro and cell-free experiments,
applying various concentrations of DTA to melanocyte cultures and related cell lines to
assess its impact on melanin synthesis and the expression of melanogenesis-related genes.

4.3. Cell Line and Culture Condition

The cells used in this study were B16F10 mouse melanoma cells and HS68 human
primary fibroblasts. B16F10 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, incu-
bated at 37 ◦C in a 5% CO2 atmosphere. HS68 cells were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin under the same conditions
(37 ◦C in a 5% CO2 atmosphere).

4.4. Cell Viability Assay

B16F10 cells were cultured in a 96-well plate at a seeding density of 5×103; cells/well
for 48 h. Subsequently, they were treated with DTA at concentrations ranging from 1 to
100 μM and cultured for 24 h. All wells were incubated with 5 μL of MTS reagent from
the Promega MTS assay kit (CellTiter96® AQueous One Solution, Promega Corporation,
Madison, WI, USA) for 1 h, and absorbance was measured at 490 nm using a microplate
reader (Molecular Devices, San Jose, CA, USA).

HS68 cells were cultured in a 96-well plate at a seeding density of 8 × 103; cells/well
for 48 h. They were treated with DTA at the same concentrations (1 to 100 μM) and under
the same conditions as the B16F10 cells.

4.5. Melanin Contents

B16F10 cells (5 × 103;) treated with DTA were incubated in 1 N NaOH solution at
60 ◦C for 1 h to induce lysis. The resulting lysates (100 μL each) were then transferred to
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a 96-well plate. Absorbance readings to measure melanin content were taken at 409 nm
using a spectrophotometer. To quantify protein levels in the same samples, 5 μL of each
lysate was used for the BCA assay, with absorbance measured at 560 nm. The melanin
absorbance values at 409 nm were then normalized to the protein content determined by
the BCA assay to ensure accurate comparisons across samples [28–30].

4.6. Real-Time PCR

After treating B16F10 cells with DTA, we investigated its effects on melanogenesis
by analyzing the expression of tyrosinase, TRP-1, and TRP-2 genes. Total RNA (1 μg)
was extracted using the RiboEXTM extraction kit (GeneAll, Seoul, Republic of Korea),
followed by cDNA synthesis using the Primer Script RT Reagent kit (SMART GENE,
Daejeon, Republic of Korea). For real-time PCR analysis, 2 μL of cDNA was added to
each well of a PCR plate, mixed with 18 μL of buffer containing specific primers for
tyrosinase, TRP-1, and TRP-2. Subsequently, 50 μL of TOPrealTM SYBR Green qPCR
PreMIX (Enzynomics, Daejeon, Republic of Korea) was added to each well. Real-time PCR
reactions were conducted using the QuantStudioTM 1 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). Gene expression levels were normalized using β-actin
as a housekeeping gene, and ΔΔCt values were calculated for analysis.

The primer sequences are as follows. Tyrosinase: F: 5′-TTCTGCCTTGGCACAGACTT-
3′, R: 5′-CTGCCAGGAGGAGAAGAAGG-3′, TRP-1: F: 5′-GCTGCAGGAGCCTTCTTTCTC-
3′, R: 5′-GTCATCAGTGCAGACATCGC-3′, TRP-2: F: 5′-CTCAGAGCTCGGGCTCAGTT-3′,
R: 5′-CTGCCAGGAGGAGAAGAAGG-3′.

4.7. Immunofluorescence Staining

Immunofluorescence staining was performed according to previously established
protocols. B16F10 cells were treated with 1 μM and 5 μM of DTA, and then 1 h later, they
were treated with 500 nM α-MSH and stimulated for 6 days. Cells were washed twice
with PBS and fixed with 4% paraformaldehyde for 15 min. After fixation, the membrane
was washed again with PBS and treated with 0.5% Triton X-100 for 5 min to permeabilize
the membrane. Next, cells were incubated with MITF 1 antibody (1:100, sc-515925, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) overnight in the dark. Cells were washed
with PBS and incubated with FSD™ 488-conjugated secondary antibody (1:500, RSA1145,
BioActs, Incheon, Republic of Korea) for 1 h. Cell nuclei were counterstained with DAPI
(4′,6-diamidino-2-phenylindole dihydrochloride), cells were observed under a fluorescence
microscope, and images were taken.

4.8. Mushroom Tyrosinase Activity

To measure tyrosinase activity, 10 μL of DTA at various concentrations was added
to each well of a 96-well microplate, followed by mixing with 180 μL of phosphate buffer
(pH 6.8) containing 1 mM L-Tyrosine. Then, 10 μL of mushroom tyrosinase (1000 units) was
added, and the reaction was allowed to proceed in the dark at 37 ◦C for 30 min. Absorbance
at 492 nm was measured using a microplate reader.

4.9. CUPRAC Assay

The CUPRAC solution was prepared by mixing CuCl2 (10 mM), neocuproine (75 mM)
diluted in MeOH, and distilled water in specific ratios. Each sample was added to a 96-well
plate at a volume of 2 μL per well. Then, 198 μL of the prepared solution was added to each
well. The plate was incubated in a dry oven at 37 ◦C for 10 min, protected from oxygen
and light. After incubation, absorbance was recorded at 450 nm. Ascorbic acid served as
the standard.

4.10. ONOO− Assay

Peroxynitrite (ONOO−) was measured using dihydrorhodamine 123 (DHR 123). DHR
123 was dissolved in PBS to achieve a final concentration of 5 μM. 3-Morpholinosydnonimine
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(SIN-1), an ONOO− donor, was added to the DHR 123 solution to a final concentration
of 1 mM in a test tube. The mixture was incubated in the dark at 37 ◦C for 30 min. The
fluorescence intensity was measured using a fluorescence spectrophotometer with an
excitation wavelength of 500 nm and an emission wavelength of 536 nm. An increase in
fluorescence intensity indicated the generation of ONOO−.

4.11. Protein-Ligand Docking Simulation

Protein-ligand docking simulations were executed using AutoDock Vina 1.1.2. Pre-
dictions of binding affinity were based on the 3D structure of the tyrosinase protein from
Agaricus bisporus (PDB ID: 2Y9X), accessed through the Protein Data Bank. For comparing
binding affinity with tyrosinase, arbutin and kojic acid, recognized for their inhibitory ef-
fects on tyrosinase, were the primary ligands under investigation. Utilizing the binding site
of tropolone as a reference for each protein structure, the tyrosinase binding sites for arbutin
(CID: 440936) and kojic acid (CID: 3840) were delineated, with an additional exploration
into the potential binding of DTA (HMDB ID: HMDB0002823) to the same site. Ligand
structures for arbutin and kojic acid were obtained from PubChem via database searches,
while the structure for DTA was obtained from the Human Metabolome Database (HMDB).

4.12. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad
Software, San Diego, CA, USA). All experiments were conducted in triplicate, and data
are presented as mean ± standard deviation (SD). Comparisons between multiple groups
were made using one-way analysis of variance (ANOVA), followed by Tukey’s post-hoc
test for multiple comparisons. All statistical tests were two-tailed, and significance levels
were set at p < 0.05, p < 0.01, and p < 0.001, as indicated in the figure legends.

5. Conclusions

In summary, this study demonstrates that while DTA does not directly inhibit ty-
rosinase activity, it significantly impacts melanogenesis by modulating MITF activity and
reducing tyrosinase mRNA expression. This modulation leads to a decrease in melanin
production, indicating that DTA operates through an indirect mechanism that targets the
transcriptional regulation of melanogenesis. These findings highlight DTA’s potential as a
novel and targeted approach for skin depigmentation, offering an effective alternative for
managing hyperpigmentation disorders.

Moreover, the ability of DTA to influence melanin production through the regulation
of MITF and associated pathways suggests that it could provide more sustained and
comprehensive effects compared to direct enzyme inhibitors. This indirect mechanism
positions DTA as a promising candidate for both therapeutic and cosmetic applications
aimed at improving skin aesthetics. These findings lay a strong foundation for further
research to explore the practical implementation of DTA in skincare products, particularly
for conditions involving excessive pigmentation.
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Abstract: Rising obesity and associated multi-systemic complications amplify the health burden.
Euphorbia kansui (EK) extract is clinically recognized for managing obesity. In a human study,
240 obese individuals were categorized into two cohorts: those receiving solely herbal medicine
(HM group) and those administered EK concomitantly with herbal medicine (EK group). An in vivo
examination using C57BL/6-Lepob/Lepob mice elucidated mechanisms involving macrophages and
gut microbiota with associated metabolic advantages. The clinical study revealed a significant
7.22% body weight reduction during 91.55 average treatment days and examined 16.71% weight loss
at 300 days after treatment. In whole subjects, 60.4%, 21.3%, and 6.3% achieved weight reductions
exceeding 5%, 10%, and 15%, respectively. Impressively, the EK group exhibited superior weight
loss compared to the HM group (EK: −7.73% vs. HM: −6.27%, p = 0.012). The anti-obesity effect
was positively associated with EK therapy frequency and herbal medicine duration. In the in vivo
study, EK significantly improved insulin sensitivity and mitigated infiltration of adipose tissue
macrophages (ATMs) by modulating the CD11c+ and CD206+ subtypes. EK also correlated with
increased Bacteroidetes and Firmicutes populations and reduced Proteobacteria and Verrucomicrobia.
Consequently, EK is an effective adjunctive anti-obesity therapy offering metabolic benefits by
modulating ATMs and gut microbiota profiles.

Keywords: anti-obesity; herbal remedies; Euphorbia kansui; insulin resistance; gut microbiota;
adipose tissue macrophage; weight management

1. Introduction

The global attention on obesity is driven by its detrimental effect on a range of health
problems; however, there are few effective treatments to target both body weight reduction
and improvement of insulin resistance, such as lifestyle, pharmaceutical, and surgical
options, which are limited by hard maintenance or adverse effects involving psychological,
gastrointestinal, or cardiovascular events [1,2].

The intricate interplay between the accumulation of body fat and its resultant impact
on systemic metabolism and immune equilibrium underscores the overarching significance
of this issue [3]. Obesity evolves into a chronic inflammatory state with low grade derived
by adipose tissue macrophages (ATMs), primarily connecting obesity to the development of
insulin resistance, which initiates from aberrant lipolysis and cytokine secretion in adipose
tissue [4]. In obese individuals, the precursor monocytes infiltrate adipose tissue in greater
numbers, and the ATMs are frequently polarized toward the M1 pro-inflammatory profile,
releasing cytokines that impair insulin signaling [5,6]. Recently, the intestinal microbiome
has been suggested as a therapeutic target for metabolic problems because the changes in
microbial phyla have been reported to affect body composition [7]. High-fat diet feeding
changes gut permeability and elevates lipopolysaccharide (LPS) levels, which is essential
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in triggering infiltration of ATMs. However, weight gain, as well as insulin intolerance,
also arise upon modification of intestinal microbiota, irrespective of microbiota-induced
LPS production [8].

Euphorbia kansui radix (EK), also known as Gan Sui, is a traditional Korean medicinal
herb belonging to the Euphorbiaceae family and was first recorded “Shen nong ben cao jing”
to attack the water by diarrhea [9]. The therapeutic properties of EK have been reported
on cirrhotic ascites [10], pleural effusion [11], diuresis [12], and various cancers [13,14].
The immunomodulatory activities were especially reported, in which EK suppressed Th17
and Th1 differentiation related to excessive inflammation and autoimmune diseases [15].
Van et al. demonstrated that Euphorbia tirucalli, a plant in the Euphorbiaceae family,
suppressed CD4+ and CD8+ T cells associated with interleukin-2 and interferon and also
inhibited the migration of leukocytes [16]. With respect to metabolic diseases, previous
studies revealed that other species in Euphorbiaceae had anti-diabetic [17] and anti-obesity
properties [18]; however, there are few studies on EK, though EK therapy has been applied
in obese patients in Republic of Korea [19]. Therefore, we collected the clinical data about
EK therapy, confirmed the in vivo effects on body weight and insulin resistance, and
investigated the mechanisms via monocytes, ATMs, and intestinal microbiota.

2. Results

2.1. Clinical Results from the Human Study
2.1.1. Baseline Characteristics

A total of 480 patients who first visited the Weight Management Center to lose weight
took herbal medicine (HM) treatment based on the TKM theory. Among them, 240 patients
were studied, while the other 240 patients were excluded from the analysis due to overweight,
not obesity, or a lack of follow-up visits (Figure 1).

Figure 1. The flow chart of clinical study. BMI, body mass index; EK, Euphorbia kansui; HM,
herbal medicine.

The number of patients who took EK therapy was 155. Demographic characteristics at
baseline did not differ significantly between the EK group and the HM group, including age,
height, smoking and drinking habits, and follow-up duration. However, we confirmed the
significant tendency of patients with high body weight, BMI, and body fluid to perform EK
therapy on the first visit (Table 1). The primary procedure of EK therapy entails inducing
diarrhea and vomiting, typically lasting for 6 to 8 h. In the EK group, 58.95% of patients
experienced only diarrhea without vomiting, and the number of diarrhea and vomiting
was 5.51 ± 2.38 and 0.79 ± 1.24, respectively. The compliance rates of both groups were
68.3 ± 23.5 and 67.2 ± 24.5%, respectively.
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Table 1. Baseline characteristics of enrolled patients.

Variables Total EK Group 1 HM Group p Value

N 240 155 85

Age (years) 41.28 ± 12.17 41.75 ± 12.20 40.42 ± 12.14 0.442
Male:Female (%) 29.58:70.42 34.19:65.80 21.18:78.82 0.034

Height (cm) 164.6 ± 8.41 165.4 ± 8.78 163.3 ± 7.52 0.062
Body weight (kg) 81.25 ± 14.73 84.75 ± 15.38 74.88 ± 10.97 <0.001

BMI (kg/m2) 29.84 ± 4.12 30.85 ± 4.34 28.01 ± 2.94 <0.001
Follow-up duration (days) 91.55 ± 66.77 93.30 ± 70.43 88.36 ± 59.78 0.903

Fat weight (kg) 32.27 ± 15.75 33.93 ± 17.89 28.31 ± 7.49 <0.001
Muscle weight (kg) 27.91 ± 6.41 28.81 ± 6.60 25.80 ± 5.42 <0.001

Body fluid (kg) 36.95 ± 7.76 38.09 ± 7.96 34.26 ± 6.58 <0.001
Smokers (%) 16.35 18.71 12.05

Non-drinkers (%) 41.66 38.06 51.81
1 Patients in the EK group received EK and HM treatments. p values show the results from Mann–Whitney U test
and student’s t-test between EK and HM groups. BMI, body mass index.

2.1.2. Effects on Body Weight

Significant changes in the percentage of body weight reduction were observed from
baseline to the final visit of each participant in the trial period (−7.22 ± 5.16%, p < 0.001). The
impact on weight loss in the EK group was significantly greater than the corresponding effect
in the HM group (−7.73 ± 4.98% vs. −6.27 ± 5.40%, p = 0.012) (Figure 2a). In total participants,
the mean changes in BMI from baseline to each final visit was −2.14 ± 1.85 kg/m2 (Figure 2c).
The changes in both body weight and BMI demonstrated a statistically significant difference
between the EK and HM groups (p < 0.001) (Figure 2b,c). In total participants, the average
body weight reduction increased over the course of the treatment, and the estimated mean
body weight change from baseline to 300 days was −17.6 ± 7.01% (Figure 2d). At 30, 60,
and 90 days, the average body weight changes were significantly greater in the EK group
compared to the HM group (Figure 2d). The percentages of participants in the EK group who
achieved ≥5%, ≥10%, and ≥15% body weight loss were 66.4%, 21.9%, and 7.09%, and those
in the HM group were 57.9%, 20.4%, and 6.02%, respectively (Figure 2e). The trial number of
EK therapy affected the mean body weight reduction by HM treatment (Figure 2f).

Figure 2. Anti-obesity outcomes of EK therapy and HM treatment. Change in body weight by
(a) percentage and (b) kg, and (c) BMI from baseline to the final visit. (d) Mean changes from baseline
in body weight. (e) Proportions of participants achieving body weight reductions of at least 5, 10,
and 15%. (f) Mean body weight changes according to the trial number of EK therapy throughout the
treatment period. * p < 0.05; ** p < 0.01; *** p < 0.001 versus HM group. §§§ p < 0.001 versus the EK
once group. EK, Euphorbia kansui; HM, herbal medicine; BMI, body mass index.
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2.1.3. Change in the Body Compositions

In the whole participants, fat weights were significantly changed at the final visit
compared to the first visit (−3.35 ± 4.94 kg, p < 0.001), but muscle and body fluid were
not significantly changed (p > 0.05). The changes in fat weight were not significantly
different between the two groups (p = 0.15); however, the weights of body fluid and muscle
decreased in the EK group and increased in the HM group with significant differences
(p < 0.01) (Figure 3).

Figure 3. Change in (a) fat weight, (b) muscle weight, and (c) body fluid. Subgroup analysis divided
by the number of EK therapy trials. ** p < 0.01 versus the HM group. EK, Euphorbia kansui; HM,
herbal medicine.

2.1.4. Adverse Events after EK Therapy and during HM Treatment

There was no severe adverse event or unpredictable event after EK therapy, but two
patients reported mild abdominal pain until the following day after EK therapy, and one
patient reported mild dizziness on the day of EK therapy. There were two patients in the
EK group who dropped out because of systolic blood pressure elevation above 200 mmHg
and no favorable weight loss, respectively. Any serious adverse event was not reported
throughout the duration of HM treatment. Among 200 patients observed at 30 days, 72.5%
reported no side effects. The most frequently reported side effect experienced by patients
during HM treatment was poor sleep quality; however, its severity was not sufficient to
result in treatment discontinuation. Mild constipation, dry mouth, diarrhea, and nausea
were the subsequent most commonly reported adverse events.

2.2. Results from Animal Model
2.2.1. Body Weight, Glucose Metabolism, and Lipid Profile

Both the ob/ob and EK groups demonstrated no significant difference in body and
epi fat weights. At 4 and 8 weeks, the fasting blood glucose (FBG) of the EK group was
significantly lower than that of the ob/ob group (Figure 4). In oral glucose tolerance tests
(OGTT), the blood glucose levels at 30, 60, 90, and 120 min were significantly reduced in
the EK group compared to the ob/ob group. The area under the curve (AUC) also showed
a similar propensity. The EK group showed decreased fasting serum insulin (FSI) and
homeostatic model assessment for insulin resistance (HOMA-IR) compared to the ob/ob
group (FSI: 2.62 ± 0.58 ng/mL vs. 5.66 ± 1.36 ng/mL, p = 0.07; HOMA-IR: 48.30 ± 14.29
vs. 175.13 ± 42.40, p < 0.05). Among lipids, triglyceride (TG) and non-esterified fatty
acid (NEFA) concentrations in the EK group were significantly decreased compared to the
ob/ob group (Figure 4).
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Figure 4. Metabolic benefits of Euphorbia kansui in the animal study. Comparison between three
groups in (a) FBG, (b) HOMA-IR, (c) oral glucose tolerance test (OGTT) results, (d) AUC of OGTT,
(e) NEFA, and (f) cholesterols. * p < 0.05; *** p < 0.01 versus the ob/ob group. §§ p < 0.01; §§§ p < 0.001
versus the WT group. FBG, fasting blood glucose; WT, wild-type; EK, Euphorbia kansui; HOMA-IR,
homeostatic model assessment for insulin resistance; AUC, area under the curve; NEFA, non-esterified
fatty acid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglyceride.

2.2.2. Safety Profile

To determine the toxic effect of EK on the liver and kidney function, serum levels of
aspartate aminotransferase (AST), alanine aminotransferase (ALT), and creatinine were
investigated. The creatinine and AST levels were not influenced by EK administration, and
the difference in ALT levels between the EK and ob/ob groups was not significant.

2.2.3. Mechanism of EK Therapy in Macrophages and Monocytes

A significantly increased percentage of total and CD11c+ ATMs and a decrease in the
percentage of CD206+ in the ob/ob group compared to the WT group was demonstrated.
The EK group showed a significantly reduced percentage of total and CD11c+ ATMs and
an enhanced percentage of CD206+ ATMs (Figure 5). The number of ATMs per epi fat
weight was significantly decreased in the ob/ob group compared to the WT group but
significantly increased in the EK group compared to the ob/ob group. In monocyte analysis,
the ob/ob group had a lower percentage of CD11b+/Ly6clow and a higher percentage of
CD11b+/Ly6chigh than the WT group. However, the EK group demonstrated a significantly
elevated percentage of CD11b+/Ly6c and a decreased percentage of CD11b+/Ly6chigh

compared to the ob/ob group (Figure 6).
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Figure 5. Anti-inflammatory changes in adipose tissue macrophages. (a) Flow cytometry results
showing adipose tissue macrophage gating (CD45+ leukocytes, CD68 + macrophages, CD11C +
macrophage and CD206 macrophages). (b–f) Percentages of adipose tissue macrophages in total,
CD11c+, and CD206+ subtypes of WT (blue), ob/ob (red) and EK (green line). Gray shadow indicates
fluorescence minus one control. * p < 0.05; ** p < 0.01 versus the ob/ob group. §§ p < 0.01; §§§ p < 0.001
versus WT group. WT, wild-type; EK, Euphorbia kansui; ATMs, adipose tissue macrophages.

Figure 6. Anti-inflammatory changes in monocytes. (a) Flow cytometry showing monocyte gating
(CD45+ leukocytes, CD11b + monocytes, and Ly6C low, middle and high subtypes monocytes).
(b,c) Populations of Ly6−, Ly6c+, and Ly6c++ monocytes of WT (blue), ob/ob (red) and EK (green
line). Gray shadow indicates fluorescence minus one control. * p < 0.05 versus the ob/ob group.
§§ p < 0.01; §§§ p < 0.001 versus WT group. WT, wild-type; EK, Euphorbia kansui.

2.2.4. Mechanism of EK Therapy in Gut Microbiota

In the phylum analysis, the two major phyla, both Bacteroidetes and Firmicutes, showed
as significantly reduced in the ob/ob group compared to the WT group; however, the EK
group demonstrated significant increments in both of them (Bacteroidetes: 73.13 ± 0.42% vs.
58.49 ± 2.39%; Firmicutes: 18.79 ± 1.64% vs. 13.93 ± 0.55%). Verrucomicrobia was the second
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most abundant in the ob/ob group; however, the proportion of Verrucomicrobia substantially
decreased in the EK group (2.59 ± 2.16%). The other increasing fecal microbial species in
the ob/ob group compared to the WT group were Actinobacteria and Proteobacteria, both of
which were decreased in the EK group. Deferribacteres phylum was significantly increased
in the EK group compared to the ob/ob group (6.24 ± 1.73% vs. 0.38 ± 0.18%). According
to Simpson’s method, the diversity indexes of all three groups were not significantly
different from each other. However, the results of Principal Coordinate Analysis (PCoA)
and Unweighted Pair Group Method with Arithmetic mean (UPGMA) suggested similar
patterns of microbiota composition between the WT and EK groups, distinctly different
from the ob/ob group (Figure 7).

Figure 7. The changes in gut microbiota structure and diversity. (a) Percentage of each phylum in the
gut microbiota. (b) Diversity of gut microbiota. (c) Principal coordinate analysis (PCoA) analysis of
individuals and UPGMA clustering. WT, wild-type; EK, Euphorbia kansui.

3. Discussion

The current study was the first real-world clinical study with EK therapy and HM
treatment for obesity in Republic of Korea, and it also investigated its mechanism. The
patients who took only HM treatment significantly lost 6.27 ± 5.40% of body weight;
however, the other patients who additionally took EK therapy once or twice significantly
demonstrated additional weight loss of 1.45%. In demographic features, patients in the
EK group showed a tendency to have higher BMI, fat, muscle, and body fluid. Moreover,
the EK therapy during HM treatment significantly attributed to additional effects on the
change in BMI, muscle, and body fluid. According to an in vivo mechanism study, EK
therapy showed significant effects on adipose tissue inflammation at macrophage and
monocyte levels and changed the gut microbiota towards the pattern of the lean, not that of
the obese. Therefore, this article proposed EK therapy as an effective adjunctive treatment
to be combined with HM treatment for obesity.

The EK therapy plus HM treatment showed 7.7% body weight and significant reduc-
tions in BMI, muscle, and body fluid compared to only HM treatment. In regard to body fat
loss, the two groups were not statistically different. As the anti-obesity efficacy increased
over the HM treatment time, the EK group showed significantly greater weight loss until
90 days; however, the mean change of body weight at 300 days was greater in the HM
group. We confirmed that anti-obesity efficacy significantly increased according to the
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number of undergoing EK therapies (p < 0.01). Notably, the trial number of EK therapy was
concentrated during the early treatment period. In the EK group, all subjects underwent EK
therapy within 30 days from baseline, and the number of subjects undergoing EK therapy
substantially diminished to 13, 10, 6, 5, 3, and 2 at 60, 90, 120, 180, and 300 days, respectively.
In a previous prospective study with EK therapy [20], one trial of EK therapy contributed
to a significant body weight loss of 1.27 kg. Our HM group was shown as similar to
the results from the previous studies treated with various polyherbal decoctions, such as
Bofutsushosan [21], Gambisan [22], Taeeumjowee-Tang [23], and Chegamuiyiin-Tang [24].
Gambisan showed 6.2% of body weight loss and 2.87% of body fat. The compliance rate
of the Gambisan study was higher than 70%, and the weight loss effect of adjunctive EK
therapy was potent, losing 7.73% of body weight and 2.47% of body fat [22].

Our study assessed the safety of EK therapy by self-reported adverse events during
the treatment period and laboratory blood tests in mice. We observed no toxic effect on
the liver and kidney in mice, and Lee et al. [20] confirmed no significant difference in AST,
ALT, GGT, BUN, creatinine, and eGFR before and after EK therapy in humans. Also, the
adverse events of EK therapy were similar to the results that Lee had reported, such as
mild to moderate abdominal pain, which lasted 1–2 days. All our prescriptions for HM
treatments included Ma-huang, and no severe adverse effect was reported in common with
previous studies, including dry mouth, constipation, diarrhea, palpitation, and insomnia.

The importance of this study is assessing the anti-inflammation effect through various
values at the cellular level. In obese patients, persistent, low-grade inflammation is trig-
gered by ATM infiltration and its derived cytokines, which disrupts the insulin signaling
cascade-like feedback loop [25]. We investigated the effects of EK on inflammation in
this respect. EK therapy decreased the number of ATMs in the quantitative aspect and
also significantly improved adipose tissue inflammation in the qualitative aspect. EK
treatment significantly decreased CD11C+ ATMs, namely M1 ATMs, which stands for the
pro-inflammatory activity of ATMs in adipose tissue, and the same results were shown in
the analysis of blood Ly6c monocyte types. Lee also suggested EK-modulated ATMs and
pro-inflammatory cytokines, including TNF-α and IL-6, in the same manner as our results.

Ly6chi monocytes representing pro-inflammatory traits are recruited to the inflam-
mation site by chemo-attractants and differentiate into macrophages or dendritic cells
depending on the local cytokines [26]. Ly6clow monocytes are patrolling to differentiate
into resident macrophages and promote wound healing [27]. In the obesity inflammation,
Ly6chi and Ly6clow monocytes may differentiate into M1 and M2 macrophages [5,28]. As
per our expectation, Ly6chi in monocyte-related pro-inflammation was decreased, while
Ly6clow-type of monocyte-related anti-inflammation was increased by EK.

Alteration of gut microbiota and resultant modulation of intestinal permeability could
be a key strategy to ameliorate obesity inflammation [7]. The most definite result in
microbiota was the increase in Verrucomicrobia in the ob/ob group. Verrucomicrobia were
counted at 16.85% in the ob/ob group; however, the WT group and EK group showed
only 0.00% and 2.59%. The relationship between Verrucomicrobia and obesity was reported
that high-fat feeding induced the increase in Verrucomicrobia and also the increasing ratio
of Verrucomicrobia to Bacteroidetes [29]. Our study showed similar results to this previous
study. The mean ratio of Verrucomicrobia to Bacteroidetes was significantly increased in the
ob/ob group; however, the ratio was decreased in the EK group, demonstrating EK had
effects on recovering harmful microbial transition.

In the Genus-level analysis, Alistipes belonging to Bacteroidetes were significantly
decreased in the ob/ob group and recovered in the EK group, even higher than the
WT group. Alistipes correlate negatively with leukocytes and present more abundantly
in healthy subjects compared to non-alcoholic fatty liver disease patients mediated by
inflammation [30,31]. Moreover, a human study confirmed that successful weight loss
significantly enriched Alistipes [31]. Notably, the dominant phyla, Firmicutes, was de-
creased in the ob/ob group and increased in the EK group, contradicting other results.
Turnbaugh et al. [32] found an increase in the abundance of Firmicutes associated with diet-
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induced obesity. These compositional changes were completely reversed after returning to
a normal diet, which suggests that diet is the main contributing factor to obesity-associated
changes in the gut microbiota [33]. In our study, the diets of all experimental groups were
identical, and the results of genetically obese and obese individuals with high-fat dietary
habits were thought to be different for microorganisms. Indeed, the critical biomarker of
obesity is uncertain among Firmicutes, Bacteroidetes, Firmicutes/Bacteroidetes ratio, and other
phyla and remains to be determined [34].

Deferribacteres showed a low proportion in both the WT group and the ob/ob group
and obviously increased in the EK group. In a study of diet-induced weight modification,
Mucispirillum, the only genus of Deferribacteres, was positively correlated with serum leptin
levels [35] and also had several systems for scavenging reactive oxygen species induced
by inflammation [36]. Interestingly, Mucispirillum was known not to be affected by the
prebiotic treatment [37]. Therefore, EK could be a potent option to promote the growth of
Mucispirillum, finally leading to weight reduction.

We had several limitations. In our pragmatic, real-world clinical study, a disparity
in the number of follow-up bioelectrical impedance analyses (BIAs) resulted in limited
sufficient analyses in body composition changes, such as fat, muscle, and body fluid, and
attributed to the data imbalance between the EK and HM groups. Also, the fidelity of the
intervention was restricted due to real-world conditions, lacking placebo or randomization.
Second, the compliance of HM treatment and EK therapy was low compared to the other
retrospective studies with HM treatment [22]. Additionally, the final body weight was not
recorded at the end-of-treatment- but at the last-prescription-date during the study period.
These approaches would have underestimated the potential weight loss effects associated
with both HM treatment and EK therapy. Third, the numbers of each mouse groups were
too small to make a generalization human, and additional studies are needed, with large
numbers of animal and human studies. However, our study had enough patients to be the
first real-world clinical study, although clinical trials with EK therapy were rare because
of its toxicity. In the past, the anti-inflammatory benefits of EK were studied, focusing
on various cancers and gastrointestinal tract-associated diseases. However, this study
was also the first research of EK in obesity and glucometabolism to investigate potent
anti-inflammatory mechanisms of macrophages and Ly6c monocytes, suggesting a positive
role in host energy metabolism by the transition of microbiota. Finally, the biomarkers
used in this study, such as AST, ALT, and creatinine, are typically only activated when the
liver or kidneys have been damaged to some degree; therefore, ultrasensitive PCR methods
are needed to detect inflammatory processes that may occur before organ damage. Future
studies may also incorporate more sensitive markers than bilirubin, gamma-glutamyl
transferase (GGT), liver biopsy, and creatinine to help detect liver and kidney dysfunction
at an earlier stage.

In summary, EK therapy, when combined with HM treatment, significantly contributed
to additional weight loss and improvements in various body metrics. Our findings from the
in vivo mechanism study revealed that EK therapy influenced adipose tissue inflammation
at the macrophage and monocyte levels. Specifically, EK therapy reduced the number
of pro-inflammatory CD11c+ macrophages (M1 macrophages) and altered the balance
between pro-inflammatory Ly6chi monocytes and anti-inflammatory Ly6clow monocytes,
suggesting a modulation of inflammatory responses associated with obesity. Furthermore,
we noted significant changes in gut microbiota composition due to EK therapy. EK therapy
shifted the microbiota towards a profile more typical of lean individuals, with reductions
in the abundance of Verrucomicrobia, which is often elevated in obese conditions, and
increased levels of beneficial genera such as Alistipes. These changes in gut microbiota
are consistent with previous research linking microbiota modulation to improvements in
obesity and metabolic health.
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4. Materials and Methods

4.1. A Real-World Clinical Study
4.1.1. Study Design and Eligible Patients

This study was an open-label, pragmatic cohort study encompassing outpatients who
visited the Weight Management Center at Kyunghee University Korean Medicine Hospital
(Seoul, Republic of Korea) to treat obesity between 1 January 2022 and 31 December 2022.
Eligible patients were included according to the following criteria:

(1) Men and women aged 15 years or older with BMI over 25.
(2) Those who decided to receive HM treatment among the patients who visited the

hospital for weight loss,
(3) Each patient who visited the hospital at least twice within the entire treatment period

to confirm the change in body weight.

The patients who denied taking HM for weight loss or could not be checked for the
follow-up body weight were excluded. All eligible patients underwent HM treatment, of
which the contents of the prescription were different for each patient. At the first visit,
all patients measured their body weight and performed BIA using InBody720 (InBody
Inc., Seoul, Republic of Korea) and were recommended not to take any other medicines or
supplements for weight loss during the HM treatment period.

Patients were fully informed about the potential risks, including diarrhea, vomiting,
and abdominal pain, associated with the susceptible EK treatment. We then assigned
patients into either the EK treatment group or the HM group based on their choice: the
EK group who underwent EK therapy at least once plus conventional HM and the HM
group who were prescribed only conventional HM without EK therapy. We compared
the changes in body weight and other body compositions before and after HM treatment
between the EK group and HM group. For monitoring compliance, we checked how much
of the prescribed medication was taken at each patient visit.

This real-world clinical study’s protocol was approved by the Kyung Hee University
Korean Medicine Hospital Institutional Review Board (KOMCIRB 2023-07-001), and written
informed consent was obtained from all participants.

4.1.2. EK Therapy and HM Treatment

EK was provided by the Department of Pharmaceutical Preparation of the Kyunghee
University Korean Medicine Hospital. An EK capsule contains 400 mg of EK powder.
EK therapy is performed as a 1-day course at home. Patients were prescribed 8 to 12 EK
capsules at a single time, taking 4–5 capsules every 2 min on an empty stomach. After 1–2 h,
multiple episodes of diarrhea and vomiting would occur over a period of 6–8 h, along
with abdominal pain or nausea. We notified in advance that (1) severe abdominal pain
could be relaxed with a hot pack or antispasmodics and (2) dehydration might occur after
more than 10 times of diarrhea, and a can of soft drink could be helpful. All participants
were prescribed HM, which was Gami-Samhwang-san (by decocting Ephedra Herba 4 g,
Armeniacae Semen 4 g, Acori Gramineri Rhizoma 4 g, Raphani Semen 4 g, Coicis Semen
4 g, Phellodendri Cortex 4 g, Atractylodes Chinensis Rhizome 4 g, Rhei Radix et Rhizoma
4 g in water), and TKM clinical doctors at the Weight Management Center in Kyunghee
University Korean Medicine Hospital modulated the prescriptions according to health
problems of each patient.

4.1.3. Lifestyle Modification

On the first visit, all patients were counseled on correcting their lifestyle based on a
common diet and exercise regimen. Our center highlighted taking regular 2 or 3 meals in a
day, avoiding fruits and confections, including sweet drinks and sauces, and walking for
an hour, 1–2 times a week, until sweating.
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4.2. Animal Study
4.2.1. Study Design and Animal and EK Preparations

The experimental animals were wild-type 19~21 g male C57BL/6 mice (WT group,
n = 5) and obese 27~31 g male C57BL/6-Lepob/Lepob (ob/ob) mice (Central Lab Animals
Inc., Seoul, Republic of Korea). The ob/ob mice were randomly assigned into two groups:
the ob/ob group (n = 5) and the EK group (n = 5). Normal chow with 4.5% crude fat and
water were supplied ad libitum. The EK group was treated with EK powder (200 mg/kg),
orally administered twice a week for 8 weeks, while the WT and ob/ob groups took normal
saline. EK was purchased from the Department of Pharmaceutical Preparation of Kyunghee
University Korean Medicine Hospital (Seoul, Republic of Korea). All experiments were
carried out in accordance with guidelines from the Korean National Institute of Health
Animal Facility. The relative humidity in the room was maintained at 40~70%, and the
light–dark cycle was set at 12 h. At the end of the study, the mice were euthanized by
cervical dislocation.

4.2.2. Weight Measurements and Blood Analysis

Body weights were recorded at the beginning and end of the experiment using the
CAS 2.5D scale (Seoul, Republic of Korea) in the morning. The weights of epididymal
fat pads were measured at 8 weeks after scarification. To evaluate glucose metabolism,
we examined FBG at 2, 4, and 8 weeks using ACCU-CHECK Performa (Australia) and
performed OGTT at 6 weeks after glucose (2 g/kg body weight) feeding. Also, FSI was
analyzed at 8 weeks using an ELISA reader by 450 nM, and HOMA-IR was calculated using
FBG and FSI. We analyzed the lipid profiles, including total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), TG, and
NEFA, as well as the safety profile, including AST, ALT, and creatinine levels, using blood
samples collected from the heart at 8 weeks.

4.2.3. Analysis of ATMs and Monocytes

Stromal vascular cells (SVCs) were segregated from the epi fat samples at the end of
the study. The fat samples were soaked in the solution of phosphate-buffered saline (PBS)
and 2% bovine serum albumin (BSA) and isolated by collagenase (Sigma, St. Louis, MO,
USA) and DNase I (Roche, Brighton, MA, USA). The cell number of SVC was counted
by a cellometer (Nexcelom Bioscience LLC., Lawrence, MA, USA). To prepare before
fluorescence-activated cell sorting (FACS) analysis, FcBlock (BD Pharmingen, San Jose,
CA, USA) was mixed at the ratio of 1:100, and the fluorophore-conjugated antibodies
were added to react with the samples as follows: CD45-PerCP-Cy5.5 (Biolgend, San
Diego, CA, USA), CD68-APC (Biolgend, USA), CD11c-phycoerythrin (Biolgend, USA),
CD206-FITC (Biolgend, USA), CD11b-PE (Biolgend, USA), and Ly6c-APC. All samples
were added into FACS tubes after washing with 2% FBS/PBS solution and analyzed
by FACS Caliber (BD bioscience, San Jose, CA, USA). We calculated the percentage of
macrophages with CD45+/CD68+, CD45+/CD68+/CD206+, CD45+/CD68+/CD11c+, and
the percentage of monocytes with CD45+/CD11b+/Ly6c-, CD45+/CD11b+/Ly6c+, and
CD45+/CD11b+/Ly6c++ using FlowJo (Tree star Inc., Ashland, OR, USA).

4.2.4. Analysis of the Composition of the Fecal Microbiota

At 8 weeks, the fecal samples were collected, and their DNA was extracted following
amplification by polymerase chain reaction (PCR). The Basic Local Alignment Search
Tool (BLAST) found regions of local similarity between sequences to analyze taxonomic
composition for each sample from the Phylum to Species level. In diversity analysis, we
used Simpson’s diversity index to calculate alpha diversity. PCoA and UPGMA clustering
trees were used to assess the variation.
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4.3. Statistical Analysis

The continuous variables were reported in the clinical study using the mean and
standard deviation (SD), presented as mean ± SD, and in the animal study using the
mean and standard error of the mean (SEM), presented as mean ± SEM. We compared the
continuous variables between the EK group and the other group using the Mann–Whitney
U test only for baseline age and height using the student’s t-test. Linear regression was
performed to analyze the changes in weight loss between the EK and HM treatments
using linear regression. In our model, we included age, gender, and treatment duration as
covariates to control for these potential confounding factors.

We conducted an analysis of variance (ANOVA) and Tukey’s post hoc to compare the
weight loss outcomes across the number of EK therapy sessions in the clinical study and to
analyze group differences in the animal study. The change in body weight before and after
obesity treatment was analyzed by the Wilcoxon signed rank test. We also used a student’s
t-test to check if a final weight loss was different between different subgroups of gender
and behavioral factors. All statistical analyses were performed using PRISM 7 (Graphpad
software Inc., La Jolla, CA, USA). All p values were two-tailed, and significance was set at
p < 0.05.

5. Conclusions

We can infer the effect of Euphorbia kansui treatment on the grounds of the results
related to anti-inflammation and alteration of microbial community composition. These
different types of microorganisms might be linked to changes in nutrient absorption and
energy regulation. Additionally, we can also assert that leading changes in adipose tissue
macrophage and blood Ly6chi monocytes level by Euphorbia kansui treatment can reduce
systemic inflammation activity and finally impact the insulin signaling network.
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Abstract: Obesity is a pandemic disease characterized by lipid accumulation, increased proinflamma-
tory cytokines, and reactive oxygen species. It is associated with the development of comorbidities
that lead to death. Additionally, drug treatments developed to control obesity are insufficient and
have a variety of adverse effects. Thus, the search for new anti-obesity therapies is necessary. Campo-
manesia adamantium is a species from the Brazilian Cerrado that has the potential to treat obesity, as
described by the antihyperlipidemic activity of its roots. Therefore, this study aimed to investigate
the activity of the aqueous extract of C. adamantium leaves (AECa) on the control of reactive species
in vitro, on lipid accumulation in adipocytes and Caenorhabditis elegans, and on the production of
proinflammatory cytokines in adipocytes. The antioxidant capacity of AECa was observed by its
action in scavenging DPPH• free radical, iron-reducing power, and inhibition of β-carotene bleaching.
AECa reduced lipid accumulation in preadipocytes and in C. elegans. Moreover, AECa reduced the
production of the proinflammatory cytokines MCP-1, TNF-α, and IL-6 in adipocytes. In summary, the
antioxidant activity and the ability of AECa to reduce the accumulation of lipids and proinflammatory
cytokines indicate, for the first time, the anti-obesity potential of C. adamantium leaves.

Keywords: guavira; oxidative stress; inflammation; obesity

1. Introduction

Obesity is a pandemic chronic inflammatory disease, mainly due to unhealthy eating
and a sedentary lifestyle. It is currently the leading nutritional disorder in developed
countries [1]. Obesity is characterized by the expansion of white adipose tissue, resulting
from the processes of adipogenesis and lipogenesis, which are characteristics of adipocyte
hyperplasia and hypertrophy, respectively [2]. Adipogenesis is upregulated in the mes-
enchymal stem cells of adipose tissue by fatty acid-activated transcription factors, which
include PPAR-γ [3]. Furthermore, the activation of PPAR-γ in adipocytes also promotes the
sensitivity of these cells to insulin, promoting the absorption of glucose and the accumula-
tion of lipids through a process known as lipogenesis [4]. For lipid accumulation during
lipogenesis, transcriptional factors, including SREBP-1c, are activated [5].
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In addition, adipocyte hypertrophy contributes to the production of proinflammatory
cytokines such as interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-α) and increases
the secretion of chemokines such as monocyte chemoattractant protein 1 (MCP-1) [6].
Hypertrophy upregulates a cycle of continuous cellular recruitment of inflammation that
leads to the increased production of reactive oxygen species [7]. If not neutralized, these
reactive oxygen species generate an oxidative stress condition. The inflammatory and
oxidative stress conditions in adipocytes that characterize obesity are associated with the
development of comorbidities such as type 2 diabetes, cardiovascular disease, and cancer,
which are among the leading causes of death in the world today [8].

Drug treatments developed to control obesity are insufficient and have several adverse
effects [9]. Therapeutic alternatives are, therefore, being sought to obtain products that
modulate adipogenesis, lipogenesis, and the production of proinflammatory cytokines and
possess antioxidant activities.

Among the therapeutic alternatives, medicinal plants have gained prominence for
their biological activities, with fewer adverse effects and low costs to public health [10].
Campomanesia adamantium O. Berg, popularly known as guavira, is a medicinal plant from
the Myrtaceae family, native to the Brazilian Cerrado [11]. C. adamantium is traditionally
used to treat diarrhea, urinary tract infections, and stomach disorders [11]. Its biologi-
cal properties include anti-inflammatory, pro-longevity, and cyclooxygenase-inhibiting
activities [12–14].

In a previous study, we verified the antioxidant and antihyperlipidemic effects of
Campomanesia adamantium O. Berg roots [15]. Furthermore, another study found that the
aqueous extract of C. adamantium leaves has quinic acid and phenolic compounds, such as
flavonoids, with myricetin and quercetin as its main constituents [16]. Therefore, in this
study, we investigated the effect of C. adamantium leaves on controlling reactive oxygen
species, lipid accumulation, and the production of proinflammatory cytokines.

2. Results

2.1. Antioxidant Activity of AECa

AECa showed antioxidant activity observed by the DPPH•, FRAP, and β-carotene
bleaching methods (Table 1). The concentration of AECa capable of inhibiting 50% (IC50)
of DPPH• radicals was approximately 1.6 times higher than that of the Controls, ascorbic
acid, and BHA. The FRAP test’s average effective concentration (EC50) of AECa was
approximately 1.4 times higher than ascorbic acid. In the β-carotene bleaching test, AECa
had an IC50 approximately 15 times higher than BHA, and a value the IC50 of ascorbic acid
was not detected (Table 1).

Table 1. Antioxidant activity of aqueous extract of Campomanesia adamantium leaves (AECa).

Sample
DPPH• FRAP β-Carotene Bleaching

IC50 (μg/mL) EC50 (μg/mL) IC50 (μg/mL)

AECa 10.41 ± 1.06 56.54 ± 3.00 229.87 ± 5.92
AA 6.09 ± 2.28 40.16 ± 4.96 ND

BHA 6.45 ± 2.28 - 15.14 ± 2.07
AA: ascorbic acid; BHA: butyl-4-hydroxyanisole; IC50: half-maximal inhibitory concentration; EC50: median
effective concentration; -: not performed; ND: not detected. Results are expressed as means ± SEM.

2.2. Effect of AECa on Preadipocytes

AECa did not reduce the viability of preadipocytes regardless of the concentration at
24 h. At 48 h, the concentrations of AECa maintained viability above 90% (Figure 1).
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Figure 1. Cellular viability of preadipocytes incubated with different concentrations (3.1, 6.25, 12.5,
25, 50, and 100 μg/mL) of aqueous extract of C. adamantium leaves (AECa): (A) 24 h and (B) 48 h.
Results are expressed as means ± SEM. * p < 0.05 versus Control.

2.3. Effect of AECa on Lipid Accumulation in Cells

The induction of differentiation using adipogenic medium in preadipocytes increased
lipid content by 35% compared to the lipid content of undifferentiated cells (Control). AECa
prevented lipid accumulation in a concentration-independent manner by approximately
31% compared to the cells differentiated using adipogenic medium (Figure 2A,B).

In differentiated adipocytes, AECa reduced lipid accumulation by approximately 30%,
25%, and 19% at 12.5, 25, and 50 μg/mL concentrations, respectively, compared to the
Control (Figure 2C).
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Figure 2. Lipid content observed by the percentage of Oil red in preadipocytes and differentiated
adipocytes treated with different concentrations (0, 25, 50, and 100 μg/mL) of aqueous extract of
C. adamantium leaves (AECa): (A) percentage of Oil red in preadipocytes treated with AECa followed
by an 8-day induction of differentiation; (B) photomicrographs of preadipocytes treated with AECa
followed by an 8-day induction of differentiation at 400× magnification; (C) percentage of Oil red
in adipocytes by an 8-day differentiation induction followed by 48 h AECa treatment. Results are
expressed as means ± SEM. ### p < 0.001 versus Control; ** p < 0.01, *** p < 0.01 versus adipogenic
medium (0 μg/mL).

2.4. Effect of AECa on Cytokine Production

The induction of differentiation by the adipogenic medium in preadipocytes increased
the production of the proinflammatory cytokines MCP-1, TNF-α, and IL-6 compared to
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undifferentiated cells (Control). AECa reduced MCP-1 production by 13, 27, and 43% at
25, 50, and 100 μg/mL concentrations, respectively. AECa reduced TNF-α production by
approximately 25%. AECa reduced IL-6 production by 37 and 50% at concentrations of 50
and 100 μg/mL. AECa did not alter the production of the anti-inflammatory cytokine IL-10
(Figure 3).

Figure 3. Cytokine production in preadipocytes and hypertrophied adipocytes treated with different
concentrations (0, 25, 50, and 100 μg/mL) of aqueous extract of C. adamantium leaves (AECa):
(A) MCP-1; (B) TNF-α; (C) IL-6; and (D) IL-10. Results are expressed as means ± SEM. ## p < 0.01,
### p < 0.001, and #### p < 0.0001 versus Control; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001
versus adipogenic medium.

2.5. Effect of AECa on Caenorhabditis elegans Nematodes

AECa did not alter the viability of the nematode C. elegans, except at a concentration
of 1000 μg/mL over 24 h, where viability remained above 85%. At 48 h, the highest
concentrations of AECa (750 and 1000 μg/mL) kept the viability of the nematodes above
75% (Figure 4A).

AECa reduced the lipid content in C. elegans by approximately 20% and 24% at
concentrations of 250 and 500 μg/mL, respectively, compared to the Control (Figure 4B,C).
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Figure 4. Viability and lipid content of C. elegans treated with different concentrations (100, 200, 250,
500, 750, and 1000 μg/mL) of aqueous extract of C. adamantium leaves (AECa): (A) 24 h and 48 h;
(B) lipids (area/average); (C) photomicrographs of C. elegans at 100× magnification. Results are
expressed as means ± SEM. * p < 0.05 and **** p < 0.0001 versus Control.

3. Discussion

This study reports, for the first time, the ability of the aqueous extract of C. adamantium
leaves to reduce lipid content in preadipocytes, and in the in vivo model C. elegans, the
production of proinflammatory cytokines in these cells, besides its antioxidant activity
in vitro. In a previous study, we found that the main phytochemical constituents of AECa
are quinic acid and phenolic compounds such as myricetin and quercetin [16]. Phenolic
compounds are widely described for their antioxidant potential, as they have a chemical
structure consisting of an aromatic ring and free hydroxyls that confer on them the ability
to donate hydrogen and electrons [17,18]. AECa showed antioxidant activity in the DPPH•,
FRAP, and β-carotene bleaching assays, probably mediated by donating electrons from its
phenolic compounds to stabilize radical molecules, reduce stable molecules, and prevent
oxidative processes in lipids, respectively.

In addition, some phenolic compounds have been described as having anti-obesity
potential, either through their ability to reduce adipogenesis and lipogenesis or to activate
lipolysis [19–21]. In this study, we found that AECa reduced lipid accumulation when
preadipocytes were treated with the extract simultaneously with the induction of differenti-
ation with adipogenic medium. This reduction occurred in a concentration-independent
manner of the AECa, which is probably related to the maximum sustained activity of
the active compound in the extract, as observed for other plant extracts [22]. Probably,
the AECa lowers adipogenesis (reduced differentiation) or reduces lipogenesis in differ-
entiated cells, as some compounds present in AECa, such as quercetin and myricetin,
have already been described as negative regulators of adipogenic and lipogenic genes and
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transcription factors such as PPAR-γ and SREBP-1c [23,24]. In this way, we can suggest
that the effect of AECa is related to the group of compounds present in the extract that
probably promote a reduction in the differentiation and lipogenesis of preadipocytes and
adipocytes, respectively.

Additionally, AECa was able to promote lipolysis in differentiated and hypertrophied
cells. Among the compounds in the extract, quercetin and myricetin may be associated with
the lipolytic potential observed, as they have already been described in other studies for
their lipolytic activity in adipocytes [23,25,26]. In a study by Yun-Soo et al. [25], quercetin
promoted lipolysis by increasing the expression of hormone-sensitive lipase (HSL). In
another study, Brasaemle et al. [26] found that myricetin downregulated the expression of
perilipin A, the most abundant protein associated with lipid droplets in adipocytes that
control basal and stimulated lipolysis [27].

The progression of obesity and its comorbidities is directly related to the increased
production of proinflammatory cytokines and reduced production of anti-inflammatory
cytokines [28]. In obesity, hypertrophied adipose tissue is accompanied by inadequate
vascularization, making the cells dysfunctional and hypoxic and consequently increasing
the production of proinflammatory cytokines, promoting immune cell recruitment [29].
Proinflammatory cytokines produced by immune cells and secreted by the adipose tissue,
such as TNF-α, IL-4, and IL-6, stimulate obesity-associated diseases, including insulin
resistance, dyslipidemia, and cardiovascular diseases. These comorbidities are related to
the increased production of reactive oxygen species, which characterizes obesity-related
oxidative stress [30–33]. Therefore, the in vitro antioxidant activity observed in this study
may contribute to reducing the damage caused by obesity, as already observed in other
studies [34].

AECa reduced the production of proinflammatory cytokines in the hypertrophied
adipocytes in this study, which was probably mediated by the phenolic compounds and
quinic acid present in AECa. In other studies, compounds present in AECa, such as
phenolic compounds and quinic acid, have been shown to modulate cytokines such as
TNF-α, IL-6, and MCP-1 [35–37]. Quinic acid, quercetin, and myricetin reduce TNF-α and
IL-6 production levels by blocking the nuclear translocation of nuclear factor-κB [35,36].
Additionally, quercetin reduces the levels of MCP-1 in vitro and in vivo [37].

In the same way that AECa reduced lipid content in cells, it also reduced lipid accu-
mulation in C. elegans, a complete organism. This free-living nematode is widely used as a
model organism for evaluating the effect of different substances due to genes homologous
to humans [38] and has been suggested as a model for obesity and drug studies [39]. C.
elegans does not have adipocytes, so the lipid droplets are stored mainly in intestinal cells,
called enterocytes. The lipid droplets of C. elegans mainly store triglycerides and cholesterol
esters [40]. Lipid storage in C. elegans occurs through the activation of pathways ortholo-
gous to human pathways related to lipid metabolism, such as SBP-1, and those orthologous
to SREBP [41].

In our study, C. elegans nematodes were treated with AECa from the first larval stage
after the eggs had hatched. Therefore, the reduction in lipid content observed in the
nematode intestinal cells is probably related to the suppression of the SBP-1 pathway
by the compounds present in the extract. As previously mentioned, compounds present
in AECa, such as myricetin, have been reported to modulate SREBP-1c negatively [42].
Moreover, another study observed that quercetin and myricetin reduced the lipid content
in C. elegans [42].

Additionally, lipolysis in C. elegans can be mediated by hormone-sensitive lipase
(HSL) [41]. As we saw earlier, among the compounds present in the extract, quercetin
may be associated with the lipolytic potential observed by increasing the expression of
HSL [23,25], thereby contributing to the reduction in the lipid content in C. elegans once the
nematodes were treated until the L4 stage.

In conclusion, our results indicate that the aqueous extract of C. adamantium leaves
has anti-obesity potential, with the ability to reduce adipogenesis and lipogenesis, activate
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lipolysis, and reduce the inflammatory processes and oxidative stress associated with the
development and progression of obesity and its comorbidities.

4. Materials and Methods

4.1. Plant Material and Extract Preparation

C. adamantium O. Berg leaves were collected after authorization from SISBIO (Biodiver-
sity Authorization and Information System, number 54470) in Dourados, Mato Grosso do
Sul, Brazil (coordinates: 22◦02′47.9′′ S and 055◦08′14.3′′ W). An exsiccate was deposited in
the Herbarium of the Federal University of Grande Dourados, Mato Grosso do Sul, Brazil
(DDMS registration number 4108). The leaves were sanitized, dried in an air circulation
oven at 45 ◦C, and pulverized in a knife mill. The aqueous extract of C. adamantium leaves
(AECa) was prepared as described by Espindola et al. [15].

4.2. Evaluation of the Antioxidant Activity of AECa
4.2.1. DPPH• Free Radical Scavenging Assay

The antioxidant capacity of AECa was evaluated using the 2,2-Diphenyl-1-picrylhydrazyl
(DPPH•) free radical capture method described by Bobo-García et al. [43]. Briefly, 20 μL
of AECa (10–1000 μg/mL) was mixed with 180 μL of DPPH• 150 μmol/L solution and
incubated for 40 min at room temperature in the dark. The absorbance was measured at
515 nm. The Control consisted of 20 μL of distilled water and 180 μL of DPPH• solution.
Ascorbic acid and 2,3-tert-butyl-4-hydroxyanisole (BHA) (10–1000 μg/mL) were used as
the standards. Three independent experiments were carried out in triplicate. The DPPH•
inhibition percentage was obtained using the following equation:

DPPH• inhibition (%) = (1 − Absextract/Abscontrol) × 100. (1)

The free radical 50% inhibition values (IC50) were calculated.

4.2.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The antioxidant capacity was assessed by its potential to reduce iron, as described
by Ustundag et al. [44]. Briefly, 20 μL of AECa (20–200 μg/mL) was mixed with 280 μL
of FRAP reagent. The mixture was incubated at 37 ◦C for 30 min. The absorbance was
measured at 593 nm. The Control consisted of 20 μL of distilled water mixed with 280 μL
of the FRAP reagent. BHA (20–200 μg/mL) was used as a standard. Three independent
experiments were carried out in triplicate. The mean effective concentration (EC50) values
of the extract were calculated.

4.2.3. β-Carotene Bleaching Inhibitory Activity Assay

The antioxidant capacity was evaluated by inhibiting the bleaching of β-carotene,
resulting from the oxidation induced by linoleic acid degradation products, as described
by Koleva et al. [45] and Rocha et al. [46]. Briefly, 30 μL of AECa (100–1000 μg/mL) was
mixed with 250 μL of β-carotene emulsion. The mixture was stirred and the absorbance
was measured at 492 nm immediately after adding the emulsion (Abs1). The mixture was
kept at 50 ◦C under stirring for 120 min. The absorbance was measured at 492 nm (Abs2).
The Control consisted of 30 μL of distilled water and 250 μL of the emulsion. BHA was
used as a standard (1–100 μg/mL). Three independent experiments were carried out in
triplicate. The percentage of inhibition of β-carotene bleaching in the samples was obtained
using the following equation:

Inhibition of β-carotene bleaching (%) = [1 − (Abs2extract − Abs1extract)/(Abs2control − Abs1control)] × 100. (2)

IC50 values were calculated.
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4.3. Evaluation of the Effect of AECa on Preadipocytes and Adipocytes
4.3.1. Cell Culture

Preadipocytes (3T3-F442A cells) were grown to 90% confluence in high-glucose
Dulbecco’s Modified Medium (DMEM) containing 3.7 g/L of sodium bicarbonate and
5.77 g/L of HEPES, supplemented with 10% Fetal Bovine Serum (FBS) and 1% peni-
cillin/streptomycin (10,000 U mL−1), all from Gibco/Invitrogen, Minneapolis, MN, USA.
The cells were kept at 37 ◦C in a humidified atmosphere of 5% CO2.

4.3.2. Cell Viability Assay Using MTT

Preadipocytes were plated in 96-well microplates (6 × 103 cells/well) and incubated
for 24 h. After this period, different concentrations of AECa (3.12–100 μg/mL) were
added to the cell culture medium, and the cells were incubated for 24 h and 48 h. Sub-
sequently, the cells were incubated for 4 h with 1 mg/mL of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT). The reduction in MTT in the mitochondria
resulted in the formation of violet-colored formazan crystals, which were dissolved in
DMSO (100 μL/well), and the absorbance was measured at 630 nm in a microplate reader.
Three independent experiments were performed in triplicate.

4.3.3. Lipid Accumulation in Cells

The effect of AECa on preadipocytes was evaluated according to the methods de-
scribed by Elfakhani et al. [47] with modifications. For this purpose, preadipocytes were
plated in 6-well plates (1 × 104 cells/well). When 70% confluence was reached (day 0), the
adipogenic medium was added for differentiation: cell culture medium, insulin 5 μg/mL,
and rosiglitazone 3 mM.

To assess the antiadipogenic effect of AECa, the cells induced to differentiate with
the adipogenic medium were simultaneously given different concentrations of AECa
(25–100 μg/mL) on day 0 and incubated for 48 h. The adipogenic medium without
AECa was replaced every 48 h until day 8. In the end, the cells were fixed with 10%
formaldehyde for 1 h and stained with a 0.3% Oil red solution for 30 min. The cells were
photographed in representative fields with a camera attached to an inverted microscope
at 400× magnification for analysis. The stained lipid content was removed with 100%
isopropanol, and the absorbance was measured at 492 nm.

To assess the lipolytic effect of AECa, hypertrophied cells were treated with different
concentrations of AECa (25–100 μg/mL) on day 8 after differentiation. After 48 h of
treatment, the cells were fixed with 10% formaldehyde for 1 h and stained with a 0.3% Oil
red solution for 30 min. The stained lipid content was removed with 100% isopropanol,
and the absorbance was measured at 492 nm.

The cells in the Control group were incubated with the cell culture medium without
the adipogenic medium while untreated cells induced to differentiation were incubated
with the adipogenic medium. Two independent experiments were performed in duplicate.

4.3.4. Cytokine Quantification

To evaluate the effect of AECa on cytokine production (MCP-1, TNF-α, IL-6, and
IL-10), the cells were treated with different concentrations of AECa (25–100 μg/mL) on
day 0. On day 8, the adipocyte supernatant was collected and subjected to the Cytometric
Bead Array (CBA) method (BD Biosciences). The evaluation was carried out by Flow
Cytometry (BD LSRFortessa, BD biosciences) according to the manufacturer’s instructions,
and analysis was performed using the (BD biosciences). Two independent experiments
were performed in duplicate.

4.4. Evaluation of the Effect of AECa on Caenorhabditis elegans
4.4.1. C. elegans Culture

The in vivo tests were carried out using the wild strain N2 of the nematode C. elegans,
obtained from the Caenorhabditis Genetics Center (CGC), Minneapolis, MN, USA. The
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nematodes were incubated at 20 ◦C in Petri dishes containing nematode growth medium
(NGM) and fed with Escherichia coli OP50 bacteria, inactivated with 10 mM kanamycin
antibiotic. The nematodes were synchronized for the tests with an alkaline medium
containing 2% sodium hypochlorite and 5 M sodium hydroxide. Eggs resistant to alkaline
lysis were transferred to Petri dishes containing NGM and E. coli.

4.4.2. Sub-Chronic Toxicity

The effect of AECa on the viability of C. elegans was evaluated according to the method
described by Leite et al. [48]. Briefly, the nematodes were synchronized at the L4 stage of
development (10 nematodes N2/well) and transferred to 96-well microplates containing
100 μL of M9 buffer and 100 μL of AECa at different concentrations (3.1–100 μg/mL). The
nematodes were incubated at 20 ◦C for 24 h and 48 h. The nematodes in the Control group
were incubated with M9 buffer (200 μL). In the end, nematode viability was assessed by
touch sensitivity using a platinum wire. Three independent experiments were carried out
in triplicate.

4.4.3. Lipid Accumulation in C. elegans

For the quantification of lipids in C. elegans, the method described by Escorcia et al. [49]
was used. For this purpose, synchronized C. elegans nematodes (L1 stage) were trans-
ferred to Petri dishes containing NGM and 300 μL of different concentrations of AECa
(250–500 μg/mL) diluted in E. coli OP50. Upon reaching the L4 stage of development
(approximately 48 h after synchronization), the nematodes were stained with 0.3% Oil red
for 2 h. In the end, a slide was prepared with a volume of 5 μL, covered with a coverslip,
and photographed under a microscope at 100× magnification. The images were analyzed
using the ImageJ (version 1.52a) program. Three independent experiments were performed
in duplicate.

4.5. Statistical Analysis

The data obtained were expressed as means ± standard error of the mean (SEM).
Analysis of variance (ANOVA) with a Newman–Keuls post-test in GraphPad Prism 9
software (San Diego, CA, USA) was used to analyze and compare the experimental groups.
The results were considered significant when p < 0.05.
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Abstract: Glycyrrhiza glabra L. is a plant commonly utilized in herbal medicine and stands out
as one of the more extensively researched medicinal plants globally. It has been documented
with respect to several pharmacological activities, notably, neuroprotective effects, among oth-
ers. However, the neuroprotective activity of pure phenolic compounds has not been reported
yet. The chromatographic of a methanolic extract yielded twenty-two compounds, viz.: narin-
genin 4′-O-glucoside (1), 3′,4′,7-trihydroxyflavanone (butin) (2), liquiritin (3), liquiritin apioside (4),
abyssinone (5), glabrol (6), isoliquiritin (7), neoisoliquiritin (8), isoliquiritin apioside (9), licuraside
(10). 3’[O], 4’-(2,2-dimethylpyrano)-3,7-dihydroxyflavanone (11), glabrocoumarin (12), glabrene (13),
isomedicarpin (14), 7-hydroxy-4′-methoxyflavone (formononetin) (15), ononin (16), glycyroside (17),
(3S)-7,4′-dihydroxy-2′-methoxyisoflavan (18), glabridin (19), neoliquiritin (20), 3,11-dioxooleana-
1,12-dien-29-oic acid (21), and 3-oxo-18β-glycyrrhetinic acid (22). The results of the neuroprotection
evaluation showed that G. glabra total extract (TE) and compounds 1, 7, 11, 16, and 20 protected
SH-SY5Y cells by inhibiting the depletion of ATP and elevated caspase 3/7 activities induced by
MPP+. Indeed, this study reports for the first time the structure and activity of compound 11 and the
neuroprotective activity of some phenolic constituents from G. glabra.

Keywords: Glycyrrhiza glabra; licorice; phenolic compounds; neuroprotection

1. Introduction

Neurodegenerative diseases are a group of diseases characterized by the loss of
neurons in the brain [1]. Notable amongst them are Parkinson’s disease and Alzheimer’s
disease. Specifically, Parkinson’s disease (PD) involves the loss of dopaminergic neurons in
the substantia nigra pars compacta of the midbrain [2]. Classical symptoms of PD include
tremors, bradykinesia, akinesia, and postural imbalance [3]. At the molecular level, the
progressive loss of dopaminergic neurons is triggered by a cascade of events, including
the alteration of the mitochondrial electron transport chain following the accumulation
of reactive oxygen species and the loss of adenosine triphosphate (ATP) in the cells [4].
This cascade of events will eventually lead to the death of neurons [5]. Although the
actual cause of PD is yet to be fully understood, the onset is believed to result from an
interplay between the environment and genetic factors [2]. For instance, exposure to
certain neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a heroin
analogue, has been implicated in the onset of the disease [6]. Age is also a major contributing
factor, as PD mainly affects people aged 60 and above [7]. To date, treatment of PD
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remains daunting, as existing treatments only treat symptoms, and levodopa in particular,
a dopamine replacement agent which is the current standard care, can nevertheless also
lead to Parkinsonism symptoms after prolonged usage [8]. In this regard, medicinal and
natural products have continued to serve as a resource base for exploiting biochemical
entities that could offer neuroprotective activities [9–11].

Licorice is a name given to different species of the Glycyrrhiza (Licorice) genus. No-
table amongst them is G. glabra, one of the most valuable medicinal plants. It consists of
about 30 taxa, of which only 15 taxa have been studied so far [12], mainly including the
species G. glabra L., G. uralensis Fisch., G. inflata Bat., G. echinata L., G. lepidota., G. pallidflora
Maxim., and G. macedonica, [13–15]. The plants, renowned for their medicinal properties,
are widely used in herbal medicine and are among the most extensively studied medicinal
plants globally. They have a notable pharmaceutical history in regions such as China,
India, Iran, Spain, Italy, Russia, and North Africa, and remain crucial in the exploration
of new pharmaceuticals. Several modern medical research studies have concentrated
on their chemical constituents and biological effects, aiming to understand the underly-
ing mechanisms. Numerous pharmacological studies, including clinical investigations,
have explored the effects of licorice root extract or its isolated compounds on the nervous
system. These plants exhibit various pharmacological activities, including neuroprotec-
tive, anti-inflammatory, antimicrobial, anticancer, gastroprotective, hepatoprotective, and
cardioprotective effects. Additionally, they have been found to be effective treatments
for influenza, cough, lung diseases, pneumonia, bronchitis, skin diseases, and hormone
replacement therapy [16–23]. Recently, the plant was used for the treatment of immunos-
timulating effects in the contexts of coronavirus disease 2019 (COVID-19) and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus [24,25]. G. glabra and G. uralensis
are the most studied species of this genus. Furthermore, the literature has reported up
to 400 compounds from the Glycyrrhiza genus, which have been categorized into various
classes such as phenolics (flavanones, flavones, flavanonols, chalcones and dihydrochal-
cones, isoflavones, and coumestans/phenyldihydrocoumarins, and their methoxylated,
prenylated, and glycosolated derivatives) and triterpenoids, including their glycosides [26].

Although licorice species have been extensively studied for their biological activities,
including their neuroprotective activities, the present study investigates the neuroprotective
activities of the TE of G. glabra and its isolated compounds in an in vitro model of PD in
the neuroblastoma cell line, SH-SY5Y, using the neurotoxin 1-methyl-4-phenylpyridinium
(MPP+). Indeed, several studies have demonstrated that MPP+, which is a byproduct
of MPTP, a toxin known to induce parkinsonism, induces neurotoxicity in the SH-SY5Y
cells [27,28]. We also report for the first time the activities of novel compounds isolated and
identified from licorice species and show for the first time the neuroprotective activities of
these compounds in a PD model.

2. Results

2.1. Chemical Characterization of the Isolated Compounds

Chromatographic purification of the total extract using different techniques, including
semi-prep HPLC, resulted in the isolation of twenty-two (22) pure compounds, which were iden-
tified as naringenin 4′-O-glucoside (1) [29,30], 3′, 4′, 7-trihydroxyflavanone (butin) (2) [31,32],
liquiritin (3) [33,34], liquiritin apioside (4) [33], abyssinone (5) [35], glabrol (6) [33,36,37], isoliquir-
itin (7) [38,39], neoisoliquiritin (8) [38,39], isoliquiritin apioside (9) [40–42], licuraside (10) [40–43],
3’[O],4’-(2,2-dimethylpyrano)-3,7-dihydroxyflavanone (11), glabrocoumarin (12) [44], glabrene
(13) [37,45], isomedicarpin (14) [33,46], 7-hydroxy-4′-methoxyflavone (formononetin) (15) [33],
ononin (16) [30,33], glycyroside (17) [30,33], (3S)-7,4′-dihydroxy-2′-methoxyisoflavan (18) [47],
glabridin (19) [33,34,37], neoliquiritin (20) [48], 3,11-dioxooleana-1,12-die-29-oic acid (21) [49],
and 3-oxo-18β-glycyrrhetinic acid (22) [50]. The isolated compounds were identified based on
detailed spectroscopic analyses and comparison with those reported in the literature (Figure 1).
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Figure 1. Chemical structures of the compounds isolated from G. glabra.

Compound 11 was isolated as a whitish-yellow powder, and its molecular formula
was determined to be C20H18O5 by its HRESIMS (High Resolution Electrospray Ionization
Mass Spectrometry). The UV spectrum of 11 had absorption maxima at 313 and 276 nm,
whereas the IR spectrum showed absorption bands at 3374, 1673, 1608, 1502, and 1463 cm−1

for OH, CO, and aromatic groups.
The 1H NMR spectrum of 11 showed signals assignable to six aromatic protons

belonging to two 1,3,4-trisubstituted aromatic rings [δH 7.72 (d, J = 8.5 Hz), 6.51 (dd, J = 8.5,
2.0 Hz), and 6.30 (d, J = 2.0 Hz); δH 7.25 (d, J = 7.9 Hz), and 6.76 (br d, J = 7.9 Hz), 7.23 (br s)];
two oxygenated methines [δH 4.92 and 4.50 (d each, J = 11.8 Hz)], and a 2,2-dimethyl
pyrane ring [δH 6.43 and 5.58 (d each, J = 9.7 Hz), and two methyls at 1.37 (6H, s)]. The 13C
NMR and DEPT-135 showed 20 carbons which could be classified as CO (192.7); 14 olefinic
signals, 12 of them aromatics (see Table 1); three oxy carbons (83.7, 76.3 and 72.9); and
two methyls (27.7, 2C’s). The above data showed similarity with (2R,3R)-3,4′,7-trihydroxy-
3′-prenylflavanone isolated from the same source by Kuroda et. al. (2010) [51]; the only
differences are lying on the chemical shifts of the prenyl signals. This similarity indicates
that 11 could be a 3-hydroxyflavanol derivative attached to a pyrane ring. Heteronuclear
Multiple Bond Correlation (HMBC) correlations between H-5 and C-4, C-7, C-9; H-8/C-7,
C-9, C-10; H-6′/C-2, C-4′; H-2′/C-2, C-4′, H-1′′/C-4′, C-2′, C-3′′ indicate connectivity of the
molecule and the linkage of the pyrane ring at C3′, C4′ of ring B (Figure 2).
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Table 1. NMR data of compound 11 (DMSO-d6) and 3,4′,7-trihydroxy-3′-prenylflavanone (acetone-d6).

Position Compound 11 3,4′,7-Trihydroxy-3′-prenylflavanone [51]

δC δH, multi, J (Hz) δC δH, multi, J (Hz)

2 83.7 4.92 (d, 11.8) 84.6 5.03 (d, 11.9)
3 72.9 4.50 (d, 11.8) 73.4 4.59 (d, 11.9)
4 192.7 - 192.7 -
5 128.6 7.72 (d, 8.6) 129.3 7.74 (d, 8.6)
6 111.5 6.51 (dd, 8.6, 2.0) 111.2 6.64 (dd, 8.6, 2.2)
7 162.7 - 165.4 -
8 102.5 6.30 (d, 2.0) 103.1 6.41 (d, 2.2)
9 163.2 - 164.1 -

10 111.9 - 112.5 -
1′ 129.6 - 128.9 -
2′ 126.2 7.23 (br s) 130.0 7.35 (d, 2.0)
3′ 120.7 s - 128.1 -
4′ 152.6 - 155.8 -
5′ 115.5 6.76 (d, 7.9) 115.0 6.90 (d, 8.2)
6′ 129.1 d 7.25 (br d, 7.9) 127.1 7.27 (dd, 8.2, 2.2)
1′′ 121.6 6.43 (d, 9.7) 28.7 3.38 (2H, d, 7.3)
2′′ 131.3 5.58 (d, 9.7) 123.1 5.39 (m)
3′′ 76.3 - 132.0 -
4′′ 27.7 1.37 (s) 25.4 1.72 (br s)
5′′ 27.7 1.37 (s) 17.4 1.74 (br s)

multi: multiplicity, J values in Hz, s: singlet, br s: broad singlet, br d: broad doublet, d: doublet, dd: doublet of
doublet, m: multiple.

  

Chemical structure of 11 
(2R,3R)-3,4 ,7-trihydroxy-3 -

prenyl avanone 

 

Figure 2. Chemical structure and important HMBC correlations of 11, and the structure of 3,4′,7-
trihydroxy-3′-prenylflavanone.

The known compounds were identified based on the extensive NMR data, including
2D (HSQC, COSY, and HMBC). The 1H NMR spectrum of 1 displayed a typical flavanone
skeleton, as well as a 2-3 dihydro ring C pattern [δH 5.50 (d, J = 12.7, 2.2 Hz, H-2; δC
78.4), δH 2.69 (dd, J = 17.1, 2.2 Hz, H-3β), and δH 3.24 (H-3α, overlapped; δC 42.4)]. The
peaks at δH 7.43 (d, J = 8.6 Hz, H-2′, 6′) and δH 7.07 (d, J = 8.6 Hz, H-3′, 5′) indicated
a 1,4-disubstituted ring B. The two protons at δH 5.85 and 5.83 (br s, δC 95.8 and 96.7)
suggested free 6,8-positions of ring A. Additionally, the proton at δH 4.89 (d, J = 7.2 Hz, δC
100.7) was identified as an anomeric proton of a glucose unit. The 13C NMR and DEPT-135
spectra revealed 19 signals corresponding to 21 carbons, including a signal at δC 196.1 (CO,
C-4), supporting the presence of a flavanone skeleton. The attachment of the glucose unit
to C-4′ is confirmed by the HMBC correlation of the anomeric proton with C-4′. The NMR
data (Table S1) are identical to those of naringenin-4′-O-glucoside, previously isolated from
the same source and Salvia patens [29,30].
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Compounds 2−6 and 20 share a similar flavanone skeleton pattern with compound 1.
Compound 2 has characteristics similar to 1, with the main differences being the absence of
a glucose unit and the splitting of ring B into a typical 1,3,4-trisubstituted benzene ring,
identified as 3′,4′,7-trihydroxyflavanone. The compound has been isolated previously from
Vernonia anthelmintica and Cotinus coggygria [31,32]. Compounds 3 and 4 are also flavanones
and are connected to a sugar at position C-4′. Compound 3 contains a glucose unit, which is
supported by the presence of HMBC correlation between the anomeric proton (δH 4.89/δc
100.3) and C-4’, while compound 4 exhibits an additional signal of apiose at δH 5.36/δc
108.7. Both compounds were isolated from the same source [33,34].

Compounds 5 and 6 both exhibit additional signals from prenyl groups. In com-
pound 5, the prenyl signals are observed at the following chemical shifts (δH/δC): 3.22
(6.5, 2H-1′′)/27.9; 5.28 (br d, 6.5, H-2′′)/123.1; 1.68 (s, Me-4′′)/26.0, and 1.67 (s, Me-5′′)/18.1,
in addition to a signal observed at δC 131.7 (C-3′′). The prenyl group is attached to C-3′,
as confirmed by HMBC correlation. Compound 6, on the other hand, features two prenyl
groups, at positions C-3′ and -8. (see Table S1 for more details). Both compounds 5 [35] and
6 [33,36,37] were derived from the same source. Compound 20 shares a similar profile with
compound 3, the only distinction being the attachment of the glucose unit at C-7 instead of
C-3′ (as in compound 3) [48].

Compounds 7–10 exhibit the same NMR pattern and are closely related to previous
compounds, particularly compounds 2, 3, and 20. However, in these compounds, ring
C is replaced by a 1,4-enone system, as indicated by the signals corresponding to the
carbonyl (CO), Cα and Cβ. The change of glucose link between C-4 and C-4′ is evident and
supported by HMBC correlations between the anomeric protons and the corresponding
carbons [42,43]. For compounds 9 and 10, the situation is analogous, with the glucose
moiety being replaced by a glucose–apiose moiety. This replacement is supported by the
similar NMR patterns and HMBC correlations, providing clear evidence of the structural
changes [40–42].

Compound 12 exhibited a 1,2-benzopyrone nucleus (coumarin) with an OH group
at C-7. The signal at δH 7.82/δC 142.5 indicates H-4, while the o-coupled protons at δH
7.52 (δC 129.6) and δH 6.79 (δC 113.1) correspond to H-5 and H-6. The o-coupled protons
at δH 6.32 (δC 107.3) and δH 6.94 (δC 130.6) indicate H-5′ and H-6′, belonging to a 1,2,3,4-
tetrasubstituted ring B. Additionally, the signals at δH 6.57 (d, J = 10 Hz, H-1′′, δC 116.8),
δH 5.53 (d, J = 10 Hz, H-2′′, δC 128.3), and the two methyl groups at δH 1.37 (6H, s, δC
27.2 × 2C) indicate a pyrane ring attached to C-3 and C-2 of ring B. The data (see Table S1)
are consistent with glabrocoumarins, and confirmed by 2D spectra. The compound has
been previously isolated from the same source [44].

Compound 13 displayed signals similar to 12, with the only difference being the
absence of the carbonyl group at C-2 and the formation of another 2H-pyran ring. The
data (see Table S1) are consistent with glabrene, also previously isolated from the same
source [37,45].

Compound 14 displayed signals corresponding to a 1,2,4-trisubstituted benzene ring
(see Table S1), as well as a 3,4-dihydro-2H-pyran ring [δH 3.56, 4.16 (CH2-2)/δC 68.5; δH
3.52 (H-3)/δC 39.3; δH 5.47 (H-4)/δC 78.0]. Additionally, it showed an OMe group, at δH
3.65/δC 55.2, connected to C-7. These findings are consistent with isomedicarpin, which
was isolated from the same source [33,46].

Compounds 15–17 share the same isoflavonoid skeleton, as indicated by the H-2
signals (δH ~ 8.40). Ring A is connected to different side chains at C-7, while ring B is 1,4-
disubstituted with a methoxy group at C-4′ (see Table S1 for more details). Compound 15

has a hydroxyl group at C-7, compound 16 has a glucose moiety, and compound 17 has
a glucose–apiose moiety, as evidenced by the anomeric H/C signals of the sugars. These
three compounds were previously isolated from the same source [30,33].

Compound 18 displayed two 1,2,4-trisubstituted benzene rings (rings A and B) and a
tetrahydropyrane ring (ring C), as evidenced by the presence of signals for two methylenes
(δH 4.14, 4.61; δC 69.2 and δH 2.71, 2.87; δC 29.7) and a methine (δH 3.32; δC 31.0). Ring
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A showed signals for two o-coupled protons (δH 6.85, d, J = 8.4 Hz, H-5 and δH 6.29, br
d, J = 8.4 Hz, H-6) and a singlet at δH 6.19 (br s, H-8). Ring B exhibited signals for two
o-coupled protons (δH 6.34, br d, J = 8.6 Hz, H-5′ and δH 6.97, d, J = 8.6 Hz, H-6′) and a
singlet at δH 6.43 (br s, H-3′). The 13C NMR and DEPT-135 spectra showed 16 well-resolved
signals, corresponding to 16 carbons, including two methylenes, one sp3 methine, six sp2

methines, six sp2 quaternary carbons, and a methoxy group. The NMR data matched those
of 7,4′-dihydroxy-2′-methoxyisoflavan isolated from propolis [47]. Compound 19 is similar
to compound 18, with the only difference being the absence of the methoxy group at C-2′
and the appearance of a pyrane ring at C-8 and C-7 of ring A. The NMR data for compound
19 matched those of glabridin, which was isolated from the same source (see Table S1 for
more details) [33,34,37].

Compounds 21 and 22 are oleanane-type triterpenes. Compound 22 exhibited seven
methyl singlet signals at δH/δC: 1.12/26.3 (C-23), 1.09/21.4 (C-24), 1.29/15.6 (C-25),
1.19/18.5 (C-26), 1.40/23.3 (C-27), 0.87/28.5 (C-28), and 1.25/28.4 (C-29), along with a
singlet at 5.47 (H-12). The 13C NMR spectrum showed 29 well-resolved signals corre-
sponding to 30 carbons, including two carbonyl carbons, at 217.0 and 199.7 ppm, the latter
conjugated with a double bond at 169.8/128.4 ppm. Additionally, the spectrum included
three methines, nine methylenes, and five quaternary carbons. The presence of the car-
bonyl carbon of the carboxylic group at 181.1 ppm and the conjugated double bond are
characteristic fragments of glycyrrhetinic acid isolated from the same source. Based on
the NMR data, the compound was identified as 3-oxo-glycyrrhetinic acid [50], with data
matching reported values. It is important to note that, based on 2D NMR correlations, some
chemical shifts were reassigned and corrected from reference [50], particularly for C-6, C-7,
C-8, and C-14, and methyl groups at C-28 and C-29.

The NMR data for compound 21 are identical to those of compound 22, with the
exception of the presence of a double bond in ring A. This double bond is supported by
signals at δH/δC 7.72/161.6 (both doublets, J = 10.4 Hz), and the high chemical shift of
C-3 (204.6 ppm), as compared to compound 22. Through the analysis of various 2D NMR
experiments, a complete assignment of the carbons and protons was achieved (see Table
S1). Compound 21 was identified as 3,11-dioxooleana-1,12-die-29-oic acid, which has been
reported previously as a synthetic derivative [49]. Notably, this is the first comprehensive
report of the NMR data for compound 21.

The purity of the isolated compounds was confirmed by NMR, TLC, and HPLC
(purity ≥ 95% for all compounds). Compound 11 is reported for the first time in this study,
while 21 was reported previously as a synthetic product [49].

2.2. Biological Study
2.2.1. Dose–Response of Licorice TE and Compounds

To investigate the neuroprotective potentials of the TE and compounds, their effects on
the cell viability of the SH-SY5Y were first determined. The total extract and 22 compounds
were screened for their cytotoxicity using concentrations of 12.5, 25, and 50 μg/mL for
the extract, and 2.5, 5, and 10 μg/mL for the compounds. The results show that the TE
and compounds had minimal effects on the cell viability of the SH-SY5Y cells, especially
at 2.5 μg/mL; however, with increased concentration, some compounds induced toxicity
(Figure 3). In addition, the cells treated with compound 20 showed increased cell viability
for all concentrations. In contrast, the cells treated with compound 6 showed significant
reductions in cell viability at all concentrations tested. Following these results, the TE and
five compounds, 1, 7, 11, 16 and 20, were selected to be investigated for their neuroprotective
potentials, as they were not cytotoxic, and they improved cell viability the most compared
to other compounds. In particular, compound 20 significantly increased cell viability at all
concentrations tested.
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2.2.2. Effects of Licorice TE and Compounds on MPP+-Induced Toxicity on SH-SY5Y Cells

To investigate the neuroprotective activities of the TE and compounds, their effects on
cell viability in the presence of the MPP+ neurotoxin were determined using the MTT cell
viability assay. The results show that pretreatment with the TE and compounds resulted in
significant improvements in cell viability of MPP+-treated cells, compared to cells treated
with MPP alone (Figure 4). While MPP+ reduced cell viability to about 40% when compared
to the control cells, pretreatment with the TE increased cell viability to 63, 69, and 73% for
12.5, 25, and 50 μg/mL, respectively (Figure 4A). Although all tested concentrations showed
improvement in cell viability, the increase was more in 2.5 μg/mL concentrations for most
of the compounds, and in 50 μg/mL for the TE. Considering this, the concentrations of 50
and 2.5 μg/mL were chosen for the TE and compounds, respectively, for further studies.
Together, these results show that licorice TE and compounds confer neuroprotection on the
SH-SY5Y cells.
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(1) 

3 ,4 ,7-Trihydroxyflavanone 
(2) 
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Figure 3. Cont.
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Glabrene (13)  Isomedicarpin (14)  Formononetin (15) Ononin (16)  

   
Glycyroside (17) 

 

(3S)-7,4 -Dihydroxy-2 -

methoxyisoflavan (18) 

Glabridin  (19) 

 

Neoliquiritin (20) 

  

 

3, 11-Dioxooleana-1,12- 

dien-29-oic acid (21) 

3-oxo-18 -Glycyrrhetinic 

acid (22)  

Total extract (TE)  

Figure 3. Dose–response of licorice TE and compounds. MTT cytotoxicity assay on SH-SY5Y cells
treated with increasing concentrations (12.5, 25, and 50 μg/mL) of licorice TE and compounds (2.5, 5,
and 10 μg/mL) for 24 h. After assays, cell viability was expressed as a percentage of control, and each
bar represents the mean + SEM of at least three replicate experiments obtained from quadruple wells.
Treated cells were compared to control cells; significance levels are indicated. The significance of
the difference when control cells were compared to treated cells is indicated by * p< 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.
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Total extract (TE) Treatment + 
MPP+

Neoliquiritin (20)  Treatment + 
MPP+  

Isoliquiritin (7) Treatment + MPP+ 

   

Naringenin 4 - O-glucoside (1) 
Treatment + MPP+ 

Ononin (16) Treatment + MPP+ 3'[O],4'-(2,2-dimethylpyrano)-3,7-di-
hydroxyflavanone (11) Treatment 
MPP+ 

Figure 4. Licorice TE and compounds show protection in SH-SY5Y cells. Cells were pre-treated with
TE (A) and compounds (B–F) before exposure to MPP+ for 24 h. Each bar represents mean percentage
cell viability relative to control, and significance of difference is indicated with * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 when TE/compounds are compared to MPP+, and Φ when MPP+

-treated cells are compared to control.

2.2.3. Effect of TE and Compounds on ATP Production in the Cells

As a mechanism of neuronal toxicity, MPP+ induces ATP degeneration in neuronal
cells by the inhibition of mitochondrial complex I [52]. To understand the mechanism of
action of the licorice TE and compounds 1, 7, 11, 16, and 20, we next investigated their
effects on the levels of ATP in the cells following treatment with the MPP+ neurotoxin.
Cells were plated in white-walled 96-well plates and treated with 50 μg/mL of the TE
and 2.5 μg/mL of the compounds, as these concentrations showed better neuroprotective
activity; ATP production was then measured using the MitotoxGlo Promega ATP kit.
Figure 5 shows that MPP+ treatment reduced ATP production in the cells to about 49%.
However, pretreatment with the licorice TE and compounds improved ATP production in
the cells undergoing MPP+ treatment, while this was only significant for the cells pretreated
with compounds 20, 7 and 16, with ATP levels of about 66, 65, and 75%, respectively.
These results suggest that improving cellular ATP production is part of the mechanism of
neuroprotection conferred by the extract and compounds.
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Figure 5. Effect of licorice TE and compounds on MPP+-induced depletion of ATP. Cells were pre-
treated with 50 μg/mL of licorice TE and 2.5 μg/mL of compounds before exposure to 2000 μM of MPP+
for 24 h, and ATP levels were assessed. Each bar represents the mean percentage of ATP production
relative to control, and the significance of the difference is indicated as * p < 0.05 and ** p < 0.01 when
extract/compounds are compared to MPP+ and when MPP+-treated cells are compared to control.

2.2.4. Effect of TE and Compounds on Caspase 3/7 Activities in the Cells

To further ascertain the mechanism involved in the neuroprotective aspects of licorice
TE and compounds in SH-SY5Y cells, the levels of apoptosis were assessed using caspase
3/7 as a marker. Caspases belong to the family of cysteine proteases, which drive apoptosis
in cells and carry out their function by cleavage of substrates; thus, they are used as markers
of apoptosis [24,53]. To investigate apoptosis, cells were pretreated with 50 μg/mL of the
TE and 2.5 μg/mL of the compounds before exposure to MPP+, and caspase 3/7 activities
were measured. Figure 6 shows that TE and compounds mitigate MPP+-increased levels of
caspase 3/7 activity in the SH-SY5Y cells. Specifically, MPP+ increased levels of caspase
3/7 to about 3-fold of control and pre-treatment with TE reduced this activity to about
1.8-fold of control. Furthermore, all compounds also protected SH-Y5Y cells from MPP+-
induced increase in caspase 3/7 activities. Altogether, these results indicate that inhibition
of apoptosis is involved in the neuroprotective aspects of licorice TE and compounds.

Figure 6. Licorice TE and compounds attenuate MPP+-induced increase in caspase 3/7 activities. Cells were
pre-treated with 50 μg/mL of licorice TE and 2.5 μg/mL of compounds before exposure to 2000 μM of MPP+
for 24 h, and caspase 3/7 activities were determined. Each bar represents the level of caspase 3/7 expressed
as a multiple of the control, and significance of difference is indicated by ** p < 0.01 and *** p < 0.001 when
TE/compounds were compared to MPP+, and Φ when MPP+-treated cells were compared to control.
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3. Discussion

The burden of PD continues to pose a challenge to the ageing population globally [54].
While the exact cause of the disease has yet to be fully elucidated, it has been proposed
that PD is caused by a plethora of environmental events and genetic factors [55]. In clinical
settings, PD is incurable, as it involves different clinical manifestations, including bradyki-
nesia, resting tremor, and rigidity, along with postural instability; hence, medications are
given to relieve symptoms [56]. One notable example of such medication is levodopa, but
its prolonged use is associated with neuronal cell toxicity and other serious side effects,
such as dyskinesias and psychosis [54]. Delaying the onset of PD is thought to effectively
slow down the progression of the disease, so exploiting new approaches to achieve this
remains critical.

In the present study, the neuroprotective effects of licorice TE and compounds were
evaluated in an MPP+ model of PD. Twenty-two compounds were isolated from the plant,
with compound 11 being a new compound. The compounds were screened for their cyto-
toxicity, and some of them were observed to be cytotoxic to the SH-SY5Y cells. These com-
pounds include glabrol (6), abyssinone (5) [35], liquiritin apioside (4), glabrocoumarin (12),
isomedicarpin (14), and 3,11-dioxooleana-1,12-die-29-oic acid (21). In support of these
findings, liquiritin apioside has been reported to induce toxicity on human cancer cell
lines (HSC-2, HSC-3, HSC-4, and HL-60) which are derived from oral squamous cancers
of the tongue [57], while glabrol showed cytotoxicity against C6 rat glioma cells [58]. In
addition, 18β-glycyrrhetinic acid and formononetin have been reported to have cytotoxic
potential against various cancer cell lines [59–64]. Despite the cytotoxicity observed for
the compounds mentioned above, other compounds from the Glycyrrhiza genus have been
demonstrated to have neuroprotective effects [20–23]. To this end, our findings show that
the compounds naringenin 4′-O-glucoside (1), neoliquiritin (20), glabrol (6), isoliquiritin (7),
and 3′[O],4′-(2,2-dimethylpyrano)-3,7-dihydroxyflavanone (11), alongside the TE, when
investigated for their neuroprotective potentials, conferred neuroprotection on the cells.
Supporting our findings, studies have demonstrated that neoliquiritin (20) protected rat
cardiac myocytes from doxorubicin-induced reduction in cell proliferation [65], while
naringenin, which is the parent compound from which neoliquiritin (20) and naringenin
4′-O-glucoside (1) were derived, is widely known to have cytoprotective potentials, in-
cluding protecting neurons from toxin-mediated cell death in Alzheimer’s disease and
PD [66–68]. Isoliquiritin, on the other hand, has also shown to have neuroprotective
potentials, as it inhibits monoamine oxidase and ameliorates depression [69,70], while
7-hydroxy-4′-methoxyflavone (formononetin) (15) was able to alleviate neuroinflamma-
tion in lipopolysaccharide-stimulated microglial cells by inhibiting TLR4/MyD88/MAPK
signaling and activating the Nrf2/NQO-1 pathway [71].

As a mechanism of action, MPP+ is known to alter cellular energy levels in neuronal
cells following the induction of oxidative stress [72]. Oxidative stress leads to impairment of
the mitochondrial electron transport chain and, consequently, a decline in ATP production,
as well as increased mitochondrial dysfunction [73,74]. Alteration of cellular ATP negatively
impacts the ability of cells to carry out their normal metabolic functions, and in relation
to humans, this could lead to cognitive decline, as neurotransmission will be affected [75].
Importantly, studies have shown that the ability to ameliorate oxidative stress and improve
cellular energy and metabolism counteracts the effects of neurotoxins and, at the same time,
improves neurotransmission and neuron function [75,76]. In line with this postulate, we
show that the tested compounds and TE improved cellular ATP levels following exposure
to MPP+. In support of these findings, it has been suggested that isoliquiritin provides
protective action against corticosterone-induced cell damage by reducing oxidative stress
and regulating mitochondrial dysfunction by preventing dissipation of mitochondrial
membrane potential [77].

Consequently, neuronal cells proceed to programmed cell death following a decline in
ATP, and this contributes to the reduction of dopaminergic neuronal cells in the substantia
nigra pars compacta of the midbrain [72,78]. Thus, slowing or preventing neurons with
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respect to cell death via several mechanisms holds a future in the management of neurode-
generative diseases like PD. In the present study, our findings show that G. glabra TE and
compounds 20, 7, 1, 16, and 11 inhibited elevated caspase 3/7 activities induced by MPP+.
While this was the case for our study, previous studies have demonstrated that prunin (20)
exerts its cytoprotective potential by inhibiting apoptosis triggered by cellular toxins in
cardiac cells [65], In addition, naringenin showed hepatoprotective and neuroprotective
properties against lead-induced oxidative stress, inflammation, and apoptosis in rats [68].
Moreover, isoliquiritin was also demonstrated to attenuate apoptosis by the inhibition of
the overload of intracellular calcium Ca2+ ions; down-regulation of Bax, caspase 3, and
cytochrome protein expression; and up-regulation of Bcl protein expression [77]. Thus, the
findings are sufficient to state that prevention of cellular apoptosis is a critical component
of the neuroprotective mechanism of G. glabra and compounds.

4. Materials and Methods

4.1. Chemicals, Materials, and Reagents

Root powder of G. glabra was purchased from the local market in Khartoum, Sudan
in May 2020; the specimen (H614) was identified by Prof Hatil Elkamali (Department
of Botany, Omdurman Islamic University, Omdurman, Sudan). Organic solvents, in-
cluding methanol, acetonitrile (HPLC grade, Merck, Cape Town, South Africa), hexane,
dichloromethane, ethanol, and ethyl acetate (analytical grade (AR), obtained from a local
merchant (Kimix, Cape Town, South Africa)) were acquired. Silica gel 60 (0.063–0.200 mm),
Sephadex (LH-20), and Aluminum TLC plate, silica gel PF254 were supplied by Merck
(Cape Town, South Africa). The 1D NMR (1H, 13C and DEPT-135) and 2D spectra were
measured using a Bruker spectrometer (Rheinstetten, Germany) operating at 400 MHz (for
1H) and 100 MHz (for 13C).

4.2. Method
Extraction and Purification of Compounds

The root powder (0.5 Kg) was extracted with methanol at 60 ◦C (3 L × 2 h × 2 time).
After concentration, it yielded ~104.3 g. A quantity of 50.0 g of the total extract (TE)
was applied to the silica gel column and eluted using a gradient of hexane and ethyl
acetate with increasing polarity. Collected fractions were pooled together according to
their profiles on the TLC to afford 24 major fractions coded as I to XXIV. The fractions
were re-chromatographed to yield twenty-three major compounds as follows: Fraction
XXIII (3.50 g) underwent chromatography on silica gel using a hexane: EtOAc gradient
(80:20 to 0:100). Subsequently, sub-fraction 10 was subjected to purification on Sephadex
with an isocratic 80% aqueous ethanol, followed by semi-preparative HPLC (Shimadzu,
Kyoto, Japan) utilizing a MeOH and de-ionized water (DIW) gradient (40:60 to 60:80 in
30 min, then to 80:90 in 10 min, and finally to 100% MeOH in 10 min). This process yielded
compounds 1 (4.8 mg), 3 (100.8 mg), 7 (45.6 mg), 8 (80.3 mg), and 16 (5.2 mg).

The main fraction, XXIV (4.30 g), was chromatographed on silica gel, and subsequent
subfractions 2 and 3 were individually subjected to chromatography on Sephadex and semi-
prep HPLC, as described earlier. This resulted in the isolation of compounds 4 (50.3 mg),
9 (39.8 mg), 10 (20 mg), 17 (15.6 mg), and 20 (5.3 mg).

Fraction XV (2.40 g) underwent chromatography on silica gel. Subfraction 16 was
subsequently chromatographed on Sephadex and subjected to semi-prep HPLC as outlined
before, resulting in the isolation of compound 2 (10.5 mg).

Fraction X (1.40 g) was chromatographed on silica gel using a hexane:EtOAc gradient
(80:20 to 0:100), and sub-fraction 7 underwent purification on Sephadex and semi-prep
HPLC with a MeOH and DIW mixture (1:1, isocratic) to yield compound 14 (5.8 mg).

Fraction IX (7.30 g) was chromatographed on silica gel using a hexane:EtOAc gradient
(80:20 to 0:100), and sub-fraction 6 underwent purification on Sephadex and semi-prep
HPLC with a MeOH and DIW mixture (1:1, isocratic) to yield compound 19 (300.8 mg).
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Fraction VIII (5.5 g) underwent chromatography on silica gel. Subfractions 4, 5, 8, and 11
were subsequently chromatographed separately on Sephadex and semi-prep HPLC, following
the previously mentioned protocol. This led to the isolation of compound 13 (8.4 mg) from
sub-fraction 4, the compounds 6 (5.4 mg), 11 (10.8 mg), 12 (5.3 mg), and 18 (9.8 mg) from
sub-fraction 5; compounds 5 (10.2 mg) and 15 (5.8 mg) from sub-fraction 8; and compounds
21 (4.4 mg) and 22 (25.2 mg) from sub-fraction 11.

4.3. Compound 11

Whitish yellow powder [α]D25–18.5 (c 0.01, MeOH); UV (MeOH) λmax 315, 277; FTIR
(film) 3378, 1677, 1605, 1500, and 1463 cm−1; 1H NMR (DMSO-d6, 400 MHz), and 13C NMR
(DMSO-d6, 100 MHz), see Table 1; C20H18O5 by its HRFABMS (positive mode). HRFABMS
m/z 339.1232 [M+H]+ (calcd for C20H19O5, 339.1227).

4.4. Cell Culture and Treatments

The human neuroblastoma SH-SY5Y cells were generously donated by the Blackburn
Laboratory, University of Cape Town. Cells were grown in Dulbecco’s Modified Eagle’s
medium (DMEM, Gibco, Life Technologies Corporation, Paisley, UK), supplemented with
10% fetal bovine serum (FBS, Gibco, Life Technologies Corporation, Paisley, UK), 100 U/mL
penicillin, and 100 μg/mL streptomycin (Lonza Group Ltd., Verviers, Belgium). Cultures were
incubated at 37 ◦C in humidified air with 5% CO2, and cell growth medium was routinely
changed every three days. Cells were sub-cultured when they attained 70 to 80 percent
confluency, using a solution of 0.25% trypsin EDTA (Lonza Group Ltd., Verviers, Belgium).

4.5. Treatments

Stock solutions of 40 mg/mL and 10 mg/mL for total extract and compounds, respec-
tively, were prepared in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA),
from which final concentrations were made in cell growth media. To determine the opti-
mum concentrations of licorice TE and compounds to be used for neuroprotection studies,
SH-SY5Y cells were plated at a density of 10,000 cells/well and treated with concentrations
of 12.5, 25, and 50 μg/mL of the TE, and 2.5, 5, and 10 μg/mL of the compounds. The
vehicle-treated cells (cells treated with the same concentration of DMSO, similar to that of
the highest concentration of extract) were used as control, and the treatments lasted 24 h.
For MPP+, 2000 mM was chosen as the concentration used to establish neurotoxicity, which
is in accordance with our published works [27,53]. For neuroprotection experiments, cells
were plated as above and pre-treated with optimized concentrations of licorice TE and
compounds for 2 h prior to the addition of 2000 μM MPP+. Treatments were incubated for
24 h, and the vehicle-treated cells served as control.

4.6. Cell Viability Assays

The MTT (Sigma-Aldrich, St. Louis, MO, USA) cell viability assay was used to
determine the viability of cells following treatment with licorice TE- and compounds-only
and the pre-treatment of cells with licorice TE and/or compounds and MPP+. Cells were
seeded in 96-well plates and treated as stated above, after which the MTT assay was
performed. After treatment, 10 or 20 μL (depending on well volume) of the 5 mg/mL MTT
solution in phosphate-buffered saline (PBS) (Lonza Group Ltd., Verviers, Belgium) was
added to each well and left to incubate in the dark at 37 ◦C for 4 h. After incubation, the
medium containing the MTT dye was discarded, and the MTT formazan was solubilized
with 100 μL of DMSO for an absorbance reading using a microplate reader (BMG Labtech
Omega® POLARStar, Offenburg, Germany) at a wavelength of 570 nm. Cell viability was
calculated and expressed as a percentage of control.

4.7. Adenosine Triphosphate Assay

The Mitochondrial ToxGlo ATP assay kit (Promega, Madison, WI, USA) was used to
investigate cell ATP levels. Briefly, cells were plated at a density of 10,000 cells per well in
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a white 96-well plate, and after attachment, cells were treated as per the neuroprotection
assay above. After treatment, cells were processed according to the manufacturer’s protocol
by adding a volume of ATP detection reagent appropriate to the contents of each well and
leaving the resulting mixture to incubate at 37 ◦C for 30 min. After incubation, luminescence
intensity was read using the Promega GloMax® explorer multimode microplate reader,
and luminescence values were expressed as percentages of control.

4.8. Caspase 3/7 Apoptosis Assay

To investigate apoptosis in the cells, the Caspase 3/7 assay kit (Promega, Madison,
WI, USA) was used to estimate levels of caspase 3/7 activity in the cells, in a manner
according with the manufacturer’s instructions. Briefly, cells were plated in a white 96-well
plate at a density of 10,000 cells per well and allowed to attach overnight, after which cells
were pre-treated with licorice TE and compounds before the addition of 2000 μM MPP+.
Treatments lasted for 24 h, and at the end of the experiments, equal volumes of Caspase
3/7 assay mix were added to each well. The luminescence intensity was read with the
Promega GloMax → explorer multimode microplate reader. Luminescence values of the
treated cells were expressed as a multiple of the control.

4.9. Statistical Analysis

Data generated from this study were analyzed using GraphPad Prism 6 and expressed
as means and standard error values of means of three independent experiments performed
in quadruplicate wells. One-way analysis of variance (ANOVA) was used to compare
treated cells to either control or MPP+ alone. The significance of difference p < 0.05 was
determined using Tukey’s multiple comparisons test and was indicated with * when
comparing treatments to control or Φ when comparing licorice and TE and compounds to
MPP+ treated cells.

5. Conclusions

This study investigated the neuroprotective potentials of G. glabra TE and isolated
compounds in an in vitro model of PD. The results show that some of the compounds were
cytotoxic (including glabrol (6), abyssinone (5), liquiritin apioside (4), glabrocoumarin (12),
isomedicarpin (14), and 3,11-dioxooleana-1,12-die-29-oic acid (21)), which might have
implications for the treatment of cancer. However, some of the compounds (naringenin 4′-
O-glucoside (1), isoliquiritin (7), 3′[O],4′-(2,2-dimethylpyrano)-3,7-dihydroxyflavanone (11),
ononin (16), and neoliquiritin (20)) were further studied for their neuroprotective potentials.
The protective effects were related not only to the inhibition of ATP degeneration, but also
to the attenuation of MPP+-induced elevated caspase 3/7 activities. These results indicate
that the compounds isolated from G. glabra may provide novel therapeutic strategies for
the treatment of PD. One limitation of this study was that the biological characterization
was only performed on cell lines; therefore, in the future, it would be interesting to see
if these compounds would have similar effects on in vivo models of PD. In addition, we
recommend that future studies further elucidate the mechanisms of action, with emphasis
on the molecular and genetic events underpinning the actions of these compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph17070852/s1, Table S1. 1H and 13C spectral data of compounds
1-22, Figure S1. 1H and 13C spectra of compounds 1-22 and Scheme S1. The details of the isolation
processes for compounds 1−22 from licorice.
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Abstract: Type 2 diabetes (T2D) and metabolic (dysfunction)-associated steatotic liver
disease (MASLD) affect a growing number of individuals worldwide. T2D and MASLD
often coexist and substantially elevate the risk of adverse hepatic and cardiovascular
clinical outcomes. Several common pathogenetic mechanisms are responsible for T2D and
MASLD onset and progression, including insulin resistance, oxidative stress, and low-
grade inflammation, among others. The latter can also be induced by gut microbiota and
its derived metabolites. Natural bioactive compounds (NBCs) have been reported for their
therapeutic potential in both T2D and MASLD. A large amount of evidence obtained from
clinical trials suggests that compounds like berberine, curcumin, soluble fibers, and omega-
3 fatty acids exhibit significant hypoglycemic, hypolipidemic, and hepatoprotective activity
in humans and may be employed as adjunct therapy in T2D and MASLD management. In
this review, the role of the most studied NBCs in the management of T2D and MASLD is
discussed, emphasizing recent clinical evidence supporting these compounds’ efficacy and
safety. Also, prebiotics that act against metabolic dysfunction by modulating gut microbiota
are evaluated.

Keywords: type 2 diabetes; metabolic (dysfunction)-associated steatotic liver disease;
non-alcoholic fatty liver disease; gut dysbiosis; natural bioactive compounds; berberine;
curcumin; soluble fibers; omega-3 fatty acids

1. Introduction

Type 2 diabetes (T2D), metabolic (dysfunction)-associated steatotic liver disease
(MASLD), and obesity are cardiometabolic diseases (CMDs) that pose a substantial burden
to global health due to their dramatically increased prevalence over the past decades [1,2].
T2D, which is closely linked to the obesity epidemic, remains a major public health issue
and significantly enhances cardiovascular morbidity and mortality [3]. Globally, 415 million
individuals have diabetes, of which >90% are diagnosed with T2D [4]. Individuals with
T2D are at high risk for developing both micro- and macrovascular complications in the
context of hyperglycemia and other components of metabolic syndrome (MS) [3]. Nearly
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two-thirds of deaths among T2D patients are related to cardiovascular diseases (CVDs), of
which around 40% result from ischemic heart disease [5].

MASLD, previously known as non-alcoholic fatty liver disease (NAFLD), is a form
of MS that manifests in the liver [6] and is strongly associated with both obesity and T2D.
MASLD prevalence is rising alongside global trends in obesity and T2D [7], currently
affecting 38% of adults globally [2] and between 70 and 80% of patients with T2D [8]. The
spectrum of MASLD extends from simple steatosis (accumulation of lipids in hepatocytes)
to steatohepatitis (steatosis, inflammation), cirrhosis, and hepatocellular carcinoma [6].
However, beyond the risk of hepatic complications, the main cause of mortality among
patients with MASLD are CVDs [9]. The latter are responsible for approximately one-third
of all deaths in patients with MASLD [10].

The relationship between T2D and MASLD is complex and bidirectional, in which one
condition can precede or worsen the other [7]. This link is related to the roles of abdominal
obesity and insulin resistance (IR), which are underlying traits of MS, in the pathogenesis of
both T2D and MASLD [9]. In the last decade, gut microbiota has also been recognized as a
potentially driving factor in the onset or progression of these diseases [11,12]. To emphasize
its association with T2D, NAFLD has been recently redefined as MASLD, requiring the
presence of at least one of five cardiometabolic risk factors (Table 1). Also, non-alcoholic
steatohepatitis (NASH) has been reclassified as metabolic (dysfunction)-associated steato-
hepatitis (MASH) [6]. Since the MASLD/MASH terminology is applicable to populations
initially diagnosed with NAFLD/NASH [13], this review adopts the updated MASLD
nomenclature. Nevertheless, when referencing earlier clinical studies discussed in Sec-
tions 4 and 5, the original terminology will be retained.

Table 1. Cardiometabolic risk factors for MASLD diagnosis [14].

Cardiometabolic Criteria

BMI ≥ 25 kg/m2 or WC > 94 cm (male) or 80 cm (female)
Fasting serum glucose ≥ 100 mg/dL or 2 h post-load glucose levels ≥ 140 mg/dL or

HbA1c ≥ 5.7% or T2D or T2D medication
Blood pressure ≥ 130/85 or hypertension medication

Plasma triglycerides ≥ 150 mg/dL or lipid-lowering medication
Plasma HDL-c ≤ 40 mg/dL (male) or ≤50 mg/dL (female) or lipid-lowering medication

Abbreviations: BMI = body mass index; WC = waist circumference; HbA1c = glycosylated hemoglobin;
HDL-c = high-density lipoprotein cholesterol.

Patients with T2D face more than double the risk of developing cirrhosis and liver
cancer compared to the general population, such that international guidelines now rec-
ommend screening for MASLD-related liver fibrosis among patients with T2D [15]. The
co-occurrence of MASLD in patients with T2D doubles the risk for the onset and devel-
opment of CVDs compared to patients without T2D [16]. Owing to the tight interaction
between T2D and MASLD, therapeutic agents targeting hyperglycemia, insulin sensitivity,
and other cardiometabolic risk factors might contribute to the effective management of
hepatic steatosis [17].

In recent years, various natural bioactive compounds (NBCs) and their derivatives
have emerged as adjuvant alternatives, complementing a healthy lifestyle and conventional
treatment, to help alleviate CMDs. The increasing research interest and growing popularity
of NBCs with metabolic health benefits are important for several reasons. Firstly, natural
entities, characterized by tremendous diversity and structural complexity, have been and
continue to be a valuable source for drug discovery. Modern pharmacological therapies
for the treatment of T2D are highly effective in improving glycemic control, but their
use may be associated with certain adverse effects [18]. Moreover, conventional lipid-
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lowering treatments exhibit variable effectiveness in improving the blood lipid profile,
and often residual cardiovascular risk persists [19]. For example, the prevalence of lipid
abnormalities among T2D patients on statin-lowering therapy was found to be up to 50%,
rendering them susceptible to increased residual cardiovascular risk [20]. On the other
hand, statin intolerance, which manifests as statin-associated muscle symptoms, often leads
to low treatment adherence, augmenting the risk for cardiovascular events [21]. Therefore,
exploring NBCs from natural sources and their clinical applications could lead to the
development of innovative medications with fewer side effects and improved efficacy [18].
Secondly, long-term adherence to lifestyle intervention, the first-line therapeutic approach
for metabolic abnormalities, is often poor [22] and insufficient to reduce risk factors. Hence,
multi-drug therapy is often required, which is also associated with reduced compliance, in
addition to drug-drug interactions and adverse effects [23]. Thirdly, despite our extensive
knowledge about MASLD pathogenesis, no pharmacological therapies have been approved
so far [7]. For all these reasons, natural adjuvant therapy may be a promising strategy
to help achieve treatment targets, improve outcomes, delay disease progression, and
ultimately reduce cardiovascular risk.

The current review aims to describe the efficacy and safety profile of selective NBCs
with hypoglycemic effects that also exhibit hypolipidemic and hepatoprotective properties,
summarizing the scientific evidence from recent human clinical trials that supports the ben-
eficial role of these compounds in improving glucose and lipid metabolism. We also address
the role of prebiotics in managing T2D and MASLD via their impact on gut microbiota.

2. Methodology

A comprehensive literature search was conducted on Pubmed, Science Direct, and
Google Scholar, using various keywords and medical subject headings (MeSH), such as
T2D, fatty liver diseases—hepatic steatosis, NAFLD, NASH, MASLD, and MASH—as well
as selected NBCs like berberine, curcumin (turmeric), resveratrol, anthocyanins, catechins,
green tea, phenolic compounds, artichoke, carotenoids, lycopene, hesperidin, silymarin,
cinnamon, fenugreek, soluble fibers/prebiotics, and omega-3 fatty acids.

The selection of articles was performed according to the following criteria: (i) ar-
ticles written in English published in the last 25 years; (ii) studies focusing on adult
human subjects, particularly randomized controlled trials, but also systematic reviews and
meta-analyses of such trials, as well as narrative reviews; (iii) articles whose outcomes
included glycemic control (fasting blood glucose, postprandial blood glucose, glycosylated
hemoglobin, homeostasis model assessment for insulin resistance), blood lipid profile
(total cholesterol, plasma triglycerides, LDL cholesterol, HDL cholesterol), liver-related
parameters (alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl
transpeptidase or alkaline phosphatase, liver steatosis/fibrosis scores), inflammatory/anti-
inflammatory markers (C-reactive protein, interleukin-6, interleukin-10, tumor necrosis
factor α, adiponectin, etc.), antioxidant status (total antioxidant capacity, malondialde-
hyde, glutathione peroxidase, superoxide dismutase, etc.), and anthropometric indices
(BMI, body weight, body fat percentage, waist circumference, waist-to-hip ratio). In vitro
research, studies using animal models, and clinical studies with observational designs
were excluded.

3. Pathogenetic Mechanisms Leading to T2D and MASLD

CMDs, such as obesity, T2D, or MASLD, encompass a cluster of processes that impair
insulin sensitivity, glucose and lipid metabolism, and immune function. CMDs frequently
occur concomitantly, appear to share common pathogenetic mechanisms, and are associated
with an increased risk of disability and premature death [24]. They also possess a complex
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genetic [25] and environmental etiology [3]. Although many aspects of these clinical
entities are not fully elucidated, it is believed that IR, inflammation, and oxidative stress are
the most common pathogenetic mechanisms underlying their onset and progression [26]
(Figure 1).

 

Figure 1. IR as a central mechanism in the pathogenesis of T2D and MASLD [27,28]. ApoB,
apolipoprotein B; DNL, de novo lipogenesis; NEFA, non-esterified plasma free fatty acids; HDL-c,
high-density lipoproteins; VLDL, very low-density lipoproteins.

3.1. Insulin Resistance

IR is a clinical condition in which insulin produces a lower-than-expected biologi-
cal response [29] to suppress hepatic glucose production, stimulate glucose disposal in
skeletal muscle, inhibit lipolysis, and promote glycogen synthesis [3]. The IR state requires
increased insulin secretion to compensate, leading to high levels of fasting plasma insu-
linemia. Chronic overnutrition in the context of IR causes hyperinsulinemia, which further
exacerbates IR, leading to β-cell failure [30] and liver cell injury [31] due to the toxic effects
of excessive glucose and lipids (gluco- and lipotoxicity) [30,31].

T2D mainly results from progressively impaired insulin secretion by β-cells in the
context of pre-existing liver, skeletal muscle, and adipose tissue IR, often a consequence
of obesity. In the liver, IR and insulin deficiency, in the setting of hyperglucagonemia,
increased glucagon sensitivity, and the supply of gluconeogenic substrates (fatty acids,
glycerol, lactate, and amino acids), stimulate gluconeogenesis, which results in fasting
hyperglycemia [3]. Since endogenous glucose production increases in a state of impaired
fasting glucose accompanied by hyperinsulinemia, hepatic IR is the main defect promoting
hyperglycemia in the early and intermediate stages of T2D [32]. In skeletal muscle, IR
affects insulin’s ability to stimulate glucose disposal [33] by altering glucose transporter
type 4 (GLUT4) translocation to the cell surface in response to insulin [34]. Because of its
major role in postprandial glucose uptake (up to 80%), skeletal muscle is recognized as a
key factor in systemic IR [33]. Factors responsible for skeletal muscle IR include defective
insulin signaling, altered glucose transport or glucose phosphorylation, and decreased
mitochondrial oxidative capacity. IR in adipose tissue accelerates lipolysis, leading to
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increased non-esterified plasma free fatty acids (NEFA) levels, which further exacerbate IR
in the liver and muscle [3].

IR affects not only the liver, muscle, and adipose tissue but also the kidneys, vascula-
ture, and brain. Increased renal glucose reabsorption and an elevation of the renal threshold
for glucose also contribute to fasting hyperglycemia. IR in the vascular endothelium causes
metabolic stress by altering the vasodilator action of insulin and subsequently decreases
the supply of glucose, as well as insulin itself [3]. In the brain, IR is associated with a
decrease or absence of regulatory signals that modulate peripheral metabolism, particularly
in the postprandial state. Hence, certain peripheral metabolic responses, including endoge-
nous glucose synthesis, cellular glucose uptake, liver energy metabolism, and pancreatic
insulin secretion, are compromised in the state of IR [35]. In summary, T2D is caused by
multi-organ IR coupled with a progressive decline in insulin secretion [36].

Adipose tissue IR is characterized by an increased NEFA flux to the liver, which pro-
motes intrahepatic fat accumulation. Excessive NEFA can either be oxidized, reassembled
into triglycerides (TGs) and stored in hepatocyte lipid droplets, or released as large very
low-density lipoproteins (VLDL) into circulation. Overproduction of VLDL-cholesterol
leads to atherogenic dyslipidemia, characterized by increased levels of triglycerides and
apolipoprotein B particles, as well as decreased concentrations of HDL-cholesterol. Dys-
lipidemia is frequently associated with the extent of liver fat accumulation (Figure 1) [37].
Hepatic TG assembly is generally coordinated with VLDL production and stored intracel-
lular TGs. Hence, hepatic fat accumulation occurs when the equilibrium between lipid
storage and clearance in the liver becomes disrupted [9]. In addition to lipid overflow
due to excessive peripheral lipolysis, de novo lipogenesis (DNL) and increased hepatic
uptake of chylomicron remnants and intrahepatically generated VLDL also contribute
to liver steatosis [9]. In MASLD, insulin fails to suppress gluconeogenesis and glucose
output from the liver, yet continues to increase lipid synthesis, leading to hyperglycemia
and hypertriglyceridemia. This process is known as selective IR. It is estimated that, in the
setting of both hyperglycemia and hyperinsulinemia, DNL accounts for around 38% of
liver triglycerides (TGs), compared to 11% in lean subjects [38].

Mitochondrial dysfunction contributes to MASLD pathogenesis due to the role that
mitochondria play in gluco- and lipogenesis, as well as fatty acid oxidation. In IR states,
particularly obesity or T2D, hepatic mitochondrial oxidative activity is initially increased
to adapt to elevated lipid availability. However, the oxidative capacity of the mitochondria
in the liver has been shown to decrease over time in individuals with steatosis, leading to
oxidative stress, mitochondrial alterations, and worsening of MASLD [35].

The accumulation of TGs in the liver is believed to be a protective mechanism to
prevent endoplasmic reticulum stress, reactive oxygen species synthesis, and lipid inter-
mediate formation [35]. While the storage of lipids as TGs in hepatocytes is relatively
benign, the accumulation of cholesterol, phosphatidylcholines, diacylglycerol, and certain
saturated fatty acids accentuates lipotoxicity, leading to local IR and inflammation. Chronic
adipose tissue-related inflammation and lipotoxicity from excessive fat accumulation in
the liver trigger stress-activated signaling pathways that lead to liver cell apoptosis. The
liver initiates a healing response, including proliferation and fibrosis, which can eventually
progress to more severe conditions, such as cirrhosis or cancer [39].

Molecular Mechanisms Underlying IR

Insulin elicits its biological effects by binding to its receptor (INSR) and subsequently
activating specific proteins, including insulin receptor substrates (IRSs, particularly IRS-1
and IRS-2) and insulin receptor tyrosine kinase. In turn, phosphorylated IRS proteins trigger
major intracellular signaling pathways, such as phosphatidylinositol 3-kinase (PI3K) and
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RAS-mitogen-activated protein kinase (MAPK). PI3K is responsible for the translocation of
GLUT4 to the cell membrane, thereby stimulating glucose uptake in skeletal muscle [3].
The MAPK pathway modulates the mitogenic and proliferative effects of insulin [28].
Defective phosphorylation of IRS proteins (e.g., increased serine and decreased tyrosine
phosphorylation) promotes IR [3]. In obesity and T2D, the tyrosine phosphorylation
of IRS-1 is inhibited, leading to altered IRS-1 signaling and subsequent skeletal muscle
IR [40]. Other potential triggering mechanisms of IRS serine phosphorylation include
ectopic lipid accumulation, endoplasmic reticulum stress, mitochondrial dysfunction, and
inflammation [3].

3.2. Inflammation and Oxidative Stress

Adipose tissue produces various anti-inflammatory and proinflammatory molecules,
whose abnormal expression is involved in the development of metabolic dysfunction [41].
Obesity is characterized by a proinflammatory state that decreases the plasma concentration
of anti-inflammatory mediators, such as adiponectin (APN) [41] and interleukin (IL) 10 [42].
APN stimulates muscle glucose disposal and fatty acid oxidation while promoting the
suppression of hepatic gluconeogenesis [41]. Decreased APN levels have been associated
with inflammation markers in obesity-related disorders [43].

Since it was discovered that adipocytes secrete inflammatory mediators and that obe-
sity is characterized by an increased number of macrophages in adipose tissue, adipose
tissue inflammation has been considered the primary cause of IR [36]. Highly proinflam-
matory macrophages, together with adipocytes, produce abnormal cytokine synthesis
[e.g., tumor necrosis factor-α (TNF-α), IL-1, and IL-6], increased acute-phase reactants, and
mediators, as well as activate inflammatory signaling pathways such as JNK and IKKβ,
leading to impaired insulin action [44]. JNK modulates the serine phosphorylation of IRS-1,
contributing to the TNF-α-related impairment of insulin signaling [45]. IKKB activates
the nuclear transcription factor kappa B (NF-kB), which, in turn, augments the expression
of proinflammatory molecules. Inflammasomes, multi-protein complexes activated by
intracellular nutrients (e.g., glucose, free fatty acids), are also components of the low-grade
inflammation process [46]. In addition to impaired insulin signaling, cytokines and proin-
flammatory mediators produced by adipocytes and macrophages lead to β-cell failure,
impaired vascular flow, and endothelial dysfunction by upregulating various inflammatory
pathways [47].

Oxidative stress (OS) is a significant upstream event for inflammation, as it promotes
macrophage activation, increased cytokine production, and the inflammatory response,
leading to IR, T2D [48], and MASLD [49]. Glucotoxicity leads to an increase in ROS in
β-cells [32], causing mitochondrial damage, negative effects on insulin secretion, cellular
death, and tissular damage [50]. Moreover, chronically elevated levels of glucose and NEFA
exert synergistic harmful effects and maximize β-cell toxicity [51]. ROS derived from dys-
functional mitochondria have been associated with NLRP3 inflammasome activation [52],
which controls the secretion of proinflammatory cytokines IL-1β and IL-18 [53]. IL-1β is
considered responsible for the development of chronic complications in T2D [54].

Excessive fat accumulation in the liver due to hepatic lipid overflow results in lipotox-
icity, with subsequent mitochondrial dysfunction, endoplasmic reticulum stress, and ROS
formation. The overproduction of ROS causes mitochondrial injury, hepatic cellular death,
and lipid oxidation, leading to inflammation and fibrogenesis [49].

3.3. Gut Microbiota-Related Inflammation

Beyond adipose tissue and the liver, the gastrointestinal tract may also be a source
of inflammation due to its altered microbiota (dysbiosis), causing IR and metabolic dys-
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function. Studies in both animal models and humans have shown that T2D [11] and
MASLD [12] are associated with gut microbiota (GM) function and composition abnor-
malities, although conflicting evidence regarding the specific dysbiotic profiles in these
conditions has emerged [11,12].

A large body of evidence highlights the role of the gut–liver axis in the pathogenesis
and management of both T2D [11] and MASLD [12]. The gut–liver axis is a bidirectional
pathway of communication between the intestine and liver [55] that plays a central role in
maintaining energy homeostasis [56]. This bidirectional crosstalk is facilitated, on one hand,
by the portal vein, which carries gut-derived products to the liver. In addition, immune
cells activated by nutrients or gut metabolites enter lymphatic vessels, influencing immune
responses in distal organs. On the other hand, the liver responds to the gut by releasing
bile acids (BAs) and other metabolites into the biliary tract and systemic circulation. BAs
possess antimicrobial activity, controlling unrestricted bacterial overgrowth. This is crucial
for maintaining the normal function of the gut–liver axis. Also, BAs regulate multiple
metabolic processes by activating nuclear receptors [55].

Various genetic and environmental factors may disrupt the complex interplay among
the GM, intestinal barrier, immune system, and liver, leading to CMDs [57]. Gut barrier
dysfunction manifests as increased intestinal permeability, which enables the translocation
of microbes and their metabolites [endotoxins, particularly lipopolysaccharide (LPS)] to
distal organs through the portal circulation, causing inflammation [55] and IR [58]. Gut
dysbiosis is also linked to a reduced number of short-chain fatty acid (SCFA)-producing
bacteria, the induction of an immune response against LPS, high levels of ethanol-producing
bacteria, and subsequent increased ethanol synthesis, as well as the conversion of choline to
trimethylamine and abnormal levels and composition of plasma BAs [59]. The overgrowth
of ethanol-producing bacteria may accelerate MASLD progression to more severe forms of
liver disease [60].

4. Natural Bioactive Compounds for T2D and MASLD Treatment

NBCs are small molecules found in various plant parts or foods that can provide
health benefits [61] due to their modulatory effects on metabolic pathways (e.g., cholesterol-
lowering or anti-inflammatory activity) [62]. To date, numerous NBCs have been discov-
ered, each possessing its own distinct pharmacologic effects and health benefits. As such,
NBCs exert powerful antioxidant, anti-inflammatory, and antimicrobial effects [63], which
exhibit hypoglycemic, hepatoprotective, hypolipidemic, hypotensive, and cardioprotective
properties [64].

NBCs have a wide range of natural sources and possess strikingly diverse chemical
structures and biological activities [63]. They are either primary or secondary metabolites of
plants or nutritional components [62], such as polyphenols, flavonoids, alkaloids, tannins,
carotenoids, etc. These compounds are found in various parts of plants, such as leaves,
bark, and roots, or may naturally occur in foods [61]. For example, fruits, vegetables,
grains, seeds, nuts, legumes, herbs, and spices are valuable sources of NBCs. Several NBCs,
however, originate from animal sources and have been extensively researched for their
functional benefits on human health (e.g., omega-3 PUFA) [62]. In addition to fresh foods,
NBCs are common ingredients in nutraceuticals and dietary supplements [64].

In this section, we will discuss in detail the clinical evidence supporting the efficacy
and safety of specific NBCs with antidiabetic, hypolipidemic, and hepatoprotective activity.
The selected NBCs used in the management of both T2D and MASLD are summarized in
Figure 2.
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Figure 2. NBCs with potential therapeutic roles in T2D and MASLD.

4.1. Berberine

Berberine (BBR) is an alkaloid extracted from Rhizoma coptidis (Huanglian) that
has been traditionally used in the management of T2D [65]. BBR’s antidiabetic activity
was first reported in 1986, and subsequent in vivo studies confirmed its role in improv-
ing glucolipid metabolism [66]. Other reported pharmacological effects of BBR include
anti-inflammatory, anti-carcinogenetic [65], antibacterial, anti-platelet aggregation, and
cardioprotective properties [67].

Clinical evidence in T2D. The glucose- and lipid-lowering effects of BBR were confirmed
by multiple randomized clinical trials (RCTs) in patients with T2D (Table 2). Yin et al. (2008)
compared the efficacy of BBR monotherapy with metformin monotherapy (1500 mg daily
for 3 months) in patients with newly diagnosed T2D (n = 31). Results showed significant
improvements in fasting blood glucose (FBG), postprandial blood glucose (PBG), and
HbA1c in both groups. BBR’s glucose-lowering effect was compared to that of metformin.
In a second study involving 43 patients with poorly controlled T2D, the authors showed
that BBR significantly lowered FBG, PBG, and HbA1c levels, along with fasting insulin (FI)
plasma concentration and homeostasis model assessment for insulin resistance (HOMA-IR)
levels. In addition, BBR supplementation exhibited positive effects on the blood lipid
profile in both studies, significantly decreasing plasma total cholesterol (TC) and TGs, as
well as TC and LDL-c levels [68].

Zhang et al. (2010) also demonstrated that BBR (1 g/day for 2 months) significantly
lowered FBG, HbA1c, insulin, and TG levels in patients with T2D (n = 50). BBR exhibited
a similar efficacy in improving glycemic control as metformin (n = 26) and rosiglitazone
(n = 21) [69].

Another RCT by Gu et al. (2010) analyzed the effects of either BBR or placebo on
glucolipid metabolism and indicated that BBR (1 g/day) improved glucose and lipid
metabolism parameters in patients with T2D (n = 60). After 3 months, BBR significantly
decreased FBG, 2 h PBG, HbA1c, TC, TGs, and LDL-c levels compared to placebo. The
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authors demonstrated that BBR mainly modulated the metabolism of free fatty acids in
T2D patients [70].

Table 2. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of BBR.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D Study A: n = 31
Study B: n = 43

BBR 1500 mg/day
BBR 1500 mg/day + T2D

treatment

Metformin
1500 mg/day

-
3 months

Study A: ↓ FBG, PBG, HbA1c **, TGs, TC *
Study B: ↓ FBG, PBG, HbA1c, HOMA-IR, FI, TC,

LDL-c **
[68]

T2D n = 97 BBR
1 g/day

Metformin
1.5 g/day

RSG
4 mg/day

2 months ↓ FBG, HbA1c, TGs ** [69]

T2D n = 60 BBR
1 g/day Placebo 3 months ↓ FBG, PBG, HbA1c, TGs, TC, LDL-c * [70]

T2D n = 63 BBR + SLM
(1000/210 mg/day) BBR 1000 mg/day 4 months ↓ HbA1c * [71]

T2D n = 45 BBR + SLM + statins
BBR + SLM + ezetimibe

BBR + SLM
(1000/210 mg/day) 12 months ↓ FBG, HbA1c, TC, LDL-c ** [72]

T2D n = 69 BBR
300 mg/day Standard treatment 24 months ↓ CRP, MDA, ↑ HMW-APN, GSH-Px, SOD, TAC * [73]

NAFLD n = 155 BBR
1.5 g/day + LSI LSI 16 weeks ↓ HFC, BW, HOMA-IR, TC, TGs * [74]

NAFLD n = 80 BBR
1.5 g/day + LSI LSI 16 weeks ↓ HFC, TC, TGs, BMI, BW, WC * [75]

NASH/T2D n = 88 BUDCA
2000 mg/day Placebo 18 weeks ↓ HFC, HbA1c, ALT, GGT, BW * [76]

MAFLD n = 63 BBR
1500 mg/day Placebo 12 weeks ↓ ALT, AST/ALT ratio, TC * [77]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”,
decreased; “↑”, increased. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BBR, berberine; BW, body weight; BUDCA, berberine ursodeoxycholate; CRP, C-reactive protein; FBG, fasting
blood glucose; GGT, gamma-glutamyl transpeptidase; GSH-Px, glutathione peroxidase; HbA1c, glycosylated
hemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; HFC, hepatic fat content; HMW-
APN, high molecular weight adiponectin; LDL-c, low-density lipoprotein cholesterol; LSI, lifestyle intervention;
PBG, postprandial blood glucose; SLM, silymarin; SOD, superoxide dismutase; TC, total cholesterol; TAC, total
antioxidant capacity; TGs, triglycerides; WC, waist circumference.

A 2013 RCT demonstrated that equal doses of BBR (1 g/day) and BBR in combination
with silymarin (BBR 1 g/day and SML 210 mg/day) were capable of significantly decreasing
FBG, TC, TG, and liver enzyme levels [alanine aminotransferase (ALT) and aspartate
transferase (AST]) in patients with T2D and suboptimal glycemic control (n = 63). Moreover,
BBR-SLM was proven to be more effective than BBR alone in reducing HbA1c concentration.
LDL-c also declined significantly only in the BBR-SLM-supplemented patients, but there
were no differences between groups. It was proposed that in combination with SLM,
BBR has increased bioavailability, as the former may act as a potential antagonist of P-
glycoprotein. The latter mediates the extrusion of BBR from gut cells and promotes its
extensive biliary excretion [71].

In clinical practice, most patients on statin-lowering therapy do not reach their LDL-c
goal due to statin intolerance [21] or refractory hypercholesterolemia [78], among other
factors. Hence, a non-statin hypolipidemic treatment or a lipid-lowering combination
therapy is often recommended [21,78]. Recent studies have demonstrated the beneficial
effects of proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors on lowering
LDL-c and cardiovascular risk [79]. Notably, BBR directly inhibits PCSK9 expression [80].
In 2015, a combined therapy of BBR and SLM was administered to patients with T2D and
statin intolerance (n = 45). Patients enrolled in the study were divided into three groups
receiving a low statin dose (n = 15), ezetimibe (n = 15), or no treatment at all (n = 15).
Results showed that BBR and SLM, either as monotherapy or as add-on therapy to statins
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and ezetimibe, significantly reduced TGs and LDL-c in all patients after 12 months. Also,
significant improvements were reported in FBG and HbA1c levels [72].

Dai et al. reported that 300 mg of BBR (n = 36) administered alongside hypoglycemic
and hypotensive medication led to a significant decrease in C-reactive protein (CRP) and
malondialdehyde (MDA) levels, as well as a significant increase in high molecular weight
APN, glutathione peroxidase (GSH-Px), superoxide dismutase (SOD) activity, and total
antioxidant capacity (TAC) in T2D patients. However, FBG and HbA1c concentrations did
not differ significantly between groups at the end of the study period [73].

More recently, a 2022 systematic review and meta-analysis (SRMA) by Xie et al. re-
ported statistically significant improvements in FBG, HbA1c, and 2 h PBG following BBR
supplementation in patients with T2D (n = 3048). BBR’s glucose-lowering effect was as-
sociated with baseline mean FBG and HbA1c levels. BBR dosages ranged from 0.9 g to
2.4 g/day, while intervention durations varied from 14 days to 6 months [67].

Clinical evidence in MASLD. In addition to being a robust oral hypoglycemic and
hypolipidemic agent, BBR also exerts positive effects on liver function (Table 2). Yan et al.
(2015) performed an RCT involving 155 NAFLD patients who randomly received lifestyle
intervention (LSI) alone or in combination with BBR (0.5 g three times daily) or pioglitazone
(15 mg/day) for 16 weeks. BBR and LSI significantly lowered hepatic fat content (HFC)
compared to LSI alone. Also, significant improvements in blood lipid profiles, HOMA-IR,
and body weight (BW) were also observed. BBR was superior to pioglitazone in improving
lipid profile levels and BW. Liver enzyme levels declined in all three groups at the end of
the study period, but there were no significant differences between the groups [74].

Chang et al. (2016) showed that in patients with NAFLD (n = 80) treated with LSI
alone or in combination with BBR (0.5 g three times daily), HFC, TC, and TGs levels
were significantly decreased in the intervention group after 16 weeks. However, liver
enzyme concentrations, specifically, ALT, AST, and gamma-glutamyl transpeptidase (GGT),
did not differ significantly between the BBR and LSI groups at the end of the follow-up
period. More significant improvements in anthropometric indices (BMI, BW, WC) were
also observed in the intervention group compared to the control group. The lipid-lowering
effect of BBR was mediated by the downregulation of circulating ceramides [75].

Harrison et al. (2021) reported that berberine ursodeoxycholate (1 g twice daily for
18 weeks) was more effective than a placebo in decreasing HFC in patients with presumed
NASH and T2D (n = 88). Significant decreases in liver enzyme levels (ALT, GGT), HbA1c,
and BW were also observed in the treatment group compared to the control group [76].

Koperska et al. (2024) demonstrated that, after 12 weeks of treatment, patients with
metabolic dysfunction-associated fatty liver disease (MAFLD) (n = 63) receiving BBR
(1.5 g/day) showed a statistically significant decrease in ALT, ALT/AST ratio, and TC
levels compared to placebo recipients. No other significant differences regarding glucose
and lipid parameters between the groups were found [77].

Finally, a 2024 SRMA of 10 RCTs (n = 811), mainly conducted in China, showed that
BBR used as an adjunct therapy can significantly improve liver enzyme levels, IR, dyslipi-
demia, and body weight, with minimal adverse effects. In 7 out of 10 RCTs, patients also
presented with comorbid T2D. However, certain results showed increased heterogeneity,
highlighting the need for further research. The doses of BBR administered varied between
0.6 and 6.35 g/day, while the study durations ranged from 7 to 24 weeks [81].

Safety. BBR has a high safety profile, with fewer side effects than conventional an-
tidiabetic agents [67]. Commonly reported adverse effects include constipation, diarrhea,
abdominal pain, and flatulence. In combination therapy with antidiabetic medication, a
dose of 300 mg three times daily is well tolerated [68]. BBR carries a low risk of hypo-
glycemia [67].

101



Pharmaceuticals 2025, 18, 279

Summary. BBR is a promising regulator of glucose and lipid parameters in patients
with metabolic dysfunction. According to clinical evidence, BBR’s has proven efficient
in alleviating glycemic control in patients with T2D is similar to that of metformin and
rosiglitazone. In addition, BBR appears to improve several characteristics of MASLD.

4.2. Curcumin

Curcumin (CRM) is an NBC derived from the rhizome of Curcuma longa (turmeric) that
has been extensively studied due to its numerous pharmacological effects. CRM is the main
active constituent of turmeric, along with other structurally related curcuminoids. Studies
conducted in vitro and in vivo have shown that CRM possesses hypoglycemic, antioxidant,
and anti-inflammatory properties, as well as cardio- and hepatoprotective activity. Never-
theless, CRM has low bioavailability, which restrains its clinical use [82]. Therefore, most
studies have evaluated different bioavailability-enhanced CRM formulations (e.g., phytoso-
mal, nano-micellar CRM) or CRM in combination with other compounds, e.g., piperine [83]
and omega-3 fatty acids [84], which significantly improve CRM absorption or reduce its
metabolization [82].

Clinical evidence in T2D. According to current evidence, CRM may improve glycemic
control and blood lipid profiles in patients with T2D (Table 3). A 2012 RCT conducted by
Na et al. involving T2D patients (n = 50) who received 300 mg of curcuminoids daily for
3 months, along with conventional treatment, showed that patients in the interventional
group experienced significantly decreased FBG, HbA1c, and HOMA-IR levels compared to
placebo recipients (n = 50). In addition, in the CRM-treated group, a significant reduction
in total free fatty acids and TG levels was observed [85].

Table 3. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of CRM.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 100 CRMs
300 mg/day Placebo 3 months ↓ FBG, HbA1c, HOMA-IR, TGs * [85]

T2D n = 70 CRM
80 mg/day Placebo 3 months ↓ FBG, HbA1c, BMI * [86]

T2D n = 100 CRM
1000 mg/day + piperine 10 mg/day Placebo 12 weeks ↓ TC, ↑ HDL-c * [83]

T2D n = 95 nano-CRM + EPA Placebo 12 weeks ↓ insulin, hs-CRP, ↑ TAC * [84]

T2D n = 229 CRM
1500 mg/day Placebo 12 months ↓ FBG, HbA1c, HOMA-IR, ↑ APN * [87]

T2D n = 227 CRM
1500 mg/day Placebo 12 months ↓ LDL-c, ApoB, hs-CRP, IL-6, TNF-α * [88]

NAFLD n = 77 CRM
500 mg/day Placebo 8 weeks ↓ HFC, ALT, AST, FBG, HbA1c, TC, TGs,

LDL-c * [89]

NAFLD n = 48 CRM
1500 mg/day Placebo 12 weeks ↓ ALT, AST, hs-CRP, TNF-α, BMI, BW, WC,

steatosis/fibrosis ** [90]

NAFLD n = 50 CRM
1500 mg/day + LSI Placebo + LSI 12 weeks ↓ FLI, FLS ** [91]

NAFLD n = 60 CRM
500 mg/day + piperine 5 mg/day Placebo 12 weeks ↓ ALT, AST, TC, LDL-c, FBG, WC * [92]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”,
decreased; “↑”, increased. Abbreviations: ALT, alanine aminotransferase; APN, adiponectin; ApoB, apolipoprotein
B; AST, aspartate aminotransferase; BMI, body mass index; BW, body weight; FBG, fasting blood glucose; FLI, fatty
liver index; FLS, fatty liver score; HbA1c, glycosylated hemoglobin; HDL-c, high-density lipoprotein cholesterol;
HOMA-IR, homeostatic model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; HFC,
hepatic fat content; IL-6, interleukin-6; LDL-c, low-density lipoprotein cholesterol; LSI, lifestyle intervention; TC,
total cholesterol; TGs, triglycerides; TNF-α, tumor necrosis factor α; WC, waist circumference.

An HbA1c-lowering effect was also reported by Rahimi et al. (2016) following sup-
plementation with nano-CRM (nano-micelle 80 mg/day for 3 months) versus placebo in
70 patients with T2D. Also, between-group comparisons revealed significant differences in
FBG and BMI following supplementation, but no changes were observed in the lipid profile.
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However, in the nano-CRM-treated patients, significant improvements in the levels of FBG,
HbA1c, TC, TGs, LDL-c, HDL, as well as in BMI, were observed after the intervention [86].

In another RCT (2017) involving curcuminoids (1000 mg/day, along with piperine
10 mg/day) or a placebo with conventional T2D treatment (n = 100) for 12 weeks, TC,
non-HDL-c and lipoprotein (a) levels were significantly reduced in the CRM group at
the end of the study. A significant elevation in HDL-c concentration was also reported
in CRM-treated patients, although no significant changes in TG and LDL-c levels were
observed between the groups [83].

A 2023 updated SRMA involving 28 studies in patients with T2D and MS revealed
that CRM supplementation led to significant post-intervention improvements in the levels
of FBG, HbA1c, LDL-c, HDL-c, and serum insulin. No significant reductions were reported
for TC or TG concentrations [93].

Asghari et al. (2024) investigated the effects of nano-CRM, eicosapentaeneoic acid
(EPA), and their combination on various metabolic parameters in T2D patients (n = 95).
Although significant improvements in insulin, high-sensitivity C-reactive protein (hs-CRP)
levels, and TAC were reported after 12 weeks of supplementation with nano-CRM and
EPA compared to the placebo, no meaningful differences were observed in FBG, HOMA-IR,
quantitative insulin sensitivity check index (QUICKI), and HbA1c levels among the four
groups. Nevertheless, HOMA-IR decreased significantly in all treatment groups, while the
QUICKI index increased significantly only in the EPA plus nano-CRM group. In addition,
HbA1c and TG levels decreased significantly following supplementation with nano-CRM,
with or without EPA. The consumption of both EPA and nano-CRM also led to notable
improvements in TC and HDL-c levels. In addition, LDL-c decreased non-significantly in
all intervention groups [84].

In contrast to these results, Yaikwawong et al. (2024) reported a significant glucose-
lowering effect, as evidenced by FPG and HbA1c levels, after CRM supplementation
(1500 mg/day) versus placebo for 12 months in T2D patients (n = 227). In addition,
CRM-treated patients exhibited significantly lower levels of HOMA-IR and a higher APN
concentration [87].

Finally, CRM was proven effective in enhancing vascular health, which, in conjunc-
tion with its lipid-modulating potential, decreases cardiovascular risk in T2D patients.
According to a 2024 RCT, CRM supplementation (250 mg curcuminoids six times daily
for 12 months) exhibited significant reductions in ApoB, LDL-c, small-dense LDL-c, and
pulse wave velocity levels, as well as in various proinflammatory cytokines (hs-CRP, IL-6,
TNF-α) in T2D patients (n = 227) compared to placebo recipients [88].

Clinical evidence in MASLD. CRM represents a promising therapeutic approach for
NAFLD patients (Table 3). Rahmani et al. (2016) demonstrated that compared to placebo,
CRM intake (500 mg/day of dispersion formulation for 8 weeks) was associated with a
significant decrease in HFC in NAFLD patients (n = 77). Also, a significant reduction in FBG,
HbA1c, TC, TGs, LDL-c, ALT, and AST levels was reported in CRM-treated patients [89].

Improvements in liver fibrosis scores were observed in NAFLD patients supplemented
with CRM (500 mg/day, three times daily) in a 2019 RCT. In addition, hepatic steatosis,
liver enzymes (ALT, AST), hs-CRP and TNF-α levels, as well as anthropometric indices
(BW, BMI, WC), decreased significantly in both groups, but not significantly, suggesting
that CRM is not superior to lifestyle modifications in improving inflammation in NAFLD
patients [90].

Comparable results were reported by a 2022 RCT involving a similar number of
patients with NAFLD and doses of CRM. The findings indicated that, compared to LSI,
CRM supplementation did not significantly improve steatosis scores [fatty liver index (FLI)
and fatty liver score (FLS)] or adipose tissue-related markers, providing no additional
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benefits for cardiometabolic health. Nevertheless, the number of patients with severe fatty
liver and MS was significantly lower in the CRM group after the intervention compared to
the placebo group [91].

CRM supplementation, in combination with piperine (500 mg/day plus 5 mg/day for
3 months) (n = 30), versus a placebo (n = 30) was also not shown to reduce hepatic steatosis
and fibrosis in patients with moderate to high NAFLD, but it may be used to improve
blood glucose, the lipid profile, anthropometric variables, and liver function [92].

Finally, a 2023 umbrella meta-analysis of patients with NAFLD comprising 11 meta-
analyses of 99 RCTs (n = 5546) revealed that CRM was effective in significantly improving
levels of ALT, AST, TGs, and HOMA-IR. Also, CRM supplementation has proven effective
in reducing obesity [94].

Safety. Various animal and human studies have reported the safety and tolerability
of CRM, even at high doses (up to 12 g/day via oral administration) [82]. So far, no
adverse effects on blood sugar levels have been observed. However, CRM may cause
gastrointestinal side effects, such as gastric irritation, flatulence, stimulation of bile flow,
and potential cholangitis. In combination with piperine, CRM’s cholecystokinetic effect is
amplified, and it may increase the risk of hepatotoxicity [95].

Summary. CRM has considerable potential for improving glycemic control, lipid pro-
file, and inflammation status in T2D, with minimal side effects. Although its efficacy in
ameliorating MASLD traits is less conclusive, CRM could be recommended as a comple-
mentary therapy for these patients.

4.3. Resveratrol

Resveratrol (RSV) is a natural polyphenolic compound initially extracted from the
roots of white melon and later identified in many other plants. RSV is considered to
possess a broad spectrum of biological activities related to health, exhibiting antidiabetic,
anti-obesity, antioxidant, anti-inflammatory, cardioprotective, and antitumor properties,
among others [96].

Clinical evidence in T2D. Currently, only a small body of RCTs has investigated the
effects of RSV supplementation in T2D (Table 4). In a 2012 open-label RCT, it was shown
that RSV supplementation (250 mg/day for 3 months), in combination with hypoglycemic
medication, led to improvements in HbA1c and TC. However, no significant changes in
BW, LDL-c, and HDL-c levels were observed [97].

In another crossover RCT (2016), Thazhath et al. also failed to detect any significant
improvements in the glycemic control (FBG, PBG) and BW of diet-controlled T2D patients
(n = 14) after 1000 mg RSV/day for two 5-week intervention periods [98].

Timmers et al. (2016) investigated whether RSV intake (150 mg/day) could improve
insulin sensitivity in patients with T2D (n = 17). After 30 days of treatment, no changes
were reported in hepatic and peripheral insulin sensitivity. The authors argued that the
lack of insulin-sensitizing effects following RSV supplementation could be explained by
the interaction between RSV and Metformin. Liver fat content also remained unchanged
after RSV supplementation, although a negative correlation between plasma RSV levels
and intrahepatic lipid content was reported [99].

Similarly, Bo et al. (2016) supplemented T2D patients (n = 179) with two different
RSV dosages (500 and 40 mg/day) and a placebo for 6 months but observed no significant
improvements in anthropometric indices (body weight, BMI, WC), glucose metabolism
parameters (FBG, HbA1c, HOMA-IR, insulin), lipid profile (TC, TGs, LDL-c, HDL-c),
inflammatory markers (IL-6, APN), or liver enzyme levels (AST, ALT, GGT) between the
interventional and control groups. However, a decrease in CRP levels was observed in both
RSV-treated arms, although this was not significantly different compared to the placebo.
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Moreover, a subgroup analysis revealed a decline in CRP levels among patients with a
shorter history of T2D following 40 mg/day RSV supplementation. In addition, TC and
TG levels were shown to increase modestly in the 500 mg/day RSV-treated patients [100].

By contrast, Hoseini et al. (2019) performed a RCT involving 56 patients with T2D
and coronary heart disease, using 500 mg of RSV/day (n = 28) or a placebo for 4 weeks.
FBG, IR, and the TC/HDL-c ratio significantly decreased after RSV intake, whereas marked
improvements were reported in HDL-c levels, insulin sensitivity, and several biomarkers
of oxidative damage. However, RSV supplementation did not alter the IL-1 and TNF-α
gene expression [101].

Table 4. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of RSV.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 57 RSV
250 mg/day T2D medication 3 months ↓ HbA1c, TC ** [97]

T2D n = 14 RSV
1000 mg/day Placebo 5 weeks no significant changes [98]

T2D n = 17 RSV
150 mg/day Placebo 30 days no significant changes [99]

T2D n = 179 RSV
500 mg or 40 mg/day Placebo 6 months no significant changes [100]

T2D + CHD n = 56 RSV
500 mg/day Placebo 4 weeks ↓ FBG, HOMA-IR, ↑ HDL-c, QUICKI, TAC, ↓ MDA ** [101]

T2D n = 110 RSV
200 mg/day Placebo 24 weeks FBG, HbA1c, HOMA-IR, FI, hs-CRP, TNF-α, IL-6 ** [102]

NAFLD n = 20 RSV
3000 mg/day Placebo 8 weeks no significant changes [103]

NAFLD n = 50 RSV
500 mg + LSI Placebo 12 weeks ↓ ALT *, AST BMI ** [104]

NAFLD n = 60 RSV
600 mg/day Placebo 3 months ↓ ALT, AST, glucose, HOMA-IR, TC, LDL-c,

TNF-α, CK18-M30, ↑ APN * [105]

NAFLD n = 26 RSV
1500 mg/day Placebo 6 months no significant changes [106]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05). “↓”, de-
creased; “↑”, increased. Abbreviations: ALT, alanine aminotransferase; APN, adiponectin; AST, aspartate
aminotransferase; BMI, body mass index; CK18-M30, cytokeratin 18 M30; FBG, fasting blood glucose; FI, fasting
insulin; HbA1c, glycosylated hemoglobin; HDL-c, high-density lipoprotein cholesterol; HOMA-IR, homeostatic
model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6; LDL-c,
low-density lipoprotein cholesterol; MDA, malondyladehyde; QUICKI, quantitative insulin sensitivity check
index; TAC, total antioxidant capacity; TC, total cholesterol TNF-α, tumor necrosis factor.

Finally, a significant glucose-lowering effect (FBG, HbA1c, HOMA-IR, FI) was reported
by Mahjabeen et al. (2022) in T2D patients (n = 110) supplemented with 200 mg RSV/day
(n = 55) for 24 weeks compared to a placebo (n = 55). RSV treatment also led to a signif-
icantly improved anti-inflammatory status (hs-CRP, TNF-α, IL-6), but no considerable
effects were observed on the lipid profile (TC, TGs, HDL-c, and LDL-c) between the two
groups [102].

Clinical evidence in MASLD. Research on animal models indicates that RSV alleviates
fibrosis and inflammation associated with NAFLD [107], but clinical study results are incon-
clusive (Table 4). Chachay et al. (2014) reported a negative result regarding the antisteatotic
effects of RSV. In this study, a large dosage of RSV (3000 mg/day) was administered to
patients with NAFLD (n = 10) compared to a placebo (n = 10). No significant improvements
were observed in hepatic (AST, ALT), metabolic (FBG, HOMA-IR, insulin, TC, TGs, HDL-c,
LDL-c), and antioxidant-related markers following 8 weeks of RSV intake. Moreover, levels
of liver enzymes (ALT, AST) increased significantly until week 6 in the RSV-treated group.
Nevertheless, RSV was well tolerated. A slight decrease in IL-6 concentration was reported,
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although repeated measurements at various time points did not reflect significant changes.
Other inflammation markers, such as CRP or TNF-α, remained unchanged [103].

In 2015, Faghihzadeh et al. conducted a RCT involving NAFLD patients (n = 50) for
12 weeks using either 500 mg of RSV/day or a placebo, along with lifestyle modifications.
ALT levels, as well as hepatic steatosis, decreased significantly in the RSV-treated patients,
whereas AST and BMI decreased significantly in both groups, but there was no significant
difference between them. Lipid profile and glucose metabolism markers did not differ
significantly between the RSV- and placebo-supplemented patients [104].

In contrast to previous results, a consistent reduction in ALT and AST, as well as in
glucose, HOMA-IR, TC, and LDL-c levels, was reported after 600 mg RSV/day supplemen-
tation (n = 30) for 3 months versus placebo (n = 30) in patients with NAFLD. Inflammation
status significantly improved in the RSV-treated patients, as shown by significant changes
in TNF-α and APN levels. Cytokeratin 18 M30 (CK18-M30) concentration also declined sig-
nificantly after RSV intake relative to placebo [105]. However, in a longer-term RCT (2016)
involving patients (n = 13) treated with high doses of RSV (1500 mg/day) for 6 months,
Heebøll et al. failed to detect any significant effects in attenuating NAFLD-related clinical
or histological markers compared to placebo recipients (n = 13) [106].

A lack of antisteatotic effects following RSV supplementation in NAFLD was also
reported by a 2021 SRMA, despite significant improvements in inflammatory markers,
such as hs-CRP and TNF-α [107].

Finally, a 2021 umbrella review of meta-analyses showed that although RSV supple-
mentation exerts some beneficial effects on glucolipid metabolism in patients with T2D
and on inflammation status in patients with NAFLD, the currently existing evidence does
not recommend its use in the management of these diseases [108].

Safety. Currently, the potential deleterious effects of RSV are not well characterized
due to insufficient research. High doses of RSV (2–5 g/day) may cause nausea, hypersen-
sitivity, anal pruritus, and light or mild diarrhea. However, these adverse effects may be
insignificant in the healthy state, posing an increased risk particularly for individuals with
pathological conditions [109].

Summary. The effectiveness of RSV in managing T2D and MASLD has yielded con-
troversial results, making it difficult to reach a conclusion about its therapeutic benefits.
However, RSV may alleviate chronic inflammation in patients with metabolic dysfunction.
More RCTs with larger samples and longer durations are needed to explain the clinical
effects of RSV on glucolipid metabolism parameters.

4.4. Anthocyanins

Anthocyanins (ACNs) are a subclass of polyphenols that provide red, purple, and
blue colors to fruits and vegetables. ACNs have been reported to exhibit a plethora of
therapeutic benefits, including antidiabetic, anti-obesity, anticancer, anti-inflammatory,
and antioxidant effects. The latter effects are attributed to the colored pigments found in
blackcurrants, berries, and other blue or red fruits [110].

Clinical evidence in T2D. ACNs have been found to improve glycemic control and blood
lipid profiles in patients with T2D (Table 5) [111]. In 2013, Kianbakht et al. conducted a
RCT in T2D patients (n = 37) using ACNs (whortleberry fruit extract, 350 mg every 8 h for
2 months) in combination with antidiabetic medication. At the end of the study, FBG, 2 h
PBG, and HbA1c levels significantly decreased in the ACN-treated patients. In addition to
ACNs, whortleberry also contains myricetin and chlorogenic acid, which may potentiate
its antihyperglycemic effects [112].
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Table 5. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of ACNs.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 37 ACNs
350 mg every 8 h Placebo 2 months ↓ FBG, 2h-PBG, HbA1c * [112]

T2D n = 58 ACNs
320 mg/day Placebo 24 weeks ↓ FBG, HOMA-IR, TGs, LDL-c *, ↑ HDL-c, APN * [113]

Prediabetes/T2D n = 138 ACNs
320 mg/day Placebo 12 weeks ↓ FBG, ↑ APN * (only in TD2) [114]

T2D n = 52 22 g freeze-dried
blueberries Placebo 8 weeks ↓ HbA1c, TGs, AST, ALT * [115]

T2D n = 20 1.4 g bilberry extract/day Placebo 4 weeks No significant changes [116]

Prediabetes/T2D n = 40 ACNs
320 mg/day - 4 weeks ↓ IL-6, TNF-α * [117]

NAFLD n = 36 HS extract
2700 mg/day Placebo 12 weeks ↓ WC, WHR, BF, FFA * [118]

NAFLD n = 74 ACNs
320 mg/day Placebo 12 weeks ↓ ALT, CK18-M30, MPD * [119]

NAFLD n = 40 CMFE
20 mL/day Placebo 12 weeks No significant changes [120]

MAFLD n = 108
CMFP

30 g/day
+ diet

Diet 8 weeks ↓ AST, ALT, GGT, FBG, HbA1c, HOMA-IR, TC, TGs,
LDL-c, BW, BF, WC, CRP ** [121]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, decreased;
“↑”, increased. Abbreviations: ACNs, anthocyanins; ALT, alanine aminotransferase; APN, adiponectin; AST,
aspartate aminotransferase; BF, body fat; BW, body weight; CMFE, Cornus mas L. fruit extract; CMFP, Cornus
mas L. fruit powder; CK18-M30, cytokeratin 18 M30; CRP, C-reactive protein; FFA, free fatty acids; FBG, fasting
blood glucose; HbA1c, glycosylated hemoglobin; GGT, gamma-glutamyl transpeptidase; HDL-c, high-density
lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; HS, Hibiscus sabdariffa;
IL-6, interleukin-6; LDL-c, low-density lipoprotein cholesterol; MPD, myeloperoxidase; 2-h PBG, 2-h postprandial
blood glucose; TC, total cholesterol; TGs, triglycerides; TNF-α, tumor necrosis factor; WC, waist circumference;
WHR, waist-to-hip ratio.

Positive effects following pure ACNs supplementation (160 mg twice daily for
24 weeks) were also reported in T2D patients (n = 29) by Li et al. (2015). Compared
to placebo (n = 29), ACNs-treated patients experienced lowered FBG, HOMA-IR, TGs,
LDL-c, apolipoprotein (apo) B-48, and apo C III levels, as well as increased HDL-c and APN
concentrations [113]. Also, purified ACNs supplements administered for 12 weeks were
shown to be effective in reducing FBG and serum APN levels relative to placebo in patients
with newly diagnosed T2D (n = 62), but not in those with prediabetes (n = 76) [114].

In 2020, Stote et al. conducted an RCT using either 22 g of freeze-dried blueberries
or a placebo in 52 patients with T2D. In agreement with previous trials, cardiometabolic
parameters, including HbA1c, TGs, AST, and ALT, were significantly lower in the experi-
mental group (n = 26), but no significant changes between groups were observed regarding
FBG, serum insulin, body weight, LDL-c, HDL-c, and CRP levels [115].

As opposed to the findings mentioned so far, short-term bilberry extract supplemen-
tation was not found to be associated with significant improvements in glycemic control,
lipid profile, or antioxidant and anti-inflammatory markers in patients with T2D. As such,
Chan et al. (2021) reported that the administration of 1.4 g/day of bilberry extract for two
4-week periods did not significantly alleviate cardiometabolic markers (FBG, HbA1c, lipid
profile, CRP) in ACNs-treated patients compared to placebo recipients [116].

An open-label RCT investigated the effects of a daily intake of 320 mg of ACNs over
the course of 4 weeks in T2D patients (n = 12), individuals with prediabetes (n = 14),
and healthy individuals (n = 14). Compared to healthy individuals, patients with T2D
experienced significant improvements in IL-6 and TNF-α levels. However, the trial did not
employ a placebo, and the T2D participants followed an anti-inflammatory diet, which
might have enhanced the effects of ACNs [117].

107



Pharmaceuticals 2025, 18, 279

A 2023 SRMA by Mao et al. involving patients with T2D analyzed 13 RCTs (n = 703)
and concluded that an average intake of 320 mg of ACNs, either from fruit extracts or
pure supplements, over approximately 8 weeks led to significant reductions in FBG, 2 h
PBG, HbA1c, TG, and LDL-c levels. Nevertheless, no significant effects were observed
regarding HOMA-IR, FI, TC, HDL-c, or blood pressure levels in patients with T2D. Notably,
compared to pure supplements, ACNs derived from fruit extracts or powders exhibited a
more pronounced effect on HbA1c levels [111].

Clinical evidence in MASLD. Several RCTs (Table 5) demonstrated a significant reduction
in liver enzyme levels following ACNs intake in patients with NAFLD [119]; however,
other human studies found no beneficial effects of ACNs on these parameters [120]. Chang
et al. reported in 2014 that Hibiscus sabdariffa extract consumption for 12 weeks had
some beneficial effects on liver steatosis, mainly through improvements in anthropometric
indices and free fatty acid levels. The latter decreased significantly in the intervention group
compared to the placebo at the end of the follow-up period. The fatty liver score improved
in both groups but did not differ significantly between HSE- and placebo-treated patients
after 12 weeks. Also, no significant changes between groups were observed regarding ALT
and AST levels, glucose concentration, or lipid profile [118].

In 2015, Zhang et al. showed that compared to a placebo, purified ACN intake
(320 mg/day for 12 weeks) led to a significant reduction in plasma ALT concentration and
2 h glucose loading test levels in patients with NAFLD. Improvements in FBG, HOMA-IR,
TGs, and HDL-c were also shown, but mean percentage changes were not significantly
different from controls. ACN supplementation did not affect AST, FBG, plasma insulin, TC,
and LDL-c levels or anthropometric indices. However, the ACN-treated patients exhibited
significant decreases in cytokeratin-18 M30 fragment (CK18-M30) levels, which is a predic-
tor of NAFLD progression, and myeloperoxidase concentration, which is an inflammation-
and oxidative stress-related enzyme, as well as a tendency toward improvement in the
NAFLD fibrosis score [119].

Sangsefidi et al. (2021) tested the effects of Cornus mas L. fruit extract (20 mL daily for
12 weeks) on several NAFLD-related markers. The authors failed to detect any significant
differences within or between the intervention group (n = 22) and the placebo controls
(n = 18) regarding ALT and AST levels or steatosis scores. Despite a significant decrease
in CK18-M30 concentration in the ACN-supplemented NAFLD patients, no significant
difference between groups was found at the end of the study period [120].

Another RCT (2024) involving 87 patients with metabolic dysfunction-associated
fatty liver disease (MAFLD) reported that lyophilized Cornus mas L. fruit powder (CMFP),
with/without diet therapy, led to statistically significant decreases in liver enzyme levels
glycemic indices, lipid profile and anthropometric variables from baseline to the end of the
study period. CRP levels also decreased significantly at the end of the follow-up period
(8 weeks) in the groups treated with CMFP and diet therapy, and only diet therapy. Notably,
no significant differences in anthropometric, biochemical, and inflammatory parameters
were reported at the end of the study between the CMFP with diet therapy group and the
diet therapy alone group [121].

Finally, Khan et al. concluded in their 2024 SRMA that there is currently no evidence
that ACN supplementation could significantly improve liver function in patients with
NAFLD [122]. These results are in line with another 2024 SRMA, which found no significant
effects on liver function following supplementation with Cornus mas L. in individuals at
high risk [123].

Safety. So far, no adverse effects associated with ACNs consumption have been
reported. In various human studies, most subjects tolerated a dosage of 160 mg of ACNs
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extract administered twice daily for 2 months. Only 4% of participants experienced side
effects, which consisted of eczema and gastrointestinal distress [124].

Summary. RCTs investigating the effects of ACNs supplementation on cardiometabolic
risk factors in patients with T2D or MASLD are scarce. While ACNs may play a role in
the management of T2D via improvements in glycemic indices, lipid profiles, or chronic
inflammation, there is a lack of evidence regarding the extension of these effects to patients
with MASLD.

4.5. Catechins

Catechins are a type of natural phenolic compound found in high concentrations,
particularly in green tea, but also in black and oolong tea. The main catechins in green tea
extracts include epigallocatechin gallate (EGCG), epigallocatechin, epicatechin gallate, and
epicatechin. Among these, EGCG is the most abundant catechin (50–80%) [125] and is often
studied due to its antioxidant, anti-inflammatory, antimutagenic [126], and cardioprotective
properties [125].

Clinical evidence in T2D. Research outcomes regarding catechins’ ability to improve
glycemic control and blood lipid levels are heterogeneous (Table 6). In 2009, green tea
enriched with either 582.8 mg of catechins (experimental group, n = 23) or 96.3 mg of cate-
chins/day (control group, n = 20) was administered to patients with T2D. After 12 weeks, a
significant decrease in HbA1c levels was observed in the catechin group patients receiving
insulinotropic agents compared to controls. Also, in these patients (approximately 77%),
insulin levels significantly increased at the end of the study period, suggesting catechins’
capacity to stimulate insulin secretion. The catechin-rich beverage intake led to a decrease
in abdominal obesity, as evidenced by a significantly lower WC in patients assigned to
the intervention group after 12 weeks. Similarly, APN levels increased significantly in the
intervention group from baseline to the end of the study, although there was no significant
difference between groups [127].

Human RCTs have not always demonstrated the benefits of catechin supplementa-
tion in the management of glycemic control and lipid profiles. A double-blind, placebo-
controlled trial (2011) reported that in T2D patients with obesity, a daily dose of decaf-
feinated green tea (GTE) extract (856 mg EGCG) for 16 weeks led to no statistically sig-
nificant improvement between groups in markers of glucolipid metabolism. However, a
significant within-group reduction of 0.4% in HbA1c level was observed in supplemented
patients at the end of the follow-up period. GTE-treated patients also experienced a
significant decrease in HOMA-IR and WC [128].

In a 2013 2-month trial, patients with T2D (n = 63) were randomly assigned to three
groups with daily intakes of green tea as follows: four cups (n = 24), two cups (n = 25), and
a control group (n = 14). Except for BW, BMI and WC, which significantly decreased in
the four cups of green tea group, no significant changes in glucolipid or oxidative stress
parameters were detected in the other two groups or between groups [129].

In 2014, Liu et al. performed an RCT involving 92 patients with T2D and lipid distur-
bances, who received either 500 mg of GTE three times daily (n = 39) or a placebo (n = 38) for
16 weeks. GTE consumption significantly decreased TG and HOMA-IR levels while increasing
HDL-c concentration at the end of the intervention. APN increased pronouncedly in both
groups, without showing a statistically significant difference between them. In addition,
between-group comparisons only revealed a decreasing tendency for TG levels, with no
statistically significant differences after 16 weeks of GTE versus the placebo [125].

In a double-blind, placebo-controlled RCT (2020), 44 patients with T2D were supple-
mented with either two tablets of EGCG (n = 25) or a placebo for 2 months. A significant
reduction in the mean levels of TC and TGs was observed in the EGCG-treated patients. Also,
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compared to the placebo group, the mean changes in TC and total antioxidant capacity were
significantly different in the intervention group. No other statistically significant differences
were found in the lipid profile between the two groups. IL-6 levels remained unchanged [130].

In 2023, an RCT was performed involving patients with T2D and nephropathy to in-
vestigate the effects of green tea infusion on metabolic parameters. Patients were randomly
divided into three groups: one receiving three cups of green tea/day (n = 22), another
receiving two cups of green tea/day (n = 22), and a control group (n = 20). Results showed
that, compared to the control group, patients consuming three cups of green tea daily
presented significant improvements in HbA1c, TC, and HDL-c levels after 12 weeks [131].

Finally, an SRMA performed by Asbaghi et al. (2020) involving 14 RCTs concluded
that green tea supplementation exerted no effects on FBG, FI, HbA1c, and HOMA-IR in
patients with T2D. Study participants were supplemented with green tea, GTE, or EGCG
in doses ranging from 300 to 10,000 mg/daily for 8–16 weeks. However, subgroup analysis
indicated that green tea intake for more than 8 weeks significantly decreased FBG, while
supplementation for 8 weeks or less led to a significant decrease in HbA1c. An improved
glycemic response after green tea intake was reported exclusively by RCTs performed in Asia,
while those conducted on other populations did not show significant outcomes. Inter-ethnic
differences may be explained by a genetic polymorphism responsible for a slower metabolism
of green tea among Asian individuals, which enhances its glucose-lowering effect [132].

Clinical evidence in MASLD. In a 2013 randomized double-blind study, green tea rich
in catechins (700 mL/day containing > 1 g catechins), green tea low in catechins, or a
placebo were administered to patients with NAFLD (n = 17). After 12 weeks, ALT levels
and body fat percentage (BF%) significantly decreased in the green tea rich in catechins
group compared to the other two groups. Also, HFC was significantly improved in the
green tea rich in catechins group compared with the low-density catechin and placebo
groups, as indicated by the liver-to-spleen attenuation ratio [133].

Table 6. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of catechins.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 43 Catechins
582.8 mg/day

Catechins
96.3 mg/day 12 weeks ↓ HbA1c, WC, ↑ insulin * [127]

T2D n = 68 GTE
1500 mg/day Placebo 16 weeks ↓ HbA1c, HOMA-IR, WC ** [128]

T2D n = 63 Green tea
2 or 4 cups/day No green tea 2 months ↓ BMI, BW, WC ** [129]

T2D n = 92 GTE
1500 mg/day Placebo 16 weeks ↓ HOMA-IR, TGs, ↑ HDL-c, APN ** [125]

T2D n = 44 EGCG
300 mg/day Placebo 2 months ↓ TC, ↑ TAC * [130]

T2D n = 64 Green tea
3 or 2 cups/day No green tea 12 weeks ↓ HbA1c, TC,

↑ HDL-c * [131]

NAFLD n = 17 High-density catechins- green tea Placebo 12 weeks ↓ BF, ALT, HFC * [133]

NAFLD n = 71 GTE
500 mg/day Placebo 90 days ↓ BW, BMI, ALP * [134]

NAFLD n = 45
GTE

550 mg/day
+ diet

Placebo 3 months ↓ BW, AST, FBG * [135]

NAFLD n = 80 GTE
1000 mg/day Placebo 12 weeks ↓ BW, BMI, ALT, AST, TC, TGs, LDL-c,

HDL-c, HOMA-IR, hs-CRP, APN * [136]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, decreased;
“↑”, increased. Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; APN, adiponectin; AST,
aspartate aminotransferase; BMI, body mass index; BF, body fat; BW, body weight; FBG, fasting blood glucose;
GTE, green tea extract; HbA1c, glycosylated hemoglobin; HDL-c, high-density lipoprotein cholesterol; HFC,
hepatic fat content; HOMA-IR, homeostatic model assessment of insulin resistance; hs-CRP, high-sensitivity C-
reactive protein; LDL-c, low-density lipoprotein cholesterol; TAC, total antioxidant capacity; TC, total cholesterol;
TGs, triglycerides; WC, waist circumference.
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Later, in 2016, Pezeshki et al. demonstrated that GTE (500 mg/day for 12 weeks) led
to significant improvements in ALT, AST, and ALP levels in patients with NAFLD (n = 35).
In the placebo group (n = 36), ALT and AST also declined, but to a lesser extent, while ALP
showed a significant reduction at the end of the study. Notably, BW decreased significantly
in both groups after 90 days, but the mean weight change was significantly greater in the
GTE group compared to the placebo group [134].

Similarly, following 550 mg GTE intake and diet therapy for 3 months, patients with
NAFLD (n = 21) experienced significant improvements in BMI, AST, and FBG levels, as
well as in BW, compared to placebo recipients (n = 24). However, no significant differences
between groups were observed regarding ALT and HOMA-IR levels [135].

Compared to placebo (n = 40), GTE administration (1000 mg/day for 12 weeks) to
patients with NAFLD and DLD (n = 40) was found to be effective in improving BW, BMI,
ALT, AST, TC, TGs, LDL-c, HDL-c, and HOMA-IR. Also, GTE significantly improved
inflammatory markers, specifically hs-CRP and APN, and fatty liver grading [136].

A 2020 SRMA including 15 RCTs reported that although the overall effect of green tea
on liver enzymes was not significant, the subgroup analysis revealed that it may decrease
liver enzyme levels in NAFLD patients. However, in healthy subjects, a modest but
significant increase in hepatic enzyme concentration was observed [137].

Safety. Green tea intake raises liver-related safety concerns due to the potential risk of
hepatotoxicity [138]. According to the European Food Safety Authority (EFSA), the intake
of doses equal to or above 800 mg EGCG/day as a food supplement may cause a significant
increase in serum transaminase levels [139]. A 2016 SRMA concluded that liver-related
adverse effects after green tea extract intake are expected to be rare [138].

Summary. Green tea exerts important anti-inflammatory and antioxidant effects that
may benefit patients with T2D and MASLD. Nevertheless, the evidence regarding the
effectiveness of green tea in improving glycemic control and liver steatosis is not conclusive.

4.6. Other Phenolic Compounds and Carotenoids

Intake of dietary phenols and carotenoids derived from artichokes, tomatoes, and citrus
fruits has been shown to exert various biological effects, particularly hypoglycemic [140–142],
hypolipidemic [141], and hepatoprotective [143] effects.

Artichoke (Cynara cardunculus var. scolymus L.) has long been used as an herbal
remedy with powerful therapeutic properties. Artichoke leaf extract (ALE) mainly consists
of phenolic acids, sesquiterpene lactones, and flavonoids [140]. Lycopene (LYC), a lipophilic
carotenoid, is found naturally in red-colored fruits such as tomatoes, red grapefruit, and
watermelon. LYC’s antioxidant capacity is twice as effective as that of ß-carotene and
100 times more efficient than that of α-tocopherol [142]. Citrus flavonoids (hesperidin) are
abundant in phenolic compounds with enhanced antioxidant activity that can improve
glucolipid parameters [144].

Clinical evidence in T2D. There are limited published data linking artichoke or ALE
to glycemic control (Table 7). In 2012, Fallah Huseini et al. performed an RCT involving
72 patients with T2D who were supplemented with either free-fiber ALE (1200 mg/day)
(n = 36) or a placebo (n = 36) for 2 months, along with their standard anti-T2D medication.
ALE was found to be efficient in alleviating certain lipid profile markers (TC, LDL-c)
compared to placebo, but did not lead to significant changes in glycemic parameters (FBG,
2 h PBG, HbA1c), liver enzymes (ALT, AST), or other lipids. The authors suggested that
dietary fibers may be responsible for improving glycemic control in patients with T2D [145].
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Table 7. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of phenolic compounds and carotenoids.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 72 ALE
1200 mg/day Placebo 2 months ↓ TC, LDL-c * [145]

MS n = 68 ALE
1800 mg/day Placebo 12 weeks ↓ TGs * [140]

T2D n = 52 Tomato juice
500 mL/day Placebo 4 weeks ↑ resistance to LDL oxidation ** [146]

T2D n = 64 HES
500 mg/day Placebo 6 weeks ↓ TNF-α, IL-6, hs-CRP * [147]

MS n = 49 HES
1000 mg/day + LSI Placebo 12 weeks ↓ FBG, TGs, TNF-α * [148]

NASH n = 60 AE
2700 mg/day Placebo 2 months ↓ ALT, AST, TC, TGs * [149]

NAFLD n = 90 ALE
600 mg/daily Placebo 2 months ↓ ALT, AST, TC, TGs, LDL-c,

HDL-c * [143]

T2D/
NAFLD n = 80 Cyc + BPF

300 mg/day Placebo 16 weeks ↓ ALT, AST, GGT, ALP, TNF-α * [150]

NAFLD n = 49 HES
1 g/day + LSI Placebo 12 weeks ↓ ALT, GGT, TC, TGs, hs-CRP,

TNF-α * [151]

NAFLD n = 92

HES
1 g/day + LSI

Flaxseeds
30 g/day + LSI

HES + flaxseeds + LSI

LSI 12 weeks ↓ FBG, HOMA-IR, ALT, FLI * [152]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, de-
creased; “↑”, increased. Abbreviations: ALE, artichoke leaf extract; ALT, alanine aminotransferase; ALP, alkaline
phosphatase; AST, aspartate aminotransferase; BPF, bergamot phenolic fraction; Cyc, Cynara cardunculus; FLI,
fatty liver index; FBG, fasting blood glucose; GGT, gamma-glutamyl transpeptidase; HES, hesperidin; HDL-c,
high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; hs-CRP,
high-sensitivity C-reactive protein; IL-6, interleukin-6; LDL-c, low-density lipoprotein cholesterol; LSI, lifestyle
intervention; TC, total cholesterol; TGs, triglycerides; TNF-α, tumor necrosis factor α.

More recently, Ebrahimi-Mameghani et al. also failed to detect significant differences
in glucolipid parameters (FBG, HOMA-IR, TC, LDL-c, HDL-c), except for TGs, following
ALE supplementation (1800 mg/day for 12 weeks) compared to a placebo in patients
with MS. However, ALE led to a significant decline in HOMA-IR and insulin levels in a
subgroup of patients with MS and TCF7L2 polymorphism (n = 10). The latter is associated
with an increased risk of developing T2D and could explain the variation in metabolic
benefits of ALE among different subjects [140].

In a 2000 RCT, 52 patients with well-controlled T2D who supplemented with placebo
for 4 weeks were randomly assigned to receive tomato juice (n = 15), vitamin E (n = 12),
vitamin C (n = 12), or placebo (n = 15) for another 4 weeks. Results showed that levels of
LYC increased significantly (almost three-fold) following supplementation with tomato
juice. Also, these patients exhibited an increased resistance to LDL oxidation (~42%), similar
to that observed in the vitamin E-treated patients (54%). However, plasma CRP levels
remained unchanged after tomato juice supplementation, while they declined significantly
among patients receiving vitamin E. No significant changes were reported regarding BMI,
FBG, and TC levels after tomato juice consumption [146].

However, Homayouni et al. (2018) demonstrated that 500 mg/day HES supplementa-
tion is effective in improving the inflammation status of patients with T2D. As such, oral
HES intake led to significant changes in the mean percent changes of TNF-α, IL-6, and
hs-CRP levels in patients with T2D (n = 32) compared to placebo recipients (n = 32) after
6 weeks [147].

In a 2020 RCT, 49 patients with MS were randomly assigned to receive either HES
(1000 mg/day) or a placebo, along with lifestyle modifications. After 12 weeks, changes in
lifestyle led to a significant reduction in BW in both groups. In addition, FBG, TG, and TNF-
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α levels decreased significantly in the HES group (n = 24) compared to the placebo group
(n = 25). Compared to baseline, hs-CRP, glucose, insulin, TC, LDL, and TG concentrations
declined significantly after HES supplementation [148].

Finally, a group-specific meta-analysis involving 152 patients with T2D (2022) showed
that LYC supplementation is effective in improving FBG [142]. However, a 2019 SRMA that
included six RCTs (n = 318) investigating the effect of HES supplementation on glycemic
control failed to detect any significant improvement in glycemic indices [FBG, HbA1c,
HOMA-IR, quantitative insulin sensitivity check index (QUICKI), or insulin] in healthy
overweight individuals or subjects with either prediabetes or T2D [153].

Clinical evidence in MASLD. Phenolic compounds have also demonstrated therapeutic
potential in individuals with MASLD/MASH (Table 7). In 2016, 60 patients with NASH
were enrolled in an RCT to receive either Cynara scolymus extract (2700 mg/day) or a
placebo for 2 months. Compared to the placebo, significant improvements in ALT, AST, TC,
and TG levels were reported at the end of the study [149].

Panahi et al. (2018) showed that, compared to placebo (n = 41), supplementation with
ALE in patients with NAFLD (n = 49) led to a significant reduction in serum ALT and AST,
as well as improvements in the ALT/AST ratio, portal vein diameter, hepatic vein flow,
and liver size. Also, between-group comparisons revealed that ALE-treated individuals
experienced significantly lower levels of TC, LDL-c, TGs, and HDL-c. Notably, ALE
supplementation had no significant effect on glycemic control (FBG, HbA1c, insulin) [143].

Cynara cardunculus (Cyc) has also been found to exert anti-steatosis effects, particularly
in combination with bergamot phenolic fraction (BPF). The beneficial influence of bergamot
polyphenol extract against NAFLD was demonstrated in a previous in vitro study [154].
In a 2020 RCT, 80 patients with T2D and NAFLD were randomly allocated into four
groups to receive Cyc—300 mg/day (n = 20); BPF—300 mg/day (n = 20); Cyc plus BPF
(50/50%)—300 mg/day (n = 20); or a placebo (n = 20). Supplementation with both Cyc
and BPF resulted in improvements in liver imaging profiles and several markers of liver
fibrosis in NAFLD associated with T2D. Also, compared to placebo, Cyc + BPF significantly
decreased serum concentrations of ALT, AST, GGT, ALP, and TNF-α, as well as markedly
improved several markers of oxidative stress, such as GSH-Px, SOD, and MDA [150].

In addition, a 2021 SRMA that included eight RCTs concluded that artichoke supple-
mentation significantly reduced liver enzyme levels compared to placebo, particularly in
individuals with NAFLD. The doses of artichoke ranged from 100 to 2700 mg/day, whereas
the study duration varied from 4 to 12 weeks [155].

The hepatoprotective effect of HES was investigated in a 2019 RCT involving
49 NAFLD patients who received either HES (1 g/day) (n = 24) or a placebo (n = 25)
for 12 weeks. All participants were instructed to follow lifestyle changes during the study
duration. At the end of the study, reductions in ALT, GGT, TC, TGs, hs-CRP, TNF-α, and
the steatosis score were significantly improved in the HES-treated group compared to the
placebo group. FBG decreased significantly in the interventional group, but this change
was not significantly different from that in the placebo group. HES supplementation
alongside lifestyle adjustments has proven superior to lifestyle changes alone in alleviating
NAFLD [151].

In line with these results, Yari et al. demonstrated in a 2020 open-label RCT that HES
in combination with flaxseeds ameliorates hepatic steatosis, glucolipid metabolism, and
inflammation in patients with NAFLD. Study participants were divided into four groups,
with three groups receiving either HES (1 g daily) (n = 22), flaxseeds (30 g daily) (n = 24),
or HES in combination with flaxseeds (1 g HES and 30 g flaxseeds daily) (n = 25), and
one group receiving no supplementation (n = 21). All participants were given lifestyle
recommendations. Liver steatosis declined significantly in all groups at the end of the
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study, with no difference in the mean reduction of the controlled attenuation parameter
score (CAP). Liver fibrosis decreased significantly among flaxseed-supplemented patients,
with or without HES. Lifestyle modifications and dietary supplements were more effective
in reducing HFC than LSI alone, as evidenced by significant differences in the fatty liver
score. ALT and GGT levels reduced significantly in all groups, but not in the control group.
The lipid profile (TC, TGs, and LDL-c) improved significantly in all intervention groups
compared to baseline, while glycemic control (FBG, HOMA-IR, insulin) was significantly
ameliorated in the flaxseed groups, with or without HES, compared to the control group.
Finally, hs-CRP and TNF-α decreased significantly within the HES groups, alone or in
combination with flaxseeds, after 12 weeks [152].

Safety. When used in recommended amounts or as a standardized extract, ALE is
well tolerated with minimal side effects. Moderate transient mild effects, such as increased
flatulence, were reported by 1 out of 100 participants in a study investigating its safety [156].
LYC, consumed either through supplements or diet, has also been shown to be safe and
well tolerated at different concentrations [157]. Finally, HES is considered a generally safe
NBC, even when administered at very high doses, but more research is needed to evaluate
its safety in clinical settings [158].

Summary. Currently, there is limited clinical evidence supporting the therapeutic role
of ALE, LYC, and HES in patients with T2D. More large-scale, well-designed RCTs are
needed to validate their clinical effectiveness, particularly for LYC, where a significant
shortage of RCTs exists. The addition of dietary fibers to phenolic compounds may enhance
their hypoglycemic effects observed in both T2D and MASLD. ALE may also help mitigate
liver steatosis, inflammation, and oxidative stress.

4.7. Silymarin

Milk thistle fruits contain a blend of four major flavonolignans collectively referred to
as silymarin (SLM) [159], with silybin (or silibinin) as the primary component [160]. SLM
has been shown to possess a wide range of biological activities, encompassing antioxi-
dant, anti-inflammatory, lipid-lowering, antitumor, immunomodulating [159], anti-fibrotic,
antidiabetic, choleretic, and liver-regenerating properties [160].

Clinical evidence in T2D. Currently, only a few RCTs are available involving individuals
with T2D, most of which show that SLM, in combination with standard treatment or
aerobic training, improved glucolipid metabolism parameters (Table 8). Huseini et al.
(2006) conducted an RCT with 51 patients aged between 40 and 65 years who had a history
of T2D for more than 2 years. Patients assigned to the experimental group (n = 25) received
200 mg SLM three times daily, in addition to standard treatment, for 4 months. The
results showed that SLM intake, compared to both baseline and placebo, led to significant
reductions in FBG, HbA1c, TC, TGs, LDL-c, ALT, and AST levels [161].

Ebrahimpour-Koujan et al. investigated the effects of SLM extract supplements in
40 subjects with T2D in 2015 and again in 2018. In both triple-blinded RCTs, patients with
T2D received either 140 mg of SLM thrice daily (n = 20) or a placebo (n = 20) for 45 days.
The results of the first study showed that SLM supplementation led to a significant de-
crease in anti-inflammatory and oxidative stress markers. Specifically, hs-CRP significantly
decreased, while GPX and SOD activity, as well as TAC, significantly increased in the
SLM-supplemented patients compared to the placebo group. MDA declined significantly
compared to baseline following SLM consumption [162].

The second RCT revealed that compared to placebo, SLM significantly improved FBG,
serum insulin, HOMA-IR, TGs, HDL-c, and QUICKI levels. Also, in the experimental
group, a significant decrease from baseline was observed in TC and LDL-c levels [163].
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Table 8. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of SLM.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 51 SLM
600 mg/day Placebo 4 months ↓ FBG, HbA1c, TC, TGs, LDL-c,

ALT, AST * [161]

T2D n = 40 SLM
420 mg/day Placebo 45 days ↓ hs-CRP, ↑ GPx, SOD, TAC * [162]

T2D n = 40 SLM
420 mg/day Placebo 45 days ↓ FBG, SI, HOMA-IR, TGs,

↑ QUICKI, HDL-c * [163]

T2D n = 60

SLM
140 mg/kg/day

SLM + AT
AT

Placebo 8 weeks ↓ FBG, SI, HOMA-IR, ALT, AST,
ALP * [164]

T2D n = 48 SLM
420 mg/day + diet Diet 12 weeks no changes [165]

NAFLD n = 36

SLM
1080.6 mg/day +

Vitamin E
36 mg/day +

LSI

LSI 3 months ↓ GGT, BW, WC ** [166]

NAFLD n = 150

SLM
140 mg/day
Metformin

500 mg/day
Pioglitazone
15 mg/day
Vitamin E

400 UI/day

Placebo + LSI 3 months ↓ ALT, AST, TGs, LDL-c ** [167]

NASH n = 99
SLM

2100 mg/day +
LSI

Placebo + LSI 48 weeks ↓ TGs * [168]

MASLD n = 83 SLM
103.2 mg/day Placebo 24 weeks ↓ GGT, LSM, ApoB * [169]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, decreased;
“↑”, increased. Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; ApoB, apolipoprotein
B; AST, aspartate aminotransferase; AT, aerobic training; BW, body weight; FBG, fasting blood glucose; GGT,
gamma-glutamyl transpeptidase; GPx, glutathione peroxidase; HDL-c, high-density lipoprotein cholesterol;
HbA1c, glycosylated hemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; hs-CRP, high-
sensitivity C-reactive protein; LDL-c, low-density lipoprotein cholesterol; LSI, lifestyle intervention; LSM, liver
stiffness measurement; QUICKI, quantitative insulin sensitivity check index; SI, serum insulin; SLM, silymarin;
SOD, superoxide dismutase; TC, total cholesterol; TAC, total antioxidant capacity; TGs, triglycerides; WC,
waist circumference.

In 2020, Ghalandari et al. performed a RCT involving 60 men with T2D, who were
randomly assigned to four groups: one receiving 140 mg/kg SLM daily, one receiving
140 mg/kg SLM daily plus aerobic training (AT), one receiving AT plus a placebo, and one
receiving a placebo. The AT protocol included three training sessions per week, with a
duration of 20–45 min at an intensity of 60–80% of the heart rate reserve. Results showed
that FBG, insulin, and HOMA-IR levels were significantly reduced at the end of the study
in all intervention groups, except the control group. SLM and AT were significantly more
effective in reducing FBG levels than SLM alone. AST, ALT, and ALP levels declined
significantly in all three experimental groups compared to baseline and the control group.
The reduction of AST was significantly lower in the SLM plus AT group compared to
the SLM group. BW and weight-to-hip ratio (WHR) decreased significantly compared to
baseline in the SLM plus AT and AT groups. [164].

In contrast to these results, a 2024 open-label RCT conducted by Ferdowsi et al.
involving 48 patients with T2D indicated that the intake of 140 mg SLM (three capsules
daily) plus diet for 12 weeks failed to significantly decrease the levels of FBG, HbA1c, and
blood lipid markers. The comparison intervention was diet [165].

Clinical evidence in MASLD. SLM has traditionally been used for its potential to alleviate
liver diseases. However, RCTs investigating its efficacy in NAFLD management are scarce
and have yielded inconclusive results, especially when SLM is used as monotherapy [169]
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(Table 8). Aller et al. (2015) investigated the effects of SLM in combination with vitamin
E (n = 36) and lifestyle modification on glucolipid metabolism markers, liver enzyme
levels, several noninvasive NAFLD parameters, and anthropometric indices before and
after the intervention. The results showed that, after the intervention, glucose, HOMA-IR,
and ALT levels declined significantly compared to baseline only in the control group.
However, a significant decrease in GGT level was observed in both groups. No changes
were reported in the levels of TGs. Both groups experienced significantly improved liver
function tests (FLI and noninvasive NAFLD index) and anthropometric measurements (BW,
WC). Notably, patients in the intervention group who failed to lose 5% of BW still exhibited
decreased GGT levels and improvements in liver function, while patients in the control
group who did not lose 5% of their weight displayed no changes in metabolic status [166].

In agreement with these results, in another RCT (2019), 150 patients with NAFLD
were assigned to five groups: SLM 140 mg/day (n = 30), metformin 500 mg/day (n = 30),
pioglitazone 15 mg/day (n = 30), vitamin E 400 IU/day (n = 30), and lifestyle plus a
placebo (n = 30). All patients were given lifestyle advice during the study duration. ALT,
AST, TGs, and LDL-c declined significantly in all treatment groups. Also, significant
improvements in FBG, TC, BMI, and WC were reported in all groups after 3 months.
Between-group comparisons revealed that ALT and AST improved significantly in the
pioglitazone, metformin, and SLM groups compared to the other two groups, while TC
decreased significantly in the placebo and vitamin E groups compared to the other three
groups [167].

However, in a 2017 RCT involving 99 patients with NASH, which is a more severe form
of NAFLD, an SLM intake of 700 mg three times daily for 48 weeks (n = 49) did not achieve a
significant reduction in the NAS score (the sum of scores for steatosis, lobular inflammation,
and ballooning) compared to the placebo (n = 50). However, there was a significant
reduction in liver fibrosis in the SLM-treated group compared to the placebo. Also, a
significantly greater percentage of individuals in the interventional group experienced
improvements in liver fibrosis and stiffness compared to placebo recipients. Within-group
comparisons showed that SLM-treated patients displayed a significant decline in ALT,
AST, GGT, HbA1c, and TGs. Except for TGs, other parameters did not change significantly
in the interventional group compared to placebo. HDL-c concentration also increased
significantly in the SLM group, whereas a significant reduction in ALT levels was reported
in the placebo controls [168].

In a 2024 RCT, Jin et al. demonstrated that, compared to placebo (n = 41), SLM
supplementation (103.2 mg/day) significantly decreased liver fibrosis (assessed by liver
stiffness measurement), GGT, and ApoB levels, but it had no significant effect on liver
steatosis (as measured by CAP), fibrosis index, aminotransferases, glucolipid parameters,
anthropometric indices, hs-CRP, and SOD levels in patients with MASLD (n = 42) [169].

Finally, a meta-analysis involving six RCTs concluded that although SLM supplemen-
tation significantly reduced the levels of AST and ALT in NAFLD patients, the results were
clinically irrelevant. No significant change in GGT levels was observed following SLM
supplementation [170].

Safety. SLM utilization has proven to be generally safe and well tolerated, with
minimal adverse effects in both T2D [171] and MASLD/MASH [170].

Summary. The effect of SLM supplementation in patients with T2D remains incon-
clusive, although it appears to improve glycemic parameters. SLM seems effective in
decreasing liver enzyme levels in MASLD, but these findings warrant cautious interpreta-
tion, particularly in clinical practice.
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4.8. Cinnamon

Cinnamon (CNM) has long been a popular spice, with four of the 250 species belonging
to the genus Cinnamomum used for this purpose. CNM is available in many forms, such
as sticks (bark), pulverized stick powder, and extracts derived from the powder, each with
a different phytochemical composition and bioavailability. Currently, it is not clear which
bioactive compounds are responsible for CNM’s biological effects, making standardized
formulation difficult to develop [172]. It has been shown that CNM has hypoglycemic,
hypolipidemic, anti-inflammatory, antioxidant, and antihypertensive properties [173].

Clinical evidence in T2D. Oral supplementation of CNM supplements has been sug-
gested to be effective in improving glycemic control and lipid profile, possibly providing a
potential adjuvant for the treatment of T2D. However, RCT results are conflicting, particu-
larly regarding CNM’s lipid-lowering properties (Table 9). In a 2003 placebo-controlled
RCT, Khan et al. reported that following supplementation with 1, 3, or 6 g of CNM/day
for 40 days, patients with T2D receiving sulfonylureas (n = 30) experienced a significant
reduction in serum glucose, TGs, and TC levels. A significant change was also observed in
LDL-c concentration in patients consuming 3 and 6 g of CNM [174].

Table 9. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of CNM.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 60 CNM
1, 3 or 6 g/day Placebo 40 days ↓ glucose, TC, TGs ** [174]

T2D n = 58 CNM
2 g/day Placebo 12 weeks ↓ HbA1c * [175]

T2D n = 66 CNM
120 mg/day or 360 mg/day Placebo 3 months ↓ FBG, HbA1c ** [176]

T2D n = 37 CNM
3 g/day Placebo 8 weeks ↓ FBG, HbA1c, TGs, BW, BMI,

BF ** [177]

T2D n = 138 CNM
1 g/day Placebo 3 months ↓ FBG, 2-h PBG, HOMA-IR, FI,

TC, LDL-c, ↑ HDL-c [178]

T2D n = 39 CNM
3 g/day Placebo 8 weeks no significant changes [179]

NAFLD n = 45 CNM
1.5 g/day +LSI Placebo + LSI 12 weeks ↓ ALT, AST, GGT, TC, TGs, FBG,

HOMA-IR, QUICKI, hs-CRP * [180]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, decreased;
“↑”, increased. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BF, body fat;
BMI, body mass index; BW, body weight; CNM, cinnamon; FBG, fasting blood glucose; FI, fasting insulin; GGT,
gamma-glutamyl transpeptidase; HDL-c, high-density lipoprotein cholesterol; HbA1c, glycosylated hemoglobin;
HOMA-IR, homeostatic model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; LDL-c,
low-density lipoprotein cholesterol; LSI, lifestyle intervention; QUICKI, quantitative insulin sensitivity check
index; 2-h PBG, 2-h postprandial blood glucose; TC, total cholesterol; TGs, triglycerides.

Akilen et al. (2010) demonstrated that, compared to placebo (n = 28), 2 g of CNM for
12 weeks led to a significant decrease in mean HbA1c in patients with poorly controlled
T2D (n = 30). In addition, a significant reduction in FBG, BMI, and WC was observed in the
interventional group compared to baseline, but CNM supplementation had no effects on
blood lipid parameters (TC, TGs, HDL-c, LDL-c), either within or between the groups [175].

Lu et al. randomly assigned 66 patients with T2D into three groups: one receiving
120 mg of CNM/day (n = 23), another receiving 360 mg of CNM/day (n = 23), and a
placebo group (n = 20). All patients were treated with gliclazide throughout the trial. After
3 months, FBG and HbA1c were significantly reduced in the CNM-treated patients. TG
levels also decreased significantly in the group receiving 120 mg of CNM/day. TC, LDL-c,
HDL-c, and liver enzyme levels (ALT, AST) remained unchanged in all patients at the end
of the follow-up period [176].
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Vafa et al. (2010) tested the effects of CNM supplementation (3 g/day for 8 weeks)
compared to a placebo in 37 patients with T2D. Compared to baseline, levels of FBG, HbA1c,
and TGs, as well as anthropometric indices (BMI, BW, BF%), significantly improved in the
CNM-supplemented group. However, no significant differences were observed between
the groups regarding glucolipid or anthropometric parameters [177].

In 2019, Zare et al. conducted a triple-blind, placebo-controlled RCT involving 138 pa-
tients with T2D, divided into four groups based on their BMI (>/< 27 kg/m2) and interven-
tion (1 g of CNM/day or placebo for 3 months). The results showed that CNM improved
glycemic (FBG, 2 h PBG, HOMA-IR, FI) and lipid (TC, LDL-c, HDL-c) measurements, except
for TG levels. In addition, anthropometric indices (BMI, BF%, visceral fat) also significantly
ameliorated in the CNM-supplemented patients. Improvements were significantly greater
in patients with BMI > 27 kg/m2, except for TC and LDL-c [178].

Another RCT (2020) involving 39 patients with T2D (intervention, n = 20 and placebo,
n = 19) investigated the effect of CNM supplementation on inflammation status. No
beneficial impact was observed on plasma levels of hs-CRP, IL-6, or TNF-α following CNM
consumption. Moreover, a significant within-group reduction in hs-CRP was reported in
the placebo controls at the end of the study [179].

Finally, a review analyzing 11 RCTs (n = 694) concluded that CNM supplementation,
in addition to hypoglycemic medication and lifestyle changes, has only modest effects on
glycemic control (FBG and HbA1c) in patients with T2D [172]. Another clinical review
reported that supplementation with 1 to 6 g of CNM seemed to be beneficial in alleviat-
ing glucose metabolism parameters [181]. In addition, a 2025 SRMA including 28 RCTs
(n = 3054) reported, with significant heterogeneity, that CNM appears to improve BMI,
glycemic, and lipid parameters in patients with T2D, especially when administered in
capsule form at a daily dosage of ≤2 g [182].

Clinical evidence in MASLD. CNM’s hepatoprotective effects in patients with NAFLD
were investigated in a single double-blind, placebo-controlled RCT (2014) (n = 45). All
patients followed lifestyle recommendations throughout the study. The authors reported
that CNM supplementation (1.5 g/day for 12 weeks) led to significant improvements
in ALT, AST, GGT, TC, and TG levels compared to placebo. No changes were reported
regarding HDL-c concentration. In addition, significant reductions in FBG, HOMA-IR,
QUICKI, and hs-CRP concentrations were observed in the intervention group compared to
the control group. LDL-c decreased significantly in both groups. BMI and WC remained
unchanged during the study [180].

Safety. CNM appears to be well tolerated, without adverse effects, and may improve
health status as an adjunct treatment for T2D. However, further high-quality studies are
needed to firmly establish its risk potential and safety profile [183].

Summary. CNM may be employed as an add-on phytotherapy to standard medication
in T2D, particularly due to its glucose-lowering effect. However, RCTs have not always
shown positive outcomes, and it seems that CNM’s therapeutic potential in glycemia
regulation is rather modest. Regarding MASLD, there is currently insufficient clinical
evidence to recommend the use of CNM in its management.

4.9. Fenugreek (Trigonella Foenum-Graecum)

Trigonella foenum-graecum (TFG), or fenugreek, has been widely used for its an-
tidiabetic properties, primarily derived from its seeds. The hypoglycemic effect of TFG
is attributed to several NBCs, including trigonelline, diosgenin, soluble fibers, and 4-
hydroxyisoleucine. In addition, TFG has demonstrated anti-hyperlipidemic, anti-obesity,
anti-inflammatory, antioxidant, and anticancer effects [184].
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Clinical evidence in T2D. In recent years, multiple RCTs have investigated the role
of TFG in T2D management (Table 10). In 2001, Gupta et al. performed a double-blind
placebo-controlled RCT in newly diagnosed patients with T2D (n = 25), testing TFG supple-
mentation (1 g/day of hydroalcoholic extract for 2 months, n = 12) on glycemic parameters.
Although the results failed to show a significant difference between groups regarding
FBG and 2 h PBG levels, TFG supplementation has proven effective in improving insulin
resistance, as well as TG and HDL-c levels [185].

Table 10. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of TFG.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 25 TFG extract
1 g/day Placebo + LSI 2 months ↓ HOMA-IR, TGs, ↑ HDL-c * [185]

T2D n = 69 TFG extract
6.3 g/day + LSI Placebo + LSI 12 weeks ↓ FBG, 2-h PBG, HbA1c * [186]

T2D n = 88 TFG seeds
10 g/day Placebo 8 weeks ↓ FBG, HbA1c, SI, HOMA-IR,

TC, TGs, ↑ APN * [187]

T2D n = 9
TFG

2 g/day +
Metformin

Glibenclamide
5 mg/day + Metformin 12 weeks ↑ SI, HDL/LDL ratio ** [188]

T2D n = 95 TFG seed powder solution
50 g/day Metformin 1 month ↓ TC, TGs, HDL-c, LDL-c * [189]

T2D n = 48 TFG seed powder
15 g/day + LSI LSI 8 weeks ↓ FBG, ALT, ALP * [190]

T2D n = 43 TFG extract
1005 mg/day Placebo 8 weeks ↑ HDL-c * [191]

NAFLD n = 24 TFG extract
1 g/day + LSI Placebo + LSI 3 months no changes [192]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”,
decreased; “↑”, increased. Abbreviations: ALT, alanine aminotransferase; ALP, alkaline, phosphatase; APN,
adiponectin; FBG, fasting blood glucose; HDL-c, high-density lipoprotein cholesterol; HbA1c, glycosylated
hemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; LDL-c, low-density lipoprotein
cholesterol; LSI, lifestyle intervention; 2-h PBG, 2-h postprandial blood glucose; SI, serum insulin; TC, total
cholesterol; TGs, triglycerides.

In 2008, Lu et al. evaluated the effectiveness of TFG extract combined with sulfony-
lureas (SU) for managing T2D in 69 patients with insufficiently controlled T2D using SU
alone. Patients received either TFG (n = 46) or placebo (n = 23) daily for 12 weeks in con-
junction with SU. All participants were instructed to maintain lifestyle recommendations
throughout the study. At the end of the follow-up period, TFG-treated patients experienced
a significant reduction in FBG, 2 h PBG, and HbA1c compared to both baseline and placebo.
No improvements in BMI levels were observed in either group [186].

Similar results were reported by Rafraf et al. (2014) in a triple-blind RCT involving
88 patients with T2D. After 8 weeks of supplementation with TFG (10 g/day of powdered
seeds), FBG, HbA1c, serum insulin, HOMA-IR, TC, TG, and APN levels significantly
improved in the interventional group compared to the placebo. No changes were observed
in LDL and HDL-c levels [187].

In a 12-week open-label trial involving nine patients with T2D who were not ade-
quately controlled with metformin, participants consumed either TFG (2 g/day) or gliben-
clamide (5 mg/day). It was shown that TFG led to a significant increase in FI concentration
and the HDL/LDL ratio, but did not significantly affect FBG, HbA1c, HOMA-IR, TG, or
LDL-c levels. However, compared to TFG, glibenclamide significantly lowered HOMA-IR
and HbA1c levels. Notably, HbA1c levels were lower at baseline in the glibenclamide-treated
group compared to the TFG-supplemented group [188].

Geberemeskel et al. (2019) investigated the effect of TFG supplementation (25 g of
seed powder solution twice daily) versus metformin on the lipid profile in patients with
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newly diagnosed T2D (n = 95). After 1 month, in TFG-treated patients (n = 49), significant
improvements in TC, TG, and HDL and LDL cholesterol levels were observed compared
to both baseline and the control group. Blood lipid levels in the control group remained
unchanged [189].

Hadi et al. (2020) reported that, in patients receiving standard T2D medication,
supplementation with TFG (15 g/day for 8 weeks, n = 24) resulted in a significant reduction
in FBG, ALT, and ALP levels compared to a placebo (n = 24). Also, compared to baseline,
the levels of AST decreased significantly in the intervention group [190].

More recently, however, Chehregosha et al. (2024) failed to detect significant changes
in glycemic indices, the lipid profile, or the prooxidant/antioxidant balance in patients
with T2D (n = 23) following supplementation with TFG (335 mg of TFG dry seed extract
three times daily for 8 weeks). TFG only improved HDL-c levels in the intervention group
(n = 20) compared to baseline and the placebo group [191].

Finally, a 2024 SRMA of 19 RCTs (n = 1612) involving patients with T2D investigating
the efficacy of TFG supplementation showed that TFG led to significant improvements
in FBG, HbA1c, HOMA-IR, BMI, TC, LDL-c, and HDL-c concentrations. No effects were
observed on FI, TG level, or BW in the overall analysis. Consistent heterogeneity was
reported among the included clinical trials. Dosages of TFG (extract or powder) ranged
from 25 to 50,000 mg/day, while the duration of interventions varied from 4to 24 weeks. In
addition, TFG’s natural compounds may seem to act as powerful anti-inflammatory and
antioxidant molecules to alleviate insulin signaling, but these findings are primarily based
on preclinical studies [184].

Clinical evidence in MASLD. Evidence of the effect of TFG supplementation on liver
function and histology in human subjects is limited (Table 10). A sole triple-blind controlled
pilot clinical trial investigating the effect of TFG supplementation on the liver in patients
with NAFLD was performed by Babaei et al. Thirty patients with NAFLD were randomly
assigned to two groups, receiving either hydroalcoholic extract TFG (1 g/day for 3 months)
(n = 13) or a placebo (n = 11). At baseline, all patients were given lifestyle advice. At the
end of the study, some improvements in liver steatosis percentage and CAP score were
observed among TFG-treated patients, but these changes were not statistically significant
compared to those in the placebo group. In addition, no significant differences in ALT
and AST levels were detected between the two groups. Anthropometric indices (BMI, BW,
WHR) remained unchanged in both groups [192].

Safety. TFG supplementation is generally well tolerated. The most commonly reported
adverse effects include nausea, diarrhea, dyspepsia, and flatulence, affecting up to 20%
of study participants. Some subjects may also experience allergic reactions, probably due
to TFG’s high protein antigen content. In addition, coumarin compounds in TFG have
raised concerns regarding possible hepatotoxicity and anticoagulant effects; however, there
is currently no evidence from clinical trials indicating these risks at standard therapeutic
dosages [184].

Summary. To date, clinical research findings indicate that TFG has some beneficial
effects on glycemic control and lipid profile in patients with T2D, but the study outcomes
are inconsequential. The limited availability of RCTs investigating TFG’s therapeutic value
in MASLD highlights the importance of further large, high-quality studies to confirm its
potential clinical efficacy.

4.10. Ginger

Ginger (GGR) is derived from the rhizomes of the plant Zingiber officinale Roscoe
and has been utilized for its antitumor, immunomodulatory, and antiemetic properties.
The main functional compound of GGR is gingerol, which has been acknowledged as a
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potent anti-inflammatory molecule [193]. Other non-volatile components of GGR include
shogaols, zingerones, and paradols [194]. According to clinical studies, ginger also exhibits
hypoglycemic, hypolipidemic [194], and hepatoprotective activity [195].

Clinical evidence in T2D. Several RCTs have investigated the effects of GGR on glycemic
control (Table 11). The first clinical study was performed in 2013 by Mahluji et al. and
involved 58 patients with T2D who were administered GGR (n = 28) or a placebo (n = 30)
for 2 months. The results showed that GGR supplementation led to significantly improved
levels of HOMA-IR, QUICKI, insulin, LDL-c, and TGs relative to the placebo. However, no
significant changes were observed concerning FBG, HbA1c, TC, and HDL-c concentrations
or regarding BW [194].

Table 11. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of GGR.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 58 GGR
2 g/day Placebo 2 months ↓ HOMA-IR, insulin, LDL-c, TGs,

↑ QUICKI * [194]

T2D n = 81 GGR
3 g/day Placebo 8 weeks ↓ FBG, HbA1c, ↑ QUICKI * [196]

T2D n = 63 GGR
1600 mg/day Placebo 12 weeks ↓ glucose, HbA1c, HOMA-IR,

insulin, TC, TGs, CRP * [197]

T2D n = 45 GGR
3 g/day Placebo 3 months ↓ glucose, HbA1c, insulin,

HOMA-IR, hs-CRP, MDA, ↑ TAC * [198]

T2D n = 45 GGR
2000 mg/day Placebo 10 weeks ↓ FBG, HbA1c * [199]

T2D n = 103 GGR
1.2 g/day Placebo 90 days ↓ FBG, TC * [200]

NAFLD n = 44
GGR

2 g/day
+ LSI

Placebo 12 weeks ↓ ALT, GGT, CAP, HOMA-IR,
hs-CRP, TNF-α * [201]

NAFLD n = 46 GGR
1500 mg/day + LSI Placebo 12 weeks ↓ ALT, FBG, HOMA-IR, TC, LDL-c,

hs-CRP * [195]

T2D/NAFLD n = 72 GGR
2000 mg/day Placebo 3 months ↓ HOMA-IR, insulin, ↑ HDL-c ** [202]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, decreased;
“↑”, increased. Abbreviations: ALT, alanine aminotransferase; CAP, controlled attenuation parameter score; CRP,
C-reactive protein; FBG, fasting blood glucose; GGR, ginger; GGT, gamma-glutamyl transpeptidase; HDL-c,
high-density lipoprotein cholesterol; HbA1c, glycosylated hemoglobin; HOMA-IR, homeostatic model assessment
of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; LDL-c, low-density lipoprotein cholesterol; LSI,
lifestyle intervention; MDA, malondialdehyde; QUICKI, quantitative insulin sensitivity check index; TAC, total
antioxidant capacity; TC, total cholesterol; TGs, triglycerides; TNF-α, tumor necrosis factor.

Significantly improved glycemic control was reported by Khosravi et al. (2014) among
patients with T2D treated with hypoglycemic agents and either GGR (n = 40) or placebo
(n = 41) for 8 weeks. During the intervention, all patients were encouraged to maintain their
usual diet and perform no physical activities. At the end of the study, GGR-supplemented
patients exhibited a significant reduction in FBG and HbA1c levels, as well as a signifi-
cantly greater increase in the QUICKI index compared to the placebo group. HOMA-IR
decreased significantly in both groups, but no significant differences between the groups
were observed. On the other hand, BMI did not differ significantly between the groups
either before or after the intervention [196].

Consistent with these findings, another 2014 RCT showed that, compared to placebo
(n = 30), GGR (1600 mg) administered daily for 12 weeks was effective in improving several
glucolipid and inflammatory markers in patients with T2D (n = 33). Study participants
were asked to maintain their lifestyle habits during the trial. Significant decreases in plasma
glucose, HbA1c, HOMA-IR, insulin, TC, TGs, and CRP levels were detected following GGR
supplementation. There was no significant difference between groups regarding TNF-α
concentration. BW and BMI remained unchanged in both groups [197].
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Similar results were reported following GGR supplementation with 3 g of GGR for
3 months in 45 patients with T2D. After the intervention, a significant decrease in serum
glucose, HbA1c, insulin, HOMA-IR, and hs-CRP was observed in the GGR-treated par-
ticipants. Also, they exhibited increased TAC and reduced MDA levels compared to the
control group [198].

Makhdoomi Arzati et al. also confirmed GGR’s hypoglycemic effect in a 2017 RCT
involving patients with T2D. GGR intake significantly reduced FBG and HBA1c levels
after 10 weeks compared to placebo. The ratio of LDL-c/HDL-c also decreased after GGR
supplementation, although no other changes in the blood lipid profile were reported [199].

In 2020, Nunes Carvalho et al. demonstrated that GGR consumption improved both
FBG and TC levels in T2D. The study participants were supplemented with either GGR
(n = 47) or a placebo (n = 56) for 90 days. HbA1c concentration declined more substantially
in the intervention group compared to the control group, although this change was not
statistically significant. Notably, LDL-c levels exhibited a greater reduction in the placebo
control group [200].

A 2022 SRMA including 10 RCTs (n = 597) concluded that GGR consumption was
effective in alleviating FBG and HbA1c levels in patients with T2D. Nevertheless, in patients
older than 50 years, no significant effect of GGR supplementation on HbA1c levels was
found. In addition, GGR intake failed to improve the blood lipid profile. GGR dosages
ranged from 1200 to 3000 mg/day, whereas study durations varied from 8 to 13 weeks [203].

Clinical evidence in MASLD. RCTs investigating GGR’s effects in MASLD are scarce
(Table 11). In 2016, Rahimlou et al. conducted a clinical trial involving 44 patients with
NAFLD who were supplemented with GGR (2 g/day) or a placebo for 12 weeks. All
study participants received lifestyle recommendations. Compared to the placebo, GGR
intake was superior in improving ALT, GGT, HOMA-IR, hs-CRP, and TNF-α levels. Also,
significant changes compared to the placebo were reported regarding liver steatosis grade.
Nevertheless, GGR did not significantly affect AST levels or fibrosis score. Anthropometric
parameters reduced significantly in both groups, but only the reduction in hip circumfer-
ence was significantly different between the intervention and control groups [201].

Rafie et al. (2020) found that GGR (1500 mg/day) intake for 12 weeks led to a signifi-
cant reduction in ALT, FBG, HOMA-IR, TC, LDL-c, and hs-CRP levels compared to placebo
in patients with NAFLD. No significant differences between the two groups were observed
concerning GGT, AST, FLI score, fatty liver grade, FI, HDL-c, TGs, TNF-α, APN, TAC, or
BW. All patients followed a diet and physical activity regimen during the clinical trial [195].

Finally, a 2024 RCT reported that GGR supplementation may alleviate some metabolic
dysfunction characteristics. Seventy-two patients with T2D and NAFLD were adminis-
tered either GGR (2000 mg/day) or a placebo for 3 months. At the end of the study, no
significant effects on liver steatosis and fibrosis scores were observed. Liver enzyme levels
(AST, ALT, GGT) and anthropometric indices (BW, BMI, WC) decreased in both groups,
without significant differences between them. HOMA-IR, HDL-c, and serum insulin levels
improved compared to baseline in the GGR-treated patients [202].

Safety. GGR is recognized as safe by the Food and Drug Administration and has good
tolerability with minimal side effects [204]. Reported adverse effects across RCTs include
transient heartburn [201,202], dyspepsia, and nausea [202].

Summary. GGR consumption demonstrates promising potential as an adjuvant in T2D
and MASLD management. Nevertheless, despite its hypoglycemic effects, GGR does not
appear to significantly influence the blood lipid profile in T2D. In addition, GGR’s role in
MASLD, particularly in T2D with MASLD, requires more in-depth investigation.
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4.11. Soluble Fibers

Dietary fibers have long been recognized for their role in managing metabolic dysfunc-
tion. However, since modest improvements in glycemic control require unrealistic intake
levels of dietary fibers (>50 g/zi), many fiber supplements have been developed, with
extensive research highlighting their efficacy and ease of use [205]. Viscous, gel-forming
fibers, such as psyllium, inulin-type fructans (ITFs), or guar gum, are among the most
studied fibers that may be effective in alleviating metabolic dysfunction in patients with
T2D [205–207] and MASLD [208] (Table 12).

Soluble fibers are often regarded as prebiotics due to their ability to promote the
growth of beneficial gut microbial communities while reducing harmful bacteria [209]. The
prebiotic effect of soluble fiber on GM-related outcomes in patients with T2D and NAFLD
will be discussed in the next subsection.

Clinical evidence in T2D. A 2009 RCT evaluated the effect of psyllium (10.5 g/day)
compared to placebo on glycemic control and lipid profiles in 40 patients with T2D treated
with sulfonylureas and diet. Patients in both groups exhibited significantly lower FBG,
HbA1c, BMI, and WC values after 2 months compared to baseline. However, TG concen-
tration significantly decreased in the psyllium-treated group, but not in the control group
(diet alone). The postprandial lipoprotein profile remained unchanged between the two
groups [210].

Psyllium. Significant improvements in glucose metabolism parameters were reported
by Feinglos et al. in a 2013 RCT assessing the dose–response effects of psyllium on metabolic
control in 37 patients with T2D receiving conventional treatment. The patients were
supplemented with either 6.8 or 13.6 g of psyllium/day or a placebo for 12 weeks. Both
psyllium doses led to significantly lower FBG at weeks 4, 8, and 12. Moreover, HbA1c levels
significantly decreased compared to placebo at week 8 following supplementation with
13.6 g of psyllium and at week 12 with both dosages [211].

A 2015 SRMA of studies involving individuals with euglycemia, dysglycemia, and
T2D concluded that in patients with T2D, psyllium was beneficial in significantly reducing
the levels of FBG and HbA1c. Psyllium’s glycemic benefits were proportional to the baseline
value of FBG, with no significant effects in normoglycemia, modest effects in prediabetes,
and significant effects in T2D [212].

More recently, Abutair et al. (2018) also reported that compared to the control group
(regular diet, n = 18), psyllium supplementation (10.5 g/day for 8 weeks) led to significant
reductions in FBG, TC, TGs, and WC in newly diagnosed patients with T2D (regular diet,
n = 18). The LDL-c level declined in both groups, but not significantly [213].

Psyllium has also been shown to have some beneficial effects on improving inflam-
mation status. As such, a 2018 open RCT showed that patients with T2D following a
moderate carbohydrate diet supplemented with psyllium (n = 20) exhibited significantly
reduced fasting TNF-α and FI levels compared to baseline and to individuals receiving a
low-carbohydrate diet and placebo (n = 17). It should be noted that these changes took
place irrespective of weight changes since no significant variations in BW were reported
between the two groups. No significant changes within groups or differences between
groups were observed regarding FBG, PBG, and postprandial insulin. Postprandial TNF-α
concentrations were significantly reduced compared to baseline in the intervention group,
but there was no significant difference when compared to placebo controls [214].
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Table 12. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of soluble fibers.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 40 Psyllium
10.5 g/day + diet Diet 2 months ↓ FBG, HbA1c, BMI, WC ** [210]

T2D n = 37 Psyllium
6.8 or 13.6 g/day Placebo 12 weeks ↓ HbA1c * [211]

T2D n = 36 Psyllium
10.5 g/day Regular diet 8 weeks ↓ FBG, TC, TGs, WC * [213]

T2D n = 37 Psyllium
7 g/day Placebo 2 weeks ↓ fasting TNF-α, FI * [214]

T2D n = 49 Inulin
10 g/day Placebo 2 months ↓ FBG, HbA1c, BMI, BW, MDA, ↑ TAC,

SOD * [215]

T2D n = 49 Inulin
10 g/day Placebo 8 weeks ↓ FBG, HbA1c, HOMA-IR, FI, hs-CRP,

TNF-α * [216]

T2D n = 52 Inulin
10 g/day Placebo 8 weeks ↓ FBG, HbA1c, IL-6, TNF-α * [217]

T2D n = 49 Inulin (chicory)
10 g/day Placebo 2 months ↓ FBG, HbA1c, ALP * [218]

T2D n = 44 PHGG
10 g/day Placebo 6 weeks ↓ HbA1c, WC ** [219]

T2D n = 79
Whey protein

17 g
GG 5 g

Flavored
placebo 12 weeks ↓ PBG, HbA1c * [220]

NASH n = 7 Inulin
16 g/day Placebo 8 weeks ↓ AST * [221]

NAFLD n = 75 Psyllium
10 g/day +LSI

Ground wheat
10 g/day + LSI 10 weeks ↓ ALT, BMI, BW, BF, WC * [222]

NAFLD n = 70

PP
10 g/day

OB
10 g/day
PP + OB
10 g/day

Placebo 12 weeks no changes [223]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, de-
creased; “↑”, increased. Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate
aminotransferase; BMI, body mass index; BF, body fat; BW, body weight; FBG, fasting blood glucose; CRP, C
reactive protein; GG, guar gum; FI, fasting insulin; HbA1c, glycosylated hemoglobin; HOMA-IR, homeostatic
model assessment of insulin resistance; IL-6, interleukin 6; LSI, lifestyle intervention; MDA, malondialdehyde;
OB, Ocimum basilicum; PBG, postprandial blood glucose; PHGG, partially hydrolyzed guar gum; PP, Plantago
psyllium; SOD, superoxide dismutase; TC, total cholesterol; TAC, total antioxidant capacity; TGs, triglycerides;
TNF-α, tumor necrosis factor α; WC, waist circumference.

Finally, a 2024 SRMA of 19 RCTs (n = 962) revealed that, compared to placebo, psyllium
significantly decreased FBG, HbA1c, and HOMA-IR, but not serum insulin. Psyllium’s
effect on FBG was effective at dosages both below and above 10 g/day with interventions
lasting longer than 50 days. No significant changes in HbA1c were observed with psyllium
intake below 10 g/day. HOMA-IR and insulin levels showed no significant differences
with psyllium consumption either below or above 10 g/day [224].

Inulin. Three RCTs involving women with T2D and overweight (n = 49, n = 49, n = 52)
showed that supplementation with 10 g of inulin or oligofructose-enriched inulin versus
placebo for 8 weeks was effective in significantly [215–217] improving glycemic control,
anthropometric indices, oxidant and inflammation status. As such, Gargari et al. observed
significant changes in FBG, HbA1c, MDA, TAC, and SOD after inulin consumption (n = 24)
compared to the placebo (n = 25). No significant difference was observed regarding HOMA-
IR between the two groups. Both BMI and BW decreased significantly in the inulin-treated
patients relative to placebo controls after 2 months [215]. In another RCT, between-group
comparisons showed a significant decline in FBG, HbA1c, HOMA-IR, FI, hs-CRP, and TNF-
α in the inulin group (n = 24) compared to the placebo group (n = 25). IL-10 also increased
in the inulin-treated patients, but this change was not significant. BW and BMI significantly
decreased after 2 months in the intervention group, but not in the control group [216].
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Finally, the third study reported significant improvements in FBG, HbA1c, IL-6, and TNF-α
after inulin supplementation (n = 27) compared to the placebo (n = 25). Changes in hs-CRP
and IL-10 levels were also noted in the intervention group, but these changes were not
statistically significant. At the end of the study, both BMI and BW declined significantly
after inulin consumption, while remaining unchanged following placebo intake [217].

A 2015 SRMA by Liu et al. involving healthy individuals, individuals with DLD,
and those with overweight/obesity and T2D (n = 607) reported that ITF supplementation
may decrease LDL-c levels in all studied populations. In addition, according to the T2D
subgroup analysis (three RCTs), inulin supplementation was positively correlated with
decreased FBG and FI levels, as well as increased HDL-c concentration [207].

In 2016, Farhangi et al. tested the effects of enriched chicory inulin supplementation
(10 g/day) versus placebo on glucose parameters and liver enzymes in female patients
with T2D (n = 49). After 2 months, significant reductions in FBG and HbA1c were reported
in the intervention group (n = 27) compared to baseline and placebo recipients (n = 22).
AST levels also decreased significantly compared to baseline in the chicory-treated patients,
while ALP concentration declined significantly in the intervention group compared to both
baseline and controls. No significant changes were observed in ALT levels [218].

Finally, Wang et al. (2019) conducted an SRMA involving 33 RCTs (n = 1346) in healthy
individuals and patients with obesity or T2D supplemented with ITFs. The results showed
that overall, prebiotics were effective in reducing FBG, HbA1c, FI, and HOMA-IR levels,
particularly in individuals with prediabetes and T2D. Glycemic control improved following
supplementation of ≥10 g of ITFs/day for 6 weeks or longer [225].

Partially hydrolyzed guar gum. Dall’Alba et al. (2013) investigated the effects of sup-
plementation with partially hydrolyzed guar gum (PHGG, 10 g/day for 6 weeks) versus
placebo on cardiovascular risk factors in patients with T2D and MS (n = 44). PHGG-treated
patients (n = 23) experienced a significant reduction in HbA1c levels and WC after 4 and
6 weeks compared to baseline. No changes were observed in FBG, the blood lipid profile,
or CRP in either group [219].

A 12-week trial by Watson et al. (2019) reported that supplementation with 150 mL of
a flavored drink containing either 17 g of whey protein and 5 g of guar gum (n = 37) versus
a placebo (n = 42), taken 15 min before breakfast and dinner daily, led to a significant reduc-
tion in gastric emptying and PBG compared to a placebo. The rate of gastric emptying was
correlated with the degree of blood glucose decrease. Also, a modest but significant decline
in HbA1c levels was observed at the end of the study in the interventional group compared
to the control group. There were no differences in BW between the two groups [220].

Pooled data from 14 RCTs included in a 2023 SRMA showed that guar gum is effec-
tive in reducing HbA1c levels, without influencing FBG concentrations or BW. However,
according to a subgroup analysis, an intake above 15 g/day of guar gum was shown to
significantly improve FBG levels in patients with T2D [226]. Guar gum was also reported to
significantly reduce TC and LDL-c concentrations in patients with T2D at a dosage ranging
from 5 to 30 g/day. TG levels also decreased following supplementation of ≥ 20 g of guar
gum/day. No effect on HDL-c concentration was observed [206].

Clinical evidence in MASLD. An overview of the RCTs discussed in this subsection is
provided in Table 12. In 2005, a pilot study on the effects of soluble fiber in patients with
NASH (n = 7) was performed by Daubioul et al. After 8 weeks of supplementation with 16 g
of inulin/day, a significant decrease in plasma levels of AST was observed, but not in ALT,
ALP, or GGT. No changes were reported in glucose and lipid metabolism parameters [221].

A 2015 trial involving patients with NAFLD (n = 75) who were supplemented with
either 10 g of psyllium (n = 38) or ground wheat (n = 37) daily for 10 weeks, in addition to
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diet and increased physical activity, reported that fiber intake led to a significant reduction
in BMI, WC, BF%, and serum ALT levels. The reduction in AST was not significant [222].

A four-arm, parallel, single-blind RCT (2016) compared the impact of psyllium (Plan-
tago psyllium, PP) versus basil (Ocimum basilicum, OB) supplementation on anthropometric
indices in patients with NAFLD (n = 70). Participants were allocated to four groups,
each receiving one of the following supplementations: 10 g of PP/day; 10 g of OB/day;
a combination of psyllium and OB at 10 g/day; or a placebo. After 12 weeks, the re-
sults failed to show any significant differences in BMI, BW, or body composition-related
parameters between the intervention and control groups. The authors argued that the
ineffectiveness of PP and OB supplementation could be explained by the low dosage of
fibers administered [223].

However, a 2020 SRMA (n = 242) investigating the metabolic outcomes in NAFLD
patients following soluble fiber intake reported that supplementation at a dosage of
10–16 g/day for 10 to 12 weeks results in favorable effects on anthropometric (BMI),
metabolic (HOMA-IR, FI), and liver-related parameters (ALT, AST) [208].

Safety. Soluble fibers have proven efficient and are well tolerated in the management of
CMDs. However, excessive intake may cause gastrointestinal symptoms, such as abdominal
cramps, flatulence, constipation, or diarrhea [227].

Summary. Soluble fiber supplements may represent a viable and safe strategy to im-
prove glycemic control, lipid profile, and hepatic steatosis in patients with T2D and MASLD.
In addition, soluble fibers may have beneficial effects on anthropometric parameters, which
also help enhance the metabolic health outcomes of these patients.

4.12. Omega-3 Fatty Acids

Omega-3 fatty acids (ω-3 PUFA) of marine origin are polyunsaturated fatty acids that
exist in two forms: eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [228].
Research suggests that ω-3 PUFA exert cardioprotective benefits, although their effects
on the plasma lipid profile are rather modest [229]. ω-3 PUFA are also associated with
hypoglycemic activity [228], anti-steatosis effects [230], and body composition improve-
ments [229].

Clinical evidence in T2D. An in-depth meta-analysis regarding the effects of ω-3 PUFA
in T2D (n = 1533) was published in 2009. Hartweg et al. reported that compared to
placebo, long-term supplementation with marine-derived ω-3 PUFA was effective in
reducing TG levels, highlighting a potential dose–response effect. TG levels decreased
with the administration of higher doses of ω-3 PUFA (>2 g/day). Also, a small but
significant increase in LDL-c concentration was observed following supplementation.
Other cardioprotective effects associated with ω-3 PUFA, such as attenuated fibrinogen
and platelet aggregation, were also reported in this review [231].

In 2012, Crochemore et al. performed a single-blind trial involving 41 women with
T2D who were given 2.5 g of fish oil/day (n = 14), 1.5 g of fish oil/day (n = 14), or a
placebo (n = 13) for 30 days (Table 13). Study participants were encouraged to maintain
their lifestyle habits throughout the trial. Patients receiving the lower dose of ω-3 PUFA
experienced a greater decrease in BW and WC than patients supplemented with a higher
dose. Also, among patients taking the lower dose of ω-3 PUFA, more frequent reductions
in FBG, HbA1c, and TC levels were observed, as well as an increase in HDL-c concentration.
Moreover, the higher dose of ω-3 PUFA showed a tendency to reduce insulin sensitivity.
Since the lower dose of ω-3 PUFA was more effective in improving the study’s outcomes,
the authors concluded that ω-3 PUFA supplementation is not essential for women with
T2D treated with oral hypoglycemics to improve BW, body composition, or the lipid
profile [229].
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Table 13. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of ω-3 PUFA.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 41

ω-3 PUFA
2.5 g/

ω-3 PUFA
1.5 g

Placebo 30 days ↓ BW, WC * [229]

T2D n = 84 ω-3 PUFA
2.7 g/day Placebo 8 weeks ↓ IL-2, TNF-α * [232]

T2D n = 166

ω-3 PUFA
2 g/day

ALA
2.5 g/day

Placebo 180 days ↓ HbA1c, TC, TGs, TC/HDL, LDL-c * [233]

T2D n = 99 ω-3 PUFA
2.4 g Placebo 6 months ↓ TGs, ↑ HDL-c * [234]

T2D n = 54 ω-3 PUFA
520 mg/day Placebo 24 weeks ↓ serum glucose, WC, TGs ** [235]

T2D n = 70 ω-3 PUFA
1 g/day Placebo 12 weeks ↓ FBG, HbA1c, HOMA-IR, TC, TGs, LDL-c,* ↑ HDL-c * [236]

NAFLD n = 36 ω-3 PUFA
2 g/day Diet 6 months ↓ ALT, GGT, TGs, HOMA-IR, BMI, TNF-α **, ↑ HDL-c ** [237]

NAFLD n = 70 ω-3 PUFA
4 g/day Placebo 3 months ↓ glucose, TC, TGs, ApoB, ALT GGT, TNF-α,

CK18-M30, ↑ APN * [238]

NASH n = 243
EPA-E

1800 mg/day
2700 mg/day

Placebo 12 months ↓ TGs * [239]

NASH/T2D n = 37 ω-3 PUFA
3.6 g + LSI Placebo + LSI 48 weeks ↑ FBG, HOMA-IR ** [240]

NAFLD n = 60 ω-3 PUFA
3.6 g + LSI Placebo 1 year ↓ GGT * [241]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, decreased;
“↑”, increased. Abbreviations: ALA, alpha-linolenic acid; ALT, alanine aminotransferase; ApoB, apolipoprotein
B; APN, adiponectin; BMI, body mass index; BW, body weight; CK18-M30, cytokeratin 18 M30; EPA-E, ethyl-
eicosapentanoic acid; FBG, fasting blood glucose; GGT, gamma-glutamyl transpeptidase; HbA1c, glycosylated
hemoglobin; HDL-c, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin
resistance; IL-2, interleukin 2; LDL-c, low-density lipoprotein cholesterol; LSI, lifestyle intervention; ω-3 PUFA,
ω-3 poliunsaturated fatty acids; TC, total cholesterol; TGs, triglycerides; TNF-α, tumor necrosis factor α; WC,
waist circumference.

Short-term ω-3 PUFA supplementation may enhance the anti-inflammatory status
of patients with T2D. In a 2012 RCT, Malekshahi et al. (2012) demonstrated that patients
supplemented with 2.7 g of ω-3 PUFA/day (n = 42) exhibited significantly different levels
of interleukin 2 and TNF-α after 8 weeks compared to placebo recipients (n = 42). No
changes were observed in CRP concentration at the end of the study, which is likely the
result of a small sample size [232].

In a 2016 double-blind RCT, 166 patients with T2D were randomized to receive either
fish oil (2 g of ω-3 PUFA/day, n = 58), flaxseed oil (2.5 g of alpha-linolenic acid/day, n = 53),
or corn oil (control, n = 65) for 180 days. Supplementation with ω-3 PUFA led to significant
improvements in HbA1c, TC, TC/HDL, and TG levels compared to the control group.
No changes were observed regarding FBG, HOMA-IR, or FI. Flaxseed oil intake did not
significantly influence any of the abovementioned parameters [233].

Wang et al. (2017) administered either 2.4 g/day of ω-3 PUFA or a placebo (corn oil)
to 99 patients with T2D. After 6 months, significant improvements in TGs and HDL-c levels
were observed in the ω-3 PUFA group (n = 49) compared to the placebo group (n = 50),
although FBG, HbA1c, HOMA-IR, insulin, TC, and LDL-c levels remained unchanged [234].

ω-3 PUFA anti-inflammatory activity was also investigated by Jacobo-Cejudo et al.
(2017) in a RCT involving 54 patients with T2D. All study participants maintained a regular
diet and medication during the 24-week trial. Results showed that glucose, TGs, and WC
declined significantly only in the ω-3 PUFA group, while HbA1c decreased significantly in
both groups at the end of the study. In contrast, HOMA-IR and insulin levels increased
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significantly in all study participants. No significant changes were observed in other
anthropometric indices (BMI, BW, WHR, BF%) or APN levels in either group [235]. In 2018,
O’Mahoney et al. conducted the largest meta-analysis and meta-regression assessing the
impact of ω-3 PUFA supplementation in T2D. This review, involving 45 RCTs (n = 2674),
showed that ω-3 PUFA intake was associated with significant reductions in HbA1c, LDL,
and TG levels. In addition, ω-3 PUFA exhibited anti-inflammatory effects by decreasing
both TNF-α and IL-6 concentrations. However, other markers related to glycemic control,
lipid profile, and inflammatory status did not change following supplementation. The
doses of ω-3 PUFA ranged from 0.4 to 18 g, while the duration of the intervention varied
from 2 to 104 weeks [242].

Finally, a 2023 RCT involving patients with T2D treated with glimepiride led to
significant improvements in FBG, HbA1c, HOMA-IR, TC, TGs, LDL-c, and HDL-c levels
following 12 weeks of ω-3 PUFA consumption (n = 35) compared to a placebo (n = 35) [236].

Clinical evidence in MASLD. Numerous RCTs and several SRMAs have evaluated the
effects of ω-3 PUFA supplementation on liver function in patients with NAFLD (Table 13).
In 2008, Spadaro et al. performed a RCT involving 36 patients with NAFLD who were
treated with either 2 g of ω-3 PUFA/day and an American Heart Association (AHA)
recommended diet (n = 18) or an AHA regular diet (n = 18). After 6 months, both groups
experienced significant weight loss. In addition, significant decreases in levels of ALT, GGT,
TGs, HOMA-IR, and TNF-α were observed in the ω-3 PUFA group, but not in the diet
group. HDL concentration also improved after ω-3 PUFA intake. Full reversal of steatosis
was observed in over one-third of the supplemented patients, while half of them exhibited
an overall decrease in the severity of NAFLD. However, no complete regression of hepatic
fat accumulation was noted with diet alone, although some improvements in the steatosis
score occurred in almost 30% of participants [237].

In a 2012 SRMA of nine studies (n = 355), Parker et al. reported beneficial effects
on liver fat and AST levels following ω-3 PUFA supplementation. ALT levels were
not significantly decreased. Notably, when RCT data were considered, only the effi-
cacy of ω-3 PUFA on liver fat content remained significant. The median dose of ω-
3 PUFA was 4 g/day (0.8–13.7 g/day), and the median duration of treatment was 6 months
(8 weeks–12 months) [243].

Seventy patients with NAFLD associated with hyperlipidemia were randomly allo-
cated to consume ω-3 PUFA (n = 36, 4 g/d) or a placebo (n = 34) for 3 months in a 2015
double-blind RCT. ω-3 PUFA led to significant reductions in the levels of glucose, TC, TGs,
ApoB, and the liver enzymes ALT and GGT compared to placebo recipients. Significant
improvements in inflammation-related markers, specifically APN, TNF-α, and CK18-M30,
were also observed after ω-3 PUFA supplementation. No significant differences between
groups were noted regarding anthropometric indices, HOMA-IR, LDL, HDL-c, and hs-CRP
levels [238].

A phase 2 RCT conducted in 2014 assessed the efficacy of ethyl-eicosapentanoic acid
(EPA-E), a synthetic PUFA, in patients with NASH and significant NAFLD (n = 243).
Study participants were administered a low dose of EPA-E (1800 mg/day), a high dose of
EPA-E (2700 mg/day), or a placebo for 12 months. Results failed to show any significant
improvements in NASH-related histopathology, liver enzymes, glycemic control, BW, hs-
CRP, or APN levels. Nevertheless, TG concentrations were significantly reduced compared
to the placebo group following high-dose EPA-E treatment [239].

In line with these results, Dasarathy et al. (2015) demonstrated that a daily intake of
3.6 g of ω-3 PUFA for 48 weeks led to no significant changes in BW, body composition,
or liver enzyme levels in patients with well-controlled T2D and NASH. Moreover, at the
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end of the study period, ω-3 PUFA worsened glucose control and histological parameters
compared to the placebo [240].

However, in their 2016 SRMA of seven RCTs involving 442 patients with NAFLD/NASH,
He et al. showed that ω-3 PUFA supplementation is effective in improving the lipid profile,
particularly TGs, but also TC and HDL-c levels, as well as ALT concentration. The doses of
ω-3 PUFA used in the included trials varied between 0.83 and 6.4 g/day, and the duration of
the studies ranged from 6 to 18 months [244].

Finally, one year of ω-3 PUFA treatment (3.6 g/day) led to a significant decrease in
GGT levels in 30 patients with NAFLD and MS compared to placebo recipients (n = 30).
Moreover, ω-3 PUFA seemed to promote liver fat reduction in patients who also expe-
rienced weight loss. According to the study’s results, a significant association between
BW decrease and liver fat reduction was observed, but only among the ω-3 PUFA-treated
patients. However, BW or HFC did not change significantly in either group at the end of
the intervention. Similarly, no changes in noninvasive NASH-related parameters or liver
fibrosis scores were observed [241].

Safety. ω-3 PUFA intake has an excellent safety profile, with minimal to no long-
term side effects, particularly following supplementation with a dose below the highest
approved. Both the U.S. Food and Drug Administration and the EFSA consider ω-3 PUFA
supplementation safe at doses up to 5 g/day [228]. However, doses greater than 3 g/day
are likely to increase LDL-c levels, particularly in patients with hypertriglyceridemia [245].

Summary. Clinical evidence suggests that ω-3 PUFA may be an effective therapeutic
adjuvant in T2D, as they exhibit a modest yet beneficial influence on glucose and lipid pa-
rameters. In MASLD, improvements in liver steatosis-related parameters and lipid profiles,
particularly TGs, were also reported following ω-3 PUFA supplementation. However, its
effectiveness in alleviating MASH features remains uncertain.

5. NBCs for GM Modulation in T2D and MASLD

A reduced Bacteroidetes-to-Firmicutes ratio has long been proposed as a marker for
dysbiosis in individuals with obesity. However, this ratio may not adequately reflect the
metabolic dysfunction in patients with T2D, since its increase was positively associated
with reduced glucose tolerance [11,246]. The GM profile of patients with T2D exhibits a
higher abundance of pathogenic and opportunistic Gram-negative microbes, including
Enterobacteriaceae, Clostridiales, E. coli, Bacteroides caccae, Prevotella copri, and Bacteroides
vulgates. Gram-negative bacteria (e.g., Bacteroidetes) are associated with high levels of
LPS [11]. Moreover, several genera have been reported to have a consistent negative
correlation with T2D, specifically Bifidobacterium, Bacteroides, Faecalibacterium, Roseburia,
and Akkermansia, while Ruminococcus, Fusobacterium, and Blautia have been found to be
increased in patients with T2D [246].

Compared to healthy individuals, patients with MASLD display increased levels of
Proteobacteria, Enterobacteriaceae, Escherichia, and Dorea and decreased levels of Rikenel-
laceae, Ruminococaceae, Faecalibacterium, Eubacterium, and Prevotella [247]. Notably, there is
a partial overlap between the MASLD-related GM profile and the GM dysbiotic signature
described in T2D. For example, Proteobacteria has a higher prevalence in both T2D and
MASLD patients [11,247], whereas low levels of Faecalibacterium prausnitzii are also reported
in patients with T2D or obesity [248]. In addition, Bacteroides vulgates, which is reportedly
increased in T2D, severe obesity, and IR, has also been shown to be abundant in patients
with liver fibrosis [248].

GM acts as a key modulator of the host’s physiology, partly through certain metabo-
lites, such as SCFAs and LPS [58]. Altered levels of SCFAs (acetate, propionate, and
butyrate) are pivotal in the onset and development of CMDs. For instance, a reduction in
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butyrate-producing species (Roseburia intestinalis, Faecalibacterium prausnitzii) is involved
in the pathogenesis of T2D [11]. Elevated levels of LPS, a major outer wall component of
Gram-negative bacteria, result in metabolic endotoxemia, triggering a state of low-grade
inflammation and IR [58]. In the setting of endotoxemia, LPS promotes liver lipogenesis
and augments intrahepatic inflammation [249].

LPS-binding protein (LPB) is an acute-phase protein that forms a complex with LPS
and facilitates its binding to cellular receptors (TLR4/CD14), with the subsequent initiation
of inflammatory signaling pathways. As such, LBP is involved in the regulation of immune
responses by modulating inflammatory reactions induced by LPS. Whereas the role of LPS
in the development of CMDs is well-known, the effects of LPB are not clear [249]. Some
studies have reported increased circulating levels of LPB in obesity and obesity-related
diseases, including T2D and MASLD [58,250,251], while others have not confirmed these
findings [249].

Prebiotics

Prebiotics are nondigestible carbohydrates, polyunsaturated fatty acids, or polyphe-
nols that can be converted to SCFAs [11]. SCFAs influence metabolic health by reducing IR,
curbing appetite, decreasing lipolysis, and enhancing energy expenditure (Figure 3) [252].

 
Figure 3. Impact of prebiotics on metabolic function via SCFAs [252].

The carbohydrate prebiotics include inulin, fructooligosaccharides (FOS), and galac-
tooligosaccharides (GOS). Inulin and FOS are collectively known as ITFs. Prebiotics ben-
eficially influence GM by increasing the number of Lactobacillus and/or Bifidobacterium
species [253]. Indeed, studies on healthy adults have shown an increased bifidogenic effect
at doses as low as 5 g of ITFs/day, with an optimal dose of 10 g/day [254]. However, in
T2D, there is a complex interplay between prebiotics and GM, which is influenced not
only by the dysbiosis that accompanies this condition but also by the effects of antidi-
abetic medication. Metformin, for instance, has antibiotic-like properties, altering GM
independently of prebiotic intake and consequently confounding the results of clinical
trials assessing the composition of gut bacteria in T2D [253]. Currently, only a limited
number of interventional trials in T2D and MASLD have included GM-specific outcome
measures following prebiotic supplementation (Table 14).

A 2014 study involving female patients with T2D demonstrated that compared to
placebo, inulin supplementation (10 g/day for 8 weeks, n = 24) was effective in improving
glycemic control and reducing plasma LPS levels [216]. In a second study by the same
authors involving 52 women with T2D, 8 weeks of prebiotic supplementation (10 g/day of
oligofructose-enriched inulin, n = 27) led to significant reductions in glucose metabolism pa-
rameters and inflammatory markers, including LPS, compared to placebo recipients [217].

130



Pharmaceuticals 2025, 18, 279

Table 14. Summary of RCTs investigating the hypoglycemic, hypolipidemic, and anti-steatosis effects
of prebiotics.

Disease
Participants

(Total)
Intervention Control Duration Main Outcomes */** References

T2D n = 49 Inulin
10 g/day Placebo 8 weeks ↓ LPS * [216,217]

T2D n = 52 Inulin
10 g/day Placebo 8 weeks ↓ LPS * [217]

T2D n = 29 GOS
5.5 g/day Placebo 12 weeks ↑ bacterial diversity and richness ** [255]

T2D n = 52 GOS
10 g/day Placebo 4 weeks

↑ Bifidobacteriaceae *, ↓ Peptostreptococcaceae,
Ruminocaccaceae, Lachnospiraceae, Porphyromonadaceae,

Erysipelotrichaceea **
[58]

Prediabetes n = 44 GOS
15 g/day Placebo 12 weeks ↑ Bifidobacterium * [256]

T2D n = 25 ITFs
16 g/day Placebo 6 weeks ↑ Bifidobacterium, SCFAs * [254]

T2D n = 192 RS, OBG
+ diet

Placebo
Diet 12 weeks ↑ Roseburia faecis, Anaerostipes hadrus, ↓ HbA1c * [257]

NASH n = 14

ITF
8 g/day

ITF
16 g/day

Placebo 12 weeks
24 weeks

↑ Bifidobacterium, ↓ Clostridium clusters XI and I,
steatosis * [258]

NAFLD n = 19 ITF
16 g/day Placebo 12 weeks ↑ Bifidobacterium * [259]

* Statistically significant between groups (p < 0.05); ** Statistically significant from baseline (p < 0.05); “↓”, decreased;
“↑”, increased. Abbreviations: GOS, galactooligosaccharides; HbA1c, glycosylated hemoglobin; ITFs, inulin-type
fructans; LPS, lipopolysaccharide; RS, resistant starch; OBG, oat beta-glucan; SCFAs, short-chain fatty acids.

Pedersen et al. (2016) conducted a RCT investigating the relationship among intestinal
permeability, glucose control, and intestinal bacteria in men with well-controlled T2D
(n = 29). Compared to a placebo, supplementation with a mixture of GOS (5.5 g/day for
12 weeks) had no significant effects on glucose tolerance or bacterial populations. Never-
theless, prebiotic-treated patients displayed a significant increase in microbial diversity
and richness indices after the intervention. In addition, an inverse relationship between
changes in Veillonellaceae and changes in both glucose response and IL-6 levels was re-
ported. The authors argued that the lack of significant shifts in GM composition could be
attributed to metformin use and high variability in T2D characteristics among the study
participants [255].

Another RCT was performed by Gonai et al. (2017) involving 52 patients with T2D
who were given either 10 g/day of GOS syrup (n = 27) or 10 g/day of a placebo (n = 25)
for 1 month. The baseline assessment revealed that compared to healthy controls (n =
25), Veillonellaceae was significantly more abundant in the T2D group and was positively
correlated with BMI, FBG, HbA1c, TGs, and LBP. It was proposed that Veillonellaceae might
play a role in the onset of glucose intolerance. In contrast, the abundance of Bifidobacte-
riaceae, Clostridiales, Incertae sedis XIV, and Peptostreptococcaceae were significantly lower
in patients with T2D. Moreover, T2D patients also exhibited significantly lower microbial
diversity compared to controls. However, while LPS were not detected in any study par-
ticipant, LBP was significantly higher in patients with T2D and was also correlated with
FBG and HbA1c levels. No significant differences regarding IL-6, IL-10, and TNF-α were
observed between T2D patients and healthy controls. Results showed that GOS supple-
mentation led to a significant restoration of Bifidobacteriaceae abundance in patients with
T2D but had no significant effect on LPB or glucose tolerance. Also, the levels of Peptostrep-
tococcaceae, Ruminocaccaceae, Lachnospiraceae, Porphyromonadaceae, and Erysipelotrichaceae
significantly decreased compared to baseline after GOS intake. Both inflammatory and
anti-inflammatory markers remained unchanged [58].

In 2017, Canfora et al. investigated the effect of supplementation with GOS (15 g/day
for 12 weeks) versus a placebo on the GM composition and metabolic parameters of
44 individuals with excess weight and prediabetes. GOS supplementation led to a five-
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fold increase in the abundance of Bifidobacterium species. However, microbial richness
and diversity were not significantly affected by prebiotic intake compared to the placebo
group. In addition, no significant differences between the two groups were reported
regarding the levels of fecal or plasma SCFAs or concentrations of incretins, gut hormones,
insulin sensitivity, anthropometric indices, LBP, or other inflammatory markers (IL-6, IL-8,
TNF-α) [256].

Birkeland et al. (2020) reported in a crossover RCT that 6-week supplementation with
ITFs (16 g/day) led to a significant increase in bifidobacteria (B. adolescentis) and SCFAs in
the feces of patients with T2D (n = 25) compared to a placebo. No effects on butyric acid or
overall microbial diversity were observed [254].

A 2022 SRMA conducted by Ojo et al. revealed that, in patients with T2D, prebiotic
supplementation led to a significant reduction in HbA1c levels compared to the controls.
Prebiotic intake was also associated with an increase in the relative abundance of beneficial
bacteria, including Bifidobacterium and Akkermansia, although this increase was not statisti-
cally significant compared to the control group. Metformin, on the other hand, decreased
Bifidobacterium but increased Lactobacillus and Akkermansia; however, these changes were
not significantly different compared to those in the control groups. Neither prebiotics nor
oral antidiabetic medication exerted significant effects on BMI, FBG, or PBG compared to
the controls [252].

Finally, in a 2023 12-week double-blind placebo-controlled RCT, 192 participants with
T2D were assigned to receive either a prebiotic fiber-rich supplement (n = 95), a placebo
fiber-absent supplement (n = 48), or dietary advice alone (n = 49). All study participants
were asked to follow nutritional recommendations. The fiber-based supplement featured
a mixture of resistant starch (RS) and oat beta-glucan, which may attenuate postprandial
glycemic response. Pivotal bacterial species involved in RS degradation to enhance butyrate-
producing species include Ruminococcus bromii and Bifidobacterium ssp. (primary degraders)
and Clostridia clusters IV and XIVa (secondary degraders). The results showed no significant
changes in microbial composition (alpha diversity) at the end of the study in either group.
Compared to the diet-managed patients, the relative abundance of RS primary degraders
increased in the prebiotic-treated patients, but not significantly. Instead, there was a
significant increase in the relative abundance of secondary degraders, specifically butyrate-
producing bacteria (Roseburia faecis and Anaerostipes hadrus) after prebiotic intake. Also,
HbA1c levels and BW were significantly reduced after supplementation in the prebiotic-
treated group versus the placebo group. Since FBG levels showed no significant changes
either within or between groups after 12 weeks, and weight loss was rather modest, the
authors suggested that glycemic control was improved, probably due to attenuation of
PBG and other factors [257].

Only two studies specifically investigated the effects of prebiotic supplementation on
GM in patients with NAFLD/NASH (Table 14). In a 2019 pilot clinical trial, Bomhof et al.
demonstrated that the administration of oligofructose (8 g/day for 12 weeks followed by
16 g/day for 24 weeks, n = 8) compared to a placebo (n = 6) led to improved liver steatosis
and an improved overall NAS score, independently of weight loss, in patients with NASH.
However, no changes in liver enzyme levels (ALT, ALP, GGT) or glycemic indices were
observed after the intervention. IL-6 and TNF-α concentrations decreased after prebiotic
consumption, but not significantly compared to the placebo group. Oligofructose has also
been shown to enhance Bifidobacterium and decrease microorganisms within Clostridium
clusters XI and I. While the beneficial bifidogenic effect is well-documented, the implications
of reduced bacteria from Clostridium clusters XI and I in NASH are not clear [258].

Reshef et al. (2024) investigated the effect of prebiotic supplementation on liver func-
tion, fecal GM, metabolism, and inflammation in patients with NAFLD and MS. All study
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participants were advised to follow a weight-maintenance diet. Patients supplemented
with 16 g of ITFs/day for 12 weeks (n = 8) exhibited a significant increase in Bifidobac-
terium compared to placebo recipients (n = 11). However, no other significant changes
were observed regarding hepatic (liver enzymes—ALT, AST, GGT—or HFC), metabolic
(FBG, HbA1c, HOMA-IR, insulin, TC, TGs, LDL-c, HDL-c), or inflammatory markers (CRP)
between the two groups. Notably, patients’ weight did not fluctuate throughout the course
of the study. The authors concluded that prebiotics, in the absence of weight loss, may not
alleviate NAFLD-related outcomes [259].

Safety. There are no safety-related concerns regarding the intake of ITFs and
GOS [260,261]. ITFs are well tolerated in dosages up to 20 g/day [260], while the rec-
ommended dose for GOS ranges from 8 to 15 g/day. Higher intakes may lead to gastroin-
testinal discomfort, flatulence, diarrhea, or cramping [261].

Summary. So far, prebiotics possess great potential as an approach to ameliorate
metabolic dysfunction in T2D and MASLD via GM modulation. However, although
evidence regarding their beneficial health effects is accumulating, there is still insufficient
clinical data, and the results of available studies are less conclusive.

6. Conclusions

NBCs have sparked significant interest in recent decades, with evidence highlighting
their role in improving glycemic control, lipid profile, and liver function by providing
powerful antioxidant and anti-inflammatory benefits. Our findings show that certain
NBCs, particularly BBR, CRM, soluble fibers, and omega-3 fatty acids, have substantial
evidence regarding their efficacy and safety in the management of T2D and MASLD. The
ability of NBCs to counteract metabolic dysfunction positions them as a promising adjunct
therapy to conventional treatment, as well as candidates for new drug development. Future
well-designed investigations are needed to deepen our understanding of NBCs’ specific
action mechanisms, determine optimal dosage and intervention duration, and optimize
their therapeutic potential in T2D and MASLD.
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Abstract: Obesity has increasingly become a worldwide epidemic, as demonstrated by epidemiologi-
cal and clinical studies. Obesity may lead to the development of a broad spectrum of cardiovascular
diseases (CVDs), such as coronary heart disease, hypertension, heart failure, cerebrovascular disease,
atrial fibrillation, ventricular arrhythmias, and sudden cardiac death. In addition to hypertension,
there are other cardiometabolic risk factors (CRFs) such as visceral adiposity, dyslipidemia, insulin
resistance, diabetes, elevated levels of fibrinogen and C-reactive protein, and others, all of which
increase the risk of CVD events. The mechanisms involved between obesity and CVD mainly include
insulin resistance, oxidative stress, inflammation, and adipokine dysregulation, which cause mal-
adaptive structural and functional alterations of the heart, particularly left-ventricular remodeling
and diastolic dysfunction. Natural products of plants provide a diversity of nutrients and different
bioactive compounds, including phenolics, flavonoids, terpenoids, carotenoids, anthocyanins, vi-
tamins, minerals, fibers, and others, which possess a wide range of biological activities including
antihypertensive, antilipidemic, antidiabetic, and other activities, thus conferring cardiometabolic
benefits. In this review, we discuss the main therapeutic interventions using extracts from herbs
and plants in preclinical and clinical trials with protective properties targeting CRFs. Molecular
mechanisms and therapeutic targets of herb and plant extracts for the prevention and treatment of
CRFs are also reviewed.

Keywords: obesity; cardiometabolic risk factors; herbs; plants; extracts; molecular mechanisms;
therapeutic targets

1. Introduction

Obesity is a worldwide public health problem and is a chronic non-transmissible
disease whose incidence has been dramatically increasing around the world. This chronic
metabolic disease affects distinct age, ethnic and social classes, and has a tremendous
impact on the economy and quality of life. Obesity and being overweight are the fifth
main causes of deaths globally [1,2]. According to the World Health Organization (WHO),
overweight people are defined as having a body mass index (BMI) > 25, while people
with a BMI > 30 are considered obese [1]. The pathophysiology of obesity implicates a
combination of genetic/epigenetic, nutritional, and environmental factors that promote a
chronic positive energy balance and expansion of body fat mass, specially of white adipose
tissue (WAT) in visceral fat depots [1,2]. In obese people, WAT plays a key role in secreting
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lipolysis or lipid synthesis hormones, including inflammatory cytokines that regulate lipid
metabolism, and promotes a low-grade chronic inflammation that has the potential to
activate insulin resistance and endothelial dysfunction [1,3–5]. An excessive accumulation
of fat in WAT, in addition to obesity, can also cause metabolic disorders such as dyslipi-
demia, adipocyte dysfunction, metabolic syndrome, hypertension, type 2 diabetes (T2D),
metabolic dysfunction-associated steatotic liver disease (MASLD), cardiovascular disease,
and even certain cancers [1,6,7]. In obese people, it is presently accepted that oxidative
stress is induced by obesity-related diseases such as hyperglycemia, insulin resistance,
diabetes, dyslipidemia, atherosclerosis, and inflammation [1,4,8]. Furthermore, adipose
tissue inflammation and oxidative stress cause a dysregulation of adipokine secretion,
with a reduction in adiponectin and an increase in the secretion of resistin, leptin, and
pro-inflammatory adipokines and cytokines, which contribute to cardiovascular stiffness,
impaired vascular relaxation, and finally, cardiac diastolic dysfunction [3]. In addition, the
cardiac phenotype in obesity includes concentric left-ventricular hypertrophy (LVH), my-
ocardial fibrosis, microvascular dysfunction, arrhythmia, heart failure (HF)—particularly
HF with preserved ejection fraction (HFpEF)—atrial fibrillation (AF), cardiac remodeling,
myocardial infarction, and left-ventricular systolic dysfunction, causing deterioration in
myocardial function and HF [3,9].

The complex interaction between several cardiometabolic dysfunctions and pathologi-
cal processes plays an essential role in the pathogenesis of obesity, which is associated with
the morbidity and mortality of diabetes and cardiovascular disease [1,4,8,10]. Moreover,
cardiovascular diseases are closely associated with high cholesterol, obesity, smoking,
diabetes, and a lack of physical activity. Therefore, a convenient lifestyle accompanied by
healthy nutrition, a reduction in energy-dense food consumption, physical activity and
activities that reduce oxidative stress are the most common therapeutic strategies to reduce
cardiometabolic risk factors closely linked to obesity, such as hypertension, dyslipidemia,
insulin resistance, diabetes, elevated levels of fibrinogen and C-reactive protein (CRP),
including low-grade chronic inflammation (Figure 1) [1,11].

Figure 1. Overview of obesity. Obesity is associated with the development of cardiometabolic risk
factors and cardiovascular diseases. However, healthy lifestyle and intake of plant extracts such as
those described in this review (21 natural extracts), which have antioxidant and anti-inflammatory
properties, can prevent these pathological conditions.
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Several antiobesity medications approved by the United States (US) Food and Drug
Administration (FDA) exist, which include liraglutide (Saxenda), naltrexone-bupropion
(Contrave), orlistat (Xenical), phentermine-topiramate (Qsymia), semaglutide (Wegovy),
setmelanotide (IMCIVREE), and tirzepatide (Mounjaro) [12,13]; however, the use of these
drugs remains controversial, as they are associated with a number of adverse side effects
and weight regain when the medication is stopped [12,13]. Therefore, the WHO (Committee,
1980) recommended the use of indigenous medicinal plants to treat obesity because of
their easy availability, low costs, and relatively fewer side effects. Moreover, herbs and
plants contain an unlimited source of phytochemicals, macronutrients, micronutrients, and
antioxidants such as polyphenols, which are known to prevent diseases associated with
oxidative stress such as obesity and its related complications.

In this review article, we discussed the beneficial properties of several herbs and
plant extracts (21 natural extracts), as well as their active components against obesity,
cardiometabolic risk factors, and associated pathophysiological processes to treat and
prevent different cardiovascular diseases in preclinical and clinical trials, considering their
molecular mechanisms underlying for their medicinal uses.

2. Phytochemical Constituents and Pharmacological Activities of Herbs and Plants with
Cardiovascular Protective Effects

2.1. Allium sativum, Family Alliaceae

Garlic is one of the most well-known herbal medicines in the world and has been
used as a spice or medicinal herb for many centuries. The major bioactive compounds
of bulbs include sulfur compounds such as alliin, allicin, ajoene, vinyldithiins, diallyl
disulfide, allyl methanethiosulfinate, diallyltrisulfide, dimethylmonotohexasulfide, and S-
allylcysteine [14]. Garlic administered either in liquid form or capsules has different antiox-
idant, antidiabetic, antihypertensive, antiatherosclerotic, anti-inflammation, endothelial-
protecting, lipid-lowering, plasma fibrinogen-lowering, platelet aggregation-inhibiting,
fibrinolytic activity-increasing, and other cardiovascular-protective effects [14–16]. In addi-
tion, aged garlic extract (AGE) has been used in previous human trials and has been shown
to be safe [17].

2.2. Andrographis paniculata (Burm. F.) Wall. Ex Nees (Family: Acanthaceae)

Andrographis paniculata (Burm.f.) Nees is considered a potent plant medicinal in most
parts of Asia for the treatment of endocrine disorders, inflammation, and hypertension.
Based on phytochemical tests, flavonoids, alkaloids, tannins, triterpenoids, and polyphe-
nols have been isolated from Andrographis paniculata [18]. In addition, andrographolide
is a natural diterpenoid lactone extracted from Andrographis paniculata (Burm.f.) Nees,
and scientific studies revealed that andrographolide is the main phytoconstituent for its
medicinal properties, such as antineoplasm antibacterial, anti-inflammatory, antimalaria,
antithrombotic, hepato-protective, antihypertensive, antidiabetic, antioxidant, antiapopto-
sis, antifibrosis, and cardioprotection activities [19].

2.3. Aronia melanocarpa (Michx.) Elliott. (Family: Rosaceae)

Black chokeberry, Aronia melanocarpa (Michx.) Elliot is a deciduous shrub native to
eastern North America, and Aronia melanocarpa (chokeberry) contains a rich source of
biologically active polyphenols such as anthocyanins, proanthocyanidins, and phenolic
acid, which have strong antioxidant effects and cardioprotective benefits [20,21]. Other
bioactive compounds have been identified to be present in the fruits and other parts of the
plant, such as neochlorogenic and chlorogenic acids, cyanidin-3-galactoside, cyanidin-3-
arabinoside, and (-)-epicatechin [21,22]. Aronia melanocarpa or black chokeberry has been
found in multiple clinical trials to combat hyperglycemia-induced oxidative stress, blood
pressure (BP), cholesterol and the macrovascular complications of diabetes, including
cardiovascular disease [21,22]. The berries of Aronia melanocarpa also possess therapeutic
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benefits such as gastroprotective, hepatoprotective, antiproliferative, and anti-inflammatory
activities [22].

2.4. Camellia sinensis (Family: Theaceae)

Green tea derived from Camellia sinensis leaves is one of the most popular beverages
consumed worldwide. The plant is native to East Asia, possibly originating in south-
ern China, including border areas of Myanmar and India [23]. Green tea extract (GTE)
contains several bioactive components, including polyphenols, catechins, theobromine,
caffeine, and flavonoids. The major catechins in green tea are (-)-epigallocatechin-3-gallate
(EGCG), (-)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG), (-)-epicatechin (EC),
and (þ)-catechin (C). Among them, EGCG represents approximately 50–70% of the total
catechins from green tea leaves and is primarily responsible for the beneficial effect of
green tea [23,24]. The polyphenolic compounds in green tea possess antioxidant properties
preventing oxidative stress-caused diseases such as cancer, cardiovascular (e.g., stroke,
coronary heart disease, and coronary atherosclerosis) and neurodegenerative diseases. In
addition, green tea has beneficial effects on cardiovascular risk factors such as hypertension,
lipid disorders, diabetes, endothelial dysfunction, and inflammation. Other beneficial
effects include antibacterial, antiviral, antimicrobial, antiobesity, antiangiogenic, and an-
timetabolic syndrome activities [23,24].

2.5. Caralluma fimbriata (Family: Apocynaceae)

Caralluma fimbriata, an edible succulent and wild medicinal plant growing in dry
places, is found throughout Asia (Afghanistan, India, Iran, Pakistan, and Sri Lanka), Africa,
Arabian Peninsula, Canary Islands, and Southeast Europe. The key phytochemical con-
stituents of the herb are pregnane glycosides, flavone glycosides, megastigmane glycosides,
and saponins, including bitter principles, triterpenoids, and other flavonoids [25]. Preg-
nane glycosides, particularly rich in this plant, are known to suppress hunger and increase
endurance. In addition, extracts of Caralluma fimbriata have hypoglycaemic, antioxidant,
antiadipogenic, antihypertensive properties [25–27]. The herb is also used to treat pain,
fever, inflammation, and is commonly consumed by ethnic populations of Central In-
dia to manage obesity. Bioactive compounds derived from Caralluma fimbriata such as
flavonoids, saponins, alkaloids, tannins/gallic-tannins, and trigonelline have antioxidant
effects. Meanwhile, the compounds flavonoids, saponins, tannins/gallic-tannins, phytos-
terol, terpenoids, anthraquinones, pregnane glycosides, and trigonelline are responsible
for anti-inflammatory properties of Caralluma fimbriata. Alkaloids and quercetin found in
Caralluma fimbriata have antiadipogenic effects. Phytochemicals such as diterpenes, phy-
tosterol, flavonoids, and quercetin have been reported to have antihyperlipidemic effects.
Flavonoids modulate blood pressure through the restoration of endothelial function or by
affecting nitric oxide levels [25].

2.6. Cinnamomum zeylanicum (Ceylon cinnamon), Family: Lauraceae

Ceylon cinnamon is scientifically known as Cinnamomum zeylanicum Blume. Cinnamon
is native to Sri Lanka and is one of the most important spices used daily by people around
the world. The most important compounds of cinnamon are cinnamaldehyde and trans-
cinnamaldehyde, which also are found in the essential oil, and both contribute to fragrance
and to the various biological activities observed with cinnamon. In addition, this plant
contains a variety of resinous compounds, such as cinnamate, cinnamic acid, and numerous
essential oils [28]. Cinnamon has many health benefits, including anti-inflammatory,
antioxidant, blood-glucose regulation, insulin sensitivity improvement, antidiabetic, lipid-
lowering, antimicrobial, anticancer, and anticardiovascular properties; cinnamon has also
been reported to have benefits against neurological disorders, such as Parkinson’s and
Alzheimer’s diseases [28–30].
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2.7. Citrullus colocynthis (Family: Cucurbitacea)

Citrullus colocynthis (L.) Schrad is widely distributed in desert areas around the world,
including Sudan, Morocco, Arabian Desert, Jordan, Tunisia, Iran, India, and Pakistan.
Citrullus colocynthis contains several compounds, mainly cucurbitacins and others such
as alkaloids, flavonoids, coumarins, steroids, and phenolic acids [31]. Parts of this plant
have been used in traditional medicine, and are widely used to treat constipation, mastitis,
joint pain, diabetes, hypertension, inflammation, leukemia, epilepsy, asthma, bronchitis,
jaundice, leprosy, rheumatism, common cold, cough, toothache, wounds, and bacterial
infection [31–33]. Moreover, in diabetic and nondiabetic animal models, aqueous extracts
of Citrullus colocynthis have hypoglycemic, antidiabetic, hypolipidemic, and antihyperlipi-
demic effects, including antiplatelet and profibrinolytic activity [31,33,34]. Antioxidant
effects of Citrullus colocynthis leaf and root extracts have been described; these effects
were reported with triterpenoids spinasterol and 22,23-dihydrospinasterol from leaves of
Citrullus colocynthis [35]. Other compounds, such as their polyphenols, and flavonoids,
remove free radicals and thus have a protective effect [33]. Aqueous extracts from roots
and stems of the plant and from fruits and seeds displayed anti-inflammatory activities at
different doses without inducing acute toxicity [36]. Saponins and catechic tannins from
Citrullus colocynthis seed extract are bioactive components that contribute to hypolipidemic
activity [37]. However, some side effects caused by Citrullus colocynthis have been reported,
such as nausea, vomiting, colic, diarrhea, hematochezia, and nephrosis [38].

2.8. Cacao (Theobroma cacao L.), Family: Malvaceae

Theobroma cacao is native to the jungles of South America and then extended to Mexico.
Cocoa beans are the seeds, which are used mainly to produce chocolate, cocoa, and fat.
Cocoa is one of the richest sources of polyphenols (about 6–8% by dry weight), which
include mainly flavonoids, flavanols, flavanones, isoflavones, and nonflavonoids, as well
as catechins, anthocyanidins/anthocyanins, flavonol glycosides, and procynanidins [39].
Polyphenols are beneficial on blood pressure, insulin resistance, lipid profile, endothelial
dysfunction, and oxidative stress, thus contributing to the prevention of cardiometabolic
disorders. Flavanols in cocoa are found as (-)-epicatechin, (+)-catechin, and procyanidins.
(-)-epicatechin has the capacity to modulate lipid metabolism (e.g., hypocholesterolemic
effect). Black chocolate is considered one of the major sources of antioxidants, and the
compounds theobromine, caffeine, (-)-epicatechin, catechins, and oligomeric procyanidins
in cocoa have strong antioxidative activities [39–42]. Dry cocoa powder can contain approx-
imately 200 mg of caffeine per cup, and caffeine progressively reduces body fat mass and
body fat in rats fed an HFD [43]. Several therapeutic effects have been attributed to cocoa-
derived polyphenols, such as the improvement of lipid peroxidation, insulin resistance,
lipid profile, endothelial dysfunction, postprandial systolic blood pressure (SBP), oxidative
stress, and inflammation, including lipid metabolism, and glucose metabolism [39,41,42].
Cocoa and its products play an important role in the prevention and treatment of CVDs,
including the inhibition of platelet activation and aggregation [44].

2.9. Corni Fructus (Cornus officinalis Sieb. et Zucc.), Family: Cornaceae

Cornus officinalis Siebold et Zuccarini, usually known as Corni Fructus, is a herb and
food plant in East Asia used in traditional Chinese medicine. Several chemical constituents
have been identified in Corni Fructus, which are terpenoids, flavonoids, tannins, polysac-
charides, phenylpropanoids, sterols, carboxylic acids, furans, saponins, phenolic acid (gallic
acid and tannic acid), loganin, and mineral substances. In addition, other phytochemicals
are reported in Corni Fructus extracts, such as morroniside, 1,6-α-glucans, loganin, ursolic
acid, oleanolic acid, cornuside, polymeric proanthocyanidins, 1,2,3-tri-O-galloyl-beta-D-
glucose, 1,2,3,6-tetra-O-galloyl-beta-D-glucose, among others [45,46]. The components in
Corni Fructus, such as iridoid glycoside, morroniside, loganin, and polyphenols, exhibit
protective effects against hyperglycemia, oxidative stress, and cancer. In vivo and in vitro
experimental studies indicate that Corni Fructus has several biological activities, including
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hypoglycemic, antioxidant, anti-inflammatory, antineoplastic, antimicrobial, anticancer,
antiapoptosis, anti-inflammation, antiosteoporosis, immunoregulation, neuroprotective,
hepatoprotective, nephroprotective, and cardiovascular protection [45–48]. However, clini-
cal studies are still needed to confirm the reported pharmacological activities.

On the other hand, Corni Fructus has been frequently used for the treatment of
asthenia diseases, liver, and kidney diseases, including reproductive system diseases since
ancient times. Moreover, it is commonly used for the treatment of several conditions such
as diabetes, frequent urination, impotence, and collapse with profuse sweating [45,46].

2.10. Cydonia oblonga Miller (Family: Rosaceae)

Cydonia oblonga Miller (COM) is a plant known by various names, including quince,
aiva, bier, and marmelo. The fruit of COM contains various polyphenolic compounds,
organic acids, ionone glycosides, and tetracyclic sesterterpenes, including chlorogenic acid,
cryptochlorogenic acid, neochlorogenic acid, isochlorogenic acid, quercetin 3-rutinoside,
quercetin 3-galactoside, quercetin 3-glucoside, kaempferol 3-glucoside, kaempferol 3-
glycoside, and kaempferol 3-rutinoside. In the pulp, leaves, peel, seeds, and complete fruits
of COM, several citric, ascorbic, malic, oxalic, quinic, fumaric, and shikimic acids have
been discovered [49,50]. The fruit of COM is commonly used in the Mediterranean region
to prevent or treat obesity. In addition, the fruit of COM has been used for the treatment of
hypertension, diabetes, cancer, cardiovascular diseases, respiratory disorders, hemolysis,
and ulcers [49,51–53]. Several studies have reported the beneficial effects of COM extracts,
such as antioxidant, anti-inflammatory, antiallergic, antidepressant, and antistress, includ-
ing positive effects on cardiovascular-associated factors such as BP, glucose metabolism,
lipid profile, liver dysfunction, and thrombosis [49,52,53]. Moreover, the plant’s seeds have
been used to treat diarrhea, dysentery, constipation, cough, sore throat, and bronchitis [49].

2.11. Ginkgo biloba (Family: Ginkgoaceae)

For centuries, the herb Ginkgo biloba has been used in traditional Chinese medicine
to treat various medical conditions. The extracts of Ginkgo biloba (EGb) leaves have a
wide variety of bioactive compounds, such as flavonoid heterosides (between 22% and
27%), represented by flavonol glycosides (kaempferol, quercetin, myricetin, apigenin,
isorhamnetin, luteolin, and tamarixetin), diterpenes, sesquiterpenes, between 5% and 7%
of terpene trilactones (ginkgolide A, ginkgolide B, ginkgolide C, ginkgolide J, ginkgolide
M, ginkgolide K, ginkgolide L, and bilobalide), 2.8–3.4% corresponding to ginkgolides A, B,
and C, and 2.6–3.2% consisting of bilobalide, phenolic acids, polysaccharides, steroids, and a
content of less than 5 mg/kg of ginkgolic acids, of which flavonoids and terpene lactones are
usually considered to be responsible for the pharmacological activity associated with this
plant [54,55]. For instance, ginkgolide B is a potent anti-inflammatory agent and inhibits
the platelet-activating factor, and the flavonols of Ginkgo biloba have cardioprotective,
antioxidant, antibacterial, and neuroprotective properties. Current pharmacological studies
have shown that flavonoids from Ginkgo biloba have prominent cardioprotective activities,
such as regulating blood lipids, lowering blood sugar, inhibiting cardiomyocyte apoptosis,
dilating blood vessels, antagonizing platelet-activating factor, and preventing myocardial
ischemic injury and vascular rupture [54–57]. It is important to note that many types
of preparations based on Ginkgo biloba extract have been developed for the treatment
of cardiovascular diseases. Ginkgo biloba is also used for the prevention and treatment
of hypertension, atherosclerosis, peripheral arterial disease, peripheral venous disease,
Raynaud’s phenomenon, and erectile dysfunction. The plant has also been used for diseases
such as cognitive decline, dementia, and tinnitus [54,56,58,59].
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2.12. Coffea (Genus Coffea), Family: Rubiaceae

Coffee is widely consumed in the world and has a variety of phytochemicals. The
main coffee polyphenols include the glycosylated derivate forms of the polyphenol and
chlorogenic acids (CGAs), such as esters of caffeic acid and quinic acid. Green coffee is
raw coffee beans that have not been roasted, and it is rich in bioactive phytochemical
compounds, mainly CGAs, caffeine, and soluble fiber (mostly galactomannans and ara-
binogalactan) [60,61]. Green coffee bean extract (GCBE) has antioxidant properties and
neutralizes reactive oxygen species. In addition, studies have found that the CGA from
GCBE regulates vasoreactivity and glucose metabolism, including properties such as anti-
cancer, anti-inflammatory, antilipidemic, antihypertensive, and antidiabetic effects [62–64].
Concerning hypolipidemic effects, GCBE and its CGA reduce triglyceride (TG) and total
cholesterol (TC) levels; however, the effects on high- and low-density lipoprotein choles-
terol (LDL-C) levels are inconsistent. Some studies have reported an increase in serum
high-density lipoprotein cholesterol (HDL-C) after GCBE intake, while others have reported
non-significant results [65].

2.13. Hibiscus sabdariffa (Roselle), Family: Malvaceae

Hibiscus sabdariffa Linn is commonly known as roselle, which probably originated
in West Africa and grows in tropical and subtropical regions. Roselle contains several
bioactive compounds that have medicinal properties, such as phenolic acids (protocate-
chuic, chlorogenic caffeic acid, and gallic acids), flavonoids (quercetin-3-glucoside, methyl
epigallocatechin, myricetin, quercetin, rutin, and kaempferol), anthocyanins (delphinidin-
3-sambubioside and cyanidin-3-sambubioside), and organic acids (hibiscus acid, citric acid,
hydroxycitric acid, malic acid, and tartaric acid), which are responsible for many biological
activities [66,67]. This plant is commonly used as a traditional drink material and folk
medicine against hypertension, pyrexia, liver disease, fever, inflammation, kidney and
urinary bladder stones, and obesity. Roselle, mainly its calyx, has phytochemicals with
various health benefits, such as antihyperglycemic, antihyperlipidemic, antihypertensive,
antioxidative, anti-inflammatory, and antifibrosis effects [66–69]. Roselle water extracts
also show anticancer, antibacterial, nephro- and hepato-protective, renal/diuretic effect,
anticholesterol, and antidiabetic effects among others; this might be related to the inhibition
of α-glucosidase and α-amylase, inhibition of angiotensin-converting enzymes (ACE),
including the direct vasorelaxant effect or calcium channel modulation [66,67,70,71]. Addi-
tionally, Hibiscus sabdariffa relaxes other smooth muscles, including the intestine, uterus,
and bladder [67].

2.14. Ilex paraguariensis A.St.-Hil. (Mate), Family: Aquifoliaceae

Ilex paraguariensis, commonly known as yerba mate, is one of the most widely con-
sumed plants in subtropical regions of South America (Brazil, Paraguay, Uruguay, and
Argentina). This tree or shrub contains polyphenols derived from caffeoyl, manly mono-
caffeoyl quinic isomers (3-O-caffeoyl quinic or neochlorogenic acid, 5-O-caffeoyl quinic
or chlorogenic acid and 4-O-caffeoyl quinic or cryptochlorogenic acid), caffeic acid, and
dicaffeoyl quinic isomers (3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid, and 4,5-
dicaffeoylquinic acid), methylxanthines (caffeine, theophylline, and theobromine),
flavonoids (quercetin, kaempferol, and rutin), tannins, and numerous triterpenic saponins
that are derived from ursolic acid and are named metesaponins [72,73]. Yerba mate exhibits
various biological activities such as antioxidant, anti-inflammatory, antiobesity, anticancer,
immunomodulatory, improvement in glycemic and lipid metabolism, reversion of insulin
resistance, inhibition of glycation and atherosclerosis, thermogenic and vasodilatation
effects, a protective effect against induced DNA damage, and reduction in cardiovascular
risk [72–77]. Moreover, yerba mate facilitates recovery from physical and mental fatigue,
reduces the feeling of hunger, and works as a diuretic; an aqueous extract of this medicinal
plant protects the myocardium against ischemia-reperfusion injury and decreases oxidative
damage, which can be attributed to the potent antioxidant properties of the extract [72,78].
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2.15. Moringa oleifera Lam., Family: Moringaceae

Moringa oleifera Lam. is native to the sub-Himalayan northern parts of India and com-
monly cultivated throughout tropical and sub-tropical countries. Moringa leaves are rich in
many nutritious and bioactive compounds, including carotenoids, polyphenols, glucosino-
lates [the most abundant of them is 4-O-(α-l-rhamnopyranosyl-oxy)-benzylglucosinolate
or also named glucomoringin], tannins, among others. Polyphenolic compounds are rep-
resented by flavonoids (mostly quercetin and kaempferol in their 3′-O-glycoside forms)
and phenolic acids such as gallic, chlorogenic, which is an ester of dihydrocinnamic acid
(caffeic acid), ellagic, quinic, and ferulic acids [79,80]. The following compounds have hy-
potensive properties, such as sothiocyanates, thiocyanates, and nitriles, which are formed
by enzymatic hydrolysis of the glucosinolates; niaziminin, also a hypotensive, is a mustard
oil glycoside isolated along with other glycosides (niazinin and niazimicin) from ethanolic
extracts of Moringa oleifera leaves. The flavonol quercetin is a potent antioxidant and is
found at concentrations as high as 100 mg/100 g of dried Moringa oleifera leaves [79,80].
The bioactive compounds of Moringa oleifera are accountable for many medicinal properties
such as cholesterol-lowering, antiobesity, antihyperlipidemic, antidiabetic, antihyperten-
sive, neuroprotective, antiasthmatic, antitumor, anti-inflammatory, antioxidant, antipyretic,
antiepileptic, antiulcer, antispasmodic, diuretic, hepatoprotective, antiviral, antimicro-
bial, antifungal, and cardioprotective activity, as well as protection against signs of aging,
typhoid fever, malaria, diarrhea, and dysentery [79–84].

2.16. Nigella sativa, Family: Ranunculaceae

This medicinal plant is popularly known as black seed or black cumin and is mainly
distributed in North Africa, the Middle East, Europe, and Asia. The major phytochemical
constituent of the seeds from Nigella sativa is thymoquinone (particularly the essential oil),
but they also include phytosterols (β-sitosterol and stigmasterol), alkaloids (e.g., nigel-
lamines), saponins, dithymoquinone, nigellin, terpenes and terpenoids (such as thymo-
quinone and its derivatives), tocopherols, polyphenols (such as quercitrin and kaempferol),
and miscellaneous components [85,86]. These bioactive components of the seeds are respon-
sible for the pleiotropic pharmacological properties, such as antioxidant, anti-inflammatory,
antihypertensive, antihepatotoxic, anticancer, hypoglycemic, antimicrobial, antifungal,
antinephrotoxic, antihepatotoxic, lipid-lowering properties, and immunostimulating activi-
ties. The seeds of Nigella sativa are also used for the treatment of cardiovascular diseases,
respiratory diseases (asthma and bronchitis), cough, headache, rheumatic disorders, fever,
influenza, obesity, epilepsy, back pain, and gastrointestinal disorders (indigestion and
diarrhea) as well as in cases of amenorrhea, dysmenorrhea, and skin infections [85–87].

2.17. Opuntia ficus Indica, Family: Cactaceae

The species of genus Opuntia (approximately 200) grow extensively in desert or semi-
desert regions in Mexico, the United States, and Mediterranean countries, among other
countries. This plant is native to Mexico and is known there as nopal, prickly-pear cactus in
the Southern United States, and Indian fig cactus in Europe. Cladodes of Opuntia ficus-indica
provide dietary fiber and bioactive compounds such as carotenoids (lutein, β-carotene,
and β-cryptoxanthin), flavonoids (isorhamnetin-3-O-glucoside, kaempferol, quercetin, iso-
quercetin, nicotiflorin, and rutin), and phenolic compounds (coumaric callic acid, and
3,4-dihydroxybenzoic 4-hydroxybenzoic, and ferulic acid). Moreover, cladodes are rich in
pectin, mucilage, minerals, malic acid, vitamins, and antioxidants. Meanwhile, prickly-pear
fruits contain bioactive compounds such as pigments (betaxanthins, betacyanins, and beta-
lains) and flavonoids (kaempferol, quercetin, and isorhamnetin) [88,89]. Opuntia ficus-indica
has actions against atherosclerotic cardiovascular diseases, diabetes, obesity, hypertension,
asthma, burns, edema, and indigestion, as well as other pharmacological effects includ-
ing antioxidant, neuroprotective, anti-inflammatory, antihypercholesterolemic, antiulcer,
antimicrobial, antiviral potential, wound-healing, skin-protective, hepatoprotective, anti-
cancer, human infertility, and chemopreventive effects. Moreover, Opuntia ficus-indica has
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effects on the bone health, kidneys, and gastrointestinal tract, including gastroprotective,
sedative, analgesic, anxiolytic, cognitive, and memory effects [88–92].

2.18. Platycodon grandiflorus, Family: Campanulaceae

Platycodon grandiflorus, a common Chinese herb, is mainly distributed in Northeast
Asia, including China, the Korean Peninsula, Japan, and Siberia, where it has been used
for decades as a traditional medicinal herb. A phytochemical investigation revealed that
Platycodon grandiflorus contains at least 100 compounds, including steroidal saponins,
flavonoids, polyacetylenes, sterols (e.g., stigmasterol), phenolic acids, and other bioactive
compounds, among which, saponins are considered the main active compounds [93,94].
Triterpenoid saponins such as platycodin A, C, D and polygalacin D, which contain sterol
components including stigmasterol, have various effects such as improving blood glucose
and cholesterol metabolism, anticancer and anti-inflammatory effects, and relieving atopic
dermatitis. Platycodin A, platycodin C, deapioplatycodin D, and 16-oxo-platycodin D
have antiobesity effects. Platycodin D is the main phytochemical in Platycodon grandiflorus
extract, which has shown antioxidant, anti-inflammation, antiadipogeneic, antiobesity,
antifibrosis, and antitumor properties. Furthermore, platycodin D inhibits pancreatic lipase
activity [93,94] and inhibits the adipogenesis of 3T3-L1 cells by upregulating Kruppel
like factor 2 (KLF2) and subsequent downregulation of peroxisome proliferator-activated
receptor gamma (PPARγ) [95]. Platycodin D improves obesity in db/db mice by an AMPK-
associated decrease in adipogenic (PPARγ and CCAAT/enhancer-binding protein alpha,
C/EBPα) and increase in thermogenesis markers (UCP1 and PGC1α) [96]. Moreover, total
saponins of Platycodon grandiflorus reduce the levels of blood glucose, serum cholesterol,
TG, and LDL-C, increase serum HDL-C, and improve liver function, thereby reducing T2D
in rats [94]. In summary, Platycodon grandiflorus exhibit pharmacological activities, such
as antidiabetic, antibacterial, antiapoptosis, hypocholesterolemic, hypoglycemic, immune
enhancement, and liver protection effects, improve insulin resistance and the lipid profile,
decrease BP, alleviate atopic dermatitis, as well as relieving cough and asthma activities,
apophlegmatic, antitussive, and cardiovascular system activities [93,94,97–100]. Platycodon
grandiflorus has also been reported to be used for the treatments of chest congestion,
chest distress, diphtheria, dyspnea, mastitis, measles, dermatitis, dysentery, suppuration,
chronic rhinitis, chronic tonsillitis, bronchitis, asthma, pulmonary abscesses, pulmonary
tuberculosis, faucitis, bronchial asthma, and other conditions [93,94].

2.19. Punica granatum L., Family: Lythraceae

Punica granatum Linn., commonly known as pomegranate, is a small shrub with tasty
fruit native to the Middle East, growing in subtropical and temperate regions and having a
variety of planting distributions around the world. More than 60 bioactive components have
been identified in pomegranate, which are categorized as phenols, flavonoids, triterpenes,
alkaloids, sterols, vitamins, and unsaturated fatty acids. In addition, pomegranates are
rich in polyphenolic antioxidants, such as tannins, anthocyanin, and flavonoids; these
active components are the most abundant in pomegranates. The main compounds isolated
from pomegranate flowers are polyphenols, flavonoids, terpenoids, and triterpenoids, such
as leanolic acid and ursolic acid. The pomegranate fruit includes hydrolyzable tannins
like gallotannins and ellagitannins, as well as ellagic acid and its derivatives, gallic acid,
anthocyanins, proanthocyanidins, flavonoids, sterols, lignans, terpenes, and terpenoids.
Pomegranate peel is abundant in a variety of phenolics, ellagitannins, proanthocyanidins,
microelements, and flavonoids, including kaempferol-3-O-glucoside. Punica granatum
bark is rich in tannins, proanthocyanidins, anthocyanins, and terpenoids. Pomegranate
juice is rich in antioxidants, such as polyphenols, flavonoids, ellagitannins, tannins, and
anthocyanins [101–103]. In vivo and in vitro studies have shown that extracts of different
pomegranate fractions (peels, flowers, seeds, and juice) improve lipid metabolism in
diseases such as atherosclerosis, metabolic dysfunction-associated steatotic liver disease
(MASLD), metabolic syndrome, and type 2 diabetes, including a wide range of diseases,
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such as inflammation, Alzheimer’s disease, ulcers, diarrhea, erectile dysfunction, obesity,
cancer, brain ischaemia, fibrosis, and fungal and microbial infections. Pomegranate flowers
are used for the treatment of cardiovascular disorders, diabetes, obesity, and some microbial
infections (Salmonella entteriditis and Kentucky). Pomegranate seeds are used to treat heart
diseases, diabetes, cancer, obesity, urinary disorders, and to prevent miscarriage and to
improve male fertility. Additionally, pomegranate seeds have antimicrobial and antioxidant
properties. Pomegranate peel extracts are traditionally used to treat diarrhea and ulcers.
Other pharmaceutical properties reported in pomegranate peels include antiproliferative,
anti-inflammatory, antioxidant, and anticancerous effects. Punica granatum bark has been
used traditionally for the treatment of inflammation, diarrhea, malaria, nose bleeding,
sore throat, ulcer, and hoarseness. Pomegranate juice has important biological actions,
including antioxidant activity and cardiovascular protection. Moreover, the consumption of
pomegranate can relieve dental infections and menopausal symptoms, as well as improve
the intestinal microbiota, thus preventing obesity and diabetes [101–106].

2.20. Salvia miltiorrhiza Bunge, Family: Lamiaceae

Salvia miltiorrhiza Bunge, commonly called danshen, is a perennial herb used in tra-
ditional Chinese medicine. Salvia miltiorrhiza contains more than 100 compounds, in-
cluding salvianolic acid A/B/C/D/E/F/G, lithospermic acid, danshensu, caffeic acid,
and rosmarinic acid, tanshinone I/IIA/IIB/V/VI, tanshindiol A, cryptotanshinone, di-
hydrotanshinone I, miltirone, dehydro miltirone, and isotanshinone, among others. The
bioactive compounds in Salvia miltiorrhiza extract are classified into two major groups,
water-soluble phenolics (salvianolic acid and comfrey acid) and liposoluble tanshinones
(diterpenoids), which are responsible for the main pharmacological properties of Salvia
miltiorrhiza [107,108]. Tanshinone IIA and salvianolate have various cardiovascular and
pharmacological effects, including antioxidative, anti-inflammatory, endothelial protective,
anticoagulation, vasodilation, myocardial protective, anticoagulation, vasodilation, and
antiatherosclerosis, as well as effects on reducing the proliferation and migration of vas-
cular smooth muscle cells. Additionally, salvianolates are composed of salvianolic acid B,
rosmarinic acid, and lithospermic acid, which are widely used in the treatment of coronary
heart disease. Meanwhile, tanshinones are more effective in the treatment of cardiovascular
diseases and cerebrovascular diseases, including atherosclerosis, myocardial infarction,
cardiac hypertrophy, myocardial ischemia-reperfusion (I/R), and chronic heart failure.
Salvia miltiorrhiza has other effects such as antidiabetic, anti-inflammation, antioxidant,
antifibrosis, and antiapoptosis effects. Salvia miltiorrhiza is also used to treat malignant
tumors, neurological, lung diseases, inflammatory diseases, gynecological diseases, liver
diseases, renal diseases, and metabolic disorders such as atherosclerosis, hyperlipidemia,
obesity, and other dyslipidemia-related diseases [107–110].

2.21. Taraxacum officinale L. (Dandelion), Family: Asteraceae

Taraxacum officinale L., also known as dandelion, a perennial herb and commonly re-
garded as a weed, is native to Eurasia and grows in America, Africa, New Zealand, and
Australia. Dandelion has phenolic acids (chlorogenic acid and chicoric acid), flavonoids
(luteolin derivatives and quercetin), and terpenes (sesquiterpene lactones). The leaves
contain bitter sesquiterpene lactones (taraxinic acid and triterpenoids such as cycloartenol),
while the roots have phenolic acids, inulin, sesquiterpene lactones, triterpenes, sterols
(taraxasterol, taraxerol, cycloartenol, beta-sitosterol, and stigmasterol), and the compounds
already mentioned, which contribute to their therapeutic properties [111,112]. Dandelion
has been used as a phytomedicine for its holeretic, antirheumatic, diuretic, antibacterial,
hypolipidemic, hypoglycemic, antithrombotic, anti-inflammatory, antiobesity, antioxidant,
and antiplatelet effects, as well its use against cancer and cardiovascular ailments. Moreover,
dandelion is used as a remedy for kidney diseases, and liver, kidney, and spleen disor-
ders. Dandelion has high levels of phenolic acids, with antioxidant effects; coumarins with
anti-inflammatory, anticancer, antibacterial, and antithrombotic properties; sesquiterpene
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lactones with anti-inflammatory and antibacterial effects; and triterpenes or phytosterols,
which possess antiatherosclerotic effects. Dandelion leaves and flowers contain polyphenols,
predominantly hydroxycinnamic acid derivatives, and flavonoids (apigenin and luteolin
derivatives), all of which have antioxidant and hypocholesterolemic properties. Dandelion
roots are rich in inulin, which has a hypoglycemic, probiotic, and immune-boosting effect;
meanwhile, its phytochemicals such as phenolic acids and sesquiterpene lactones are re-
sponsible for its antidiabetic properties. In general, bioactive compounds from dandelion
roots possess bifidogenic, anti-inflammatory, and antifibrotic activities [111–116].

3. Pathological Processes Involved in Obesity

Overweight and obesity are increasingly common conditions in the world due to
the intake of calorie-dense foods and relatively inactive lifestyles, which create long-term
imbalances between energy uptake and expenditure, and these conditions promote the
deposition of fat mass in the body’s WAT, leading to phenotypic changes in this tissue such
as adipocyte hypertrophy (cell size increase) and subsequently hyperplasia (cell number
increase) [1,3,117]. In obesity, the hypertrophied WAT visceral adipocytes show lipolysis
activation, leading to high levels of circulating non-esterified fatty acids (NEFAs) [118].
NEFAs in normal conditions are catabolized by the β-oxidation to provide energy to tissues
such as the liver and muscle; however, high concentrations contribute to the develop-
ment of insulin resistance [119]. Furthermore, hypertrophic visceral adipocytes contribute
to elevated circulating triacylglycerol (TAG) levels mainly from de novo lipogenesis, in
which fatty acids (FAs) are synthesized from carbohydrates or FAs are provided from
chylomicrons and very low-density lipoproteins (VLDL) [120]. Several studies suggest
that oxidative stress plays a fundamental role as a factor linking obesity and its related
complications. Furthermore, oxidative stress can increase with preadipocyte proliferation,
adipocyte differentiation, and the size of mature adipocytes. Nuclear factor erythroid 2-
related factor 2 (NRF2) is a key transcription factor that protects against oxidative stress and
electrophilic stress. NRF2 is abundantly expressed in WAT. The deficiency of NRF2 leads to
imparting adipocyte differentiation in 3T3-L1 cells and human subcutaneous preadipocytes.
Meanwhile, its transfection stimulates hormone-induced adipocyte differentiation. Oxida-
tive stress is increased in WAT from obese mice and from human individuals with obesity.
NRF2 in response to oxidative stress activates Srebf1 promoter and induces target gene tran-
scription and subsequent lipogenesis, which promotes lipid accumulation in adipocytes,
thus exacerbating the development of obesity [121]. However, the effects of NRF2 are
controversial and even contradictory in animal models of diet-induced obesity. mRNA
expression and protein levels of Nrf2 gene were reduced or increased in WAT and liver in
obese mouse models with different percentages of fat calories and feeding duration [122].
Obesity per se can also induce systemic oxidative stress through superoxide generation
from NADPH oxidases, oxidative phosphorylation, protein kinase C activation (PKC), glyc-
eraldehyde auto-oxidation, and polyol and hexosamine pathways. Additionally, elevated
plasma-free FAs promote the generation of superoxide radicals, hyperleptinemia, low an-
tioxidant defense, and low-grade chronic inflammation. Additionally, postprandial reactive
oxygen species generation are other factors that also contribute to oxidative stress in obesity.
Obesity-associated oxidative stress induces various pathological events, including insulin
resistance and diabetes, liver failure, cardiovascular complications, sleep disorders, and
asthma, including reproductive, oncological, and rheumatological problems [1,3,123]. Adi-
pose tissue produces several adipokines including cytokines and hormones, which regulate
energy homeostasis, glucose and lipid metabolism, and cardiovascular functions [124]. Be-
cause obesity is directly associated with low-grade chronic inflammation, the hypertrophy
and hyperplasia of adipose tissue leads to the organ’s dysfunction and development of a
pro-inflammatory microenvironment, and the signaling pathway of NF-κB is activated and
increases the expression of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and IL-1β
through the TLR4/MyD88 signaling pathway; other molecules increased with excessive
adiposity are leptin, IL-8, CRP, PAI-1, haptoglobin, angiotensinogen, inducible nitric oxide
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synthase, platelet-activating factor (PAF) and chemokines, such as monocyte chemotactic
protein 1 (MCP1), which promotes the migration of macrophages into the adipose tissue
and induces the release of cytokines. Furthermore, in obese subjects, the levels of inter-
leukin 10 (IL-10) are decreased, which worsens the metabolic profile due to IL-10 inhibiting
the synthesis of pro-inflammatory cytokines [3,19,123,125,126]. The activation of NF-κB,
TLR4, and mTOR leads to the attenuation of insulin signaling and insulin resistance in
several tissues, which contribute to obesity-related complications, including diabetes and
atherosclerosis [127,128]. Platelets are key players in thrombotic processes, and various
platelet markers have been reported elevated in obese and T2D individuals, including
the mean platelet volume, circulating levels of platelet microparticles, oxidation products,
platelet-derived soluble P-selectin, and CD40L. Therefore, these markers contribute to
an intersection between obesity, inflammation, and thrombotic phenotype [129]. Obesity
is an altered health condition with changes in gut microbiota due to the consumption
of improper diet, which affects the health status of the host. The gut microbiota plays
an important role in energy balance, intestinal integrity, and immunity against invad-
ing pathogens. Approximately 100 trillion microbes colonize the human gut, which are
represented by microorganisms such as bacteria, archaea, fungi, protozoa, and viruses.
The gut microbiota is represented by the phyla Bacteroidetes, Firmicutes, Proteobacteria,
Actinobacteria, and Verrucomicrobia, and approximately 90% of the total bacterial species
belong to Bacteroidetes and Firmicutes. Obese individuals exhibit reduced proportions
of Bacteroidetes and elevated levels of Actinobacteria with no significant differences in
Firmicutes; thus, an increased Firmicutes/Bacteroidetes ratio is a biomarker of obesity
susceptibility [130,131].

Plant and Herb Extracts with Antiobesity Activity

Previous studies have shown the nutritional and beneficial effects on the metabolism of
plant and herb consumption, showing a wide range of bioactive compounds, many of them
with different properties for healthy humans. There are several papers in which the use
of various medicinal plants and herbs to treat obesity has been investigated. For instance,
green tea is associated with beneficial health effects due to its body-fat-reducing and hypoc-
holesterolemic properties [132,133], and green tea aqueous extract (GTAE, 1.1% and 2%)
administered in rats fed with a high-fat diet, lowed atherogenic index, reduced body weight
gain (only with 2% of GTAE), and prevented visceral fat accumulation [134]. The visceral
weight loss and improvement of lipid profile with green tea in rats may be due to increased
thermogenesis and fat oxidation [135]. The main phytochemicals in Caralluma fimbriata
are pregnane glycosides, which are known to suppress hunger and increase endurance.
Therefore, pregnane glycosides and diterpenes from Caralluma fimbriata, have antiobesity
activities [25]. In a diet-induced obesity (DIO) rat model, Caralluma fimbriata extract (CFE)
showed dose-dependent appetite suppressant, prevented liver weight and fat pad mass,
and protected against atherogenesis in rats fed a cafeteria diet [136]. In overweight adults,
CFE preserved body weight, decreased waist circumference, and reduced daily caloric in-
take over a 16-week period in overweight patients compared to a placebo. The mechanism
for appetite suppression by CFE includes a reduction in ghrelin synthesis in the stomach
and neuropeptide Y in the hypothalamus [26]. Bioactive compounds derived from cacao,
which are rich in polyphenols (flavonoids), are beneficial against overweight and lipid
disorders. In an obesity model induced by a high-fat diet (HFD) and fructose ingestion
in rats, cocoa extracts made with outer pod husk and kernel husk decreased weight gain,
reduced SBP, and improved lipid profiles [42]. Ginkgo biloba extract (GBE), which contains
a mixture of polyphenols with antioxidant properties, has several potentially beneficial
effects, such as reducing food and energy intake, reducing body adiposity, improving
insulin sensitivity, enhancing insulin receptor and AKT phosphorylation, reducing NF-κB
p65 phosphorylation in retroperitoneal adipose tissue of obese rats, and reducing weight
gain in models of obesity induced by diet and ovariectomy [137–139]. These findings were
confirmed in HFD-induced obese male rats; GBE supplementation reduced energy intake
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and epididymal adipocyte volume [140]. Green coffee beans contain phytochemicals with
beneficial effects on cardiometabolic disorders. The 3-caffeoylquinic acid (3-CQA) in green
coffee bean extract (GCBE) was evaluated in HFD-induced obese mice, and this extract
decreased body weight gain, liver weight and WAT weights, regulating adipogenesis and
lipid metabolism-linked genes and proteins in WAT and liver [141]. In addition, in male al-
bino Wistar rats fed with a HFD, and intervened with GCBE when obesity was established,
the extract decreased the body and organ weights, and reduced TC, TG, LDL-C, VLDL,
glucose, and insulin levels. GCBE also exhibited an increase in adiponectin levels and
decreased the expression of RBP4, whereas an increase in GLUT4 expression was observed
in the adipose tissue [142]. Moringa oleifera leaf extracts (MOLE) possess antiobesity effects
in experimental animal models and were tested in HFD-induced obesity in rats. Thirteen
metabolites were identified in MOLE, including flavanols, flavones, and phenolic acid.
MOLE reduced weight gain and adiposity index, including glucose, insulin and HOMA-IR,
and Revised Quantitative Insulin Sensitivity Check Index (R-QUICKI) was significantly
increased by MOLE. In visceral fat mass, MOLE significantly reduced the levels of leptin
and vaspin; meanwhile, adiponectin, omentin and glucose transporter 4 (GLUT4) expres-
sion were increased. MOLE significantly inhibited FAS and HMG-CoA reductase and
elevated the mRNA expression of MC4R and PPARα. In obese patients, the administration
of Moringa oleifera hard gelatin capsules showed a significant reduction in the average
BMI, TC and LDL-C [81]. Previous studies have shown that Ilex paraguariensis (yerba mate)
aqueous extracts inhibited the progression of atherosclerosis and decreased body weight,
visceral fat, serum lipids, glucose, leptin, and insulin levels in HFD-fed-rats [143,144].
Treatment with Ilex paraguariensis extracts (IPE) in C57BL/6J mice fed a HFD also reduced
the accumulation of lipids in adipocytes, body weight gain, and obesity. Additionally,
the extract reduced serum cholesterol, serum TG, and glucose levels [76]. These findings
were confirmed in another study, in which Yerba mate extract was also evaluated in mice
fed with a HFD, and obese mice treated with yerba mate exhibited marked attenuation of
weight gain, adiposity, a reduction in epididymal fat pad weight, and restoration of the
serum levels of cholesterol, TGs, LDL-C, and glucose [75]. In obese rats primed by early
weaning, IPE reversed abdominal obesity, leptin resistance and hypertriglyceridemia [145].
Chlorogenic acid in yerba mate is mainly responsible for these effects [146]. In another
study Ilex paraguariensis was investigated in Korean subjects with obesity. Individuals with
obesity were given oral supplements of Yerba Mate capsules, and this supplementation
decreased body fat mass, percentage body fat, and waist–hip ratio, which suggests that
Yerba Mate supplementation may be an alternative for treating obese patients [147]. Platy-
codon grandiflorus root extract (PGE) was analyzed in obese Korean adults and revealed a
significant decrease in body fat mass and body fat percentage, suggesting antiobesogenic
effects in overweight or obese adult humans [148]. Pomegranate extract (PomE) is rich
in punicalagins and increases markers related to browning and thermogenesis in human
differentiated adipocytes [149]. In addition, in a preclinical study of HFD-induced obesity,
PomE increased systemic energy expenditure, thus contributing to a reduction in the low
grade of chronic inflammation and insulin resistance associated with obesity [104].

Oxidative stress results from the elevated production of free radicals along with
reduced levels of antioxidants and plays an important role in cardiovascular diseases,
including atherosclerosis and coronary artery disease [123]. CFE improves HFD-induced
cardiac damage through reducing cardiac lipids such as total lipids, TG, TC, and free
fatty acids (FFAs). Furthermore, CFE improves the activities of antioxidant enzymes,
such as glutathione peroxidase (GPx), glutathione reductase (GR), glutathione peroxi-
dase (GPx), catalase (CAT), superoxide dismutase (SOD), and glutathione-s-transferase
(GST) [27]. Moringa oleifera leaf extracts (MOLE) were evaluated in HFD-induced obesity
and cardiac damage in rats. The activities of antioxidant enzymes were decreased in ani-
mals that received an HFD; however, these antioxidant enzymes were significantly, and
dose-dependently, enhanced by administration with MOLE [150].

158



Pharmaceuticals 2024, 17, 967

Several diseases associated with obesity, such as dyslipidemia, T2D, and cardiovascu-
lar disease, are closely related to low-grade inflammation. In WAT from obese mice, TNF-α,
IL-6, leptin, CCR2, CCL2, and PAI-1 genes were upregulated. However, yerba mate extract
administration decreased the expression of these genes [75]. In addition, yerba mate extract
intake blunted the proinflammatory effects of HFD-induced obesity in rats through the
phosphorylation of hypothalamic IKK and NF-κB p65 expression and increasing the protein
levels of IκBα, adiponectin receptor-1, and IRS-2 [151]. Andrographis paniculata extract (APE)
and its bioactive constituent andrographolide are known to possess anti-inflammatory and
antiapoptotic effects. APE was analyzed in myocardial tissue from HFD-induced obese
mice. The animals fed with HFD developed myocardial inflammation, which potentially
contributed to cardiac hypertrophy and myocardial apoptosis, but APE showed significant
inhibition of these effects in obese mice [152].

Aronia melanocarpa contains a high content of procyanidins and anthocyanins. It was
found that Aronia melanocarpa extract significantly inhibits the amidolytic activity of throm-
bin and plasmin, the latter being the main fibrinolytic enzyme [153]. Moreover, patients
with metabolic syndrome showed a significant reduction in the levels of TC, LDL-C, and
TG, as well as an improvement in platelet aggregation, clotting, and fibrinolysis after
Aronia melanocarpa extract supplementation [154]. The effect of Citrullus colocynthis was
investigated on blood hemostasis in HFD-induced obese rats, and it was found that Citrul-
lus colocynthis reversed HFD-induced increases in fibrinogen and von Willebrand factor;
thus, Citrullus colocynthis has antiplatelets and profibrinolytic properties due to its potent
hypoglycaemic and hypolipidaemic effect, its ability to reduced levels of circulatory TNF-α
and IL-6, and its ability to lower prothrombotic leptin levels and elevate antithrombic
adiponectin levels [34]. Cydonia oblonga is traditionally used in Uyghur medicine to prevent
cardiovascular diseases. Cydonia oblonga extract (COE) was explored on models (mice
and rats) and markers of thrombosis. COE dose-dependently prolonged bleeding and the
clotting time. In addition, COE reduced pulmonary embolism mortality, dose-dependently
increased thrombolysis, and reduced TXB2. Therefore, COE has an antithrombotic effect,
probably at least in part related to antithromboxane activity [53]. Garlic also inhibits platelet
aggregation, and aged garlic extract (AGE) blocks both the activation and aggregation of hu-
man platelets. The mechanism implicated by AGEs in the inhibition of platelet aggregation
includes an increase in cAMP levels through inhibition of cAMP phosphodiesterase activity,
resulting in reduction in calcium mobilization and, therefore, suppresses the binding of
GPIIa/IIIb receptors to fibrinogen [155]. GBE was investigated on experimental cardiac
remodeling in rats induced by acute myocardial infarction. The results suggest that GBE
may inhibit experimental myocardial remodeling in rats after acute myocardial infarction
by reducing the transcription of TGF-β1, MMP-2 and MMP-9 genes and attenuating ex-
tracellular matrix deposition by decreasing the levels of proteins such as type I collagen,
MMP-2, and MMP-9 [156].

Cardiometabolic parameters were evaluated in ApoE−/− mice fed an atherogenic
diet and green coffee extract (GCE). Although GCE did not decrease atherosclerotic lesion
progression or plasma lipid levels, it improved metabolic parameters, such as fasting
glucose, insulin resistance, serum leptin, urinary catecholamines, and liver TGs. GCE also
decreased weight gain, reduced adiposity, lowered inflammatory infiltrate in adipose tissue,
and protection against hepatic damage. Furthermore, the number of observed operational
taxonomic units (alpha diversity) diminished in ApoE−/− mice with an atherogenic diet,
and it was recovered in the GCE-treated ApoE−/− mice [157]. Hibiscus sabdariffa extract
(HSE) was evaluated in an experimental model of HFD-induced obesity in mice. HSE
reduced weight in mice fed an HFD and improved glucose tolerance, insulin sensitivity
and normalized LDL-C/HDL-C cholesterol ratio. HSE reduced the expression of different
adipokines and pro-inflammatory mediators, and reinforced gut integrity by reducing
the Firmicutes/Bacteroidetes ratio [158]. Salvia miltiorrhiza extract (SME) was investigated
in rats with HFD-induced obesity. SME treatment markedly reduced weight, body fat
index, lipid profile, glucose levels, and adipocyte vacuolation. The beneficial effects were
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accompanied by elevated concentrations of lipid factors such as cAMP, PKA, and HSL in
the liver and adipose tissues, enhanced gut integrity, and ameliorated lipid metabolism.
Furthermore, Salvia miltiorrhiza extract reversed HFD-induced dysbacteriosis by promoting
the abundance of Actinobacteriota and Proteobacteria and reducing the growth of Firmi-
cutes and Desulfobacterita [110]. Therefore, the consumption of products derived from the
plants and herbs previously analyzed should be considered a new therapeutic strategy in
the control of obesity and its associated disorders (Table 1 and Figure 2).

Figure 2. Herb and plant extracts with inhibitory effects on adipogenesis, white adipose tissue
accumulation, and cardiometabolic risk factors associated with obesity.

4. Adipogenesis and Obesity

Accumulation and adipocyte differentiation are linked with the development of obe-
sity. In the process of preadipocyte to adipocyte differentiation, several transcription
factors participate, the most important being cAMP response element-binding protein
(CREB), C/EBPα C/EBPβ, C/EBPδ, and PPARγ, which control adipocyte differentiation.
Adipocyte differentiation starts with CREB phosphorylation by PKA and ERK1/ERK2, and
at the same time, the activation of C/EBPβ and C/EBPδ occurs, which in turn activate
C/EBPα and PPARγ [159]. However, this process is much more complicated because it in-
volves other biological signaling pathways. In addition to adipocyte differentiation, PPARγ
plays an important role in lipid storage and glucose homeostasis and is predominantly
expressed in adipose tissue [160]. On the other hand, the PI3K/AKT pathway plays a
critical role in transmitting insulin action in adipose tissue (increases glucose uptake by
the GLUT4 membrane translocation) during the adipogenesis of both WAT and brown
adipose tissue (BAT). AKT is essential in inducing PPARγ expression. The activation of
PI3K/AKT signaling determines the initiation of adipogenic transformation and adipocyte
hyperplasia [161]. AMPK is a serine/threonine kinase that is expressed in several tissues
(adipose, skeletal, liver, kidney, and hypothalamus), which regulates lipid/glucose home-
ostasis, autophagy, mitochondrial biogenesis, protein homeostasis, redox equilibrium, food
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intake, and insulin signaling. AMPK has a function as a cellular energy sensor. AMPK and
adiponectin act in peripheral tissues and the central nervous system by regulating food
intake. Consequently, the inhibition of hypothalamic AMPK activity along with an increase
in adiponectin levels reduces food intake. In addition, AMPK inhibits de novo synthesis of
cholesterol, FAs, and TGs, and activates FAs uptake and β-oxidation. It inhibits and phos-
phorylates proteins involved in the synthesis of FAs (FAS, ACC1, and SREBP-1c). AMPK
inhibits the synthesis of cholesterol (phosphorylates and inhibits HMG-CoA reductase)
and, through PGC-1α activation, stimulates mitochondrial biogenesis and β-oxidation.
AMPK inhibits adipogenesis via the inhibition of the early mitotic clonal expansion (MCE)
phase accompanied with a reduction in early and late adipogenic factors including FAS,
SREBP-1c and aP2 [162]. Therefore, the inhibition of differentiation into adipocytes by
bioactive compounds from plant and herb extracts is beneficial for the loss of body fat and
prevention of obesity (Table 1 and Figure 2).

Adipogenesis as a Possible Target against Obesity

The principal cause of obesity is energy overconsumption and/or insufficient energy
expenditure; thereby, excessive food/energy intake leads to the expansion of WAT through
de novo adipogenesis with the recruitment of new adipocytes (hyperplasia) and enlarge-
ment of existing adipocytes (hypertrophy). Chokeberry extract (Aronia melanocarpa) and
its active polyphenols (seven antiadipogenic polyphenolic phytochemicals) were investi-
gated in HFD-induced obese mice. Amygdalin and prunasin were shown to inhibit 3T3-L1
adipocyte differentiation by suppressing the expressions of PPARγ, C/EBPα, SREBP-1c,
FAS, and aP2. In addition, Chokeberry extract showed in obese mice significant decreases
in body weight, serum TG, and LDL-C levels and improved insulin sensitivity [163]. The
effects of cinnamon (Cinnamomum zeylanicum) extract were examined on the inhibition of
adipocyte differentiation in 3T3-L1 fibroblast cells and in male mice fed an HFD. Cinnamon
extract inhibited lipid accumulation and increased adiponectin and leptin genes in 3T3-L1
cells. In in vivo experiments, cinnamon extract elevated the expression of lipolysis-related
proteins (AMPK, p-ACC, and CPT-1) and decreased the expression of lipid-synthesis-
related proteins (SREBP-1c and FAS) in liver tissue [164]. Corni Fructus extract (CFE),
which contains Corni Fructus, Dioscoreae Rhizoma, Aurantii Fructus Immaturus, and
Platycodonis Radix, was shown to suppress the differentiation of 3T3-L1 adipocytes by
reducing the cellular induction of PPARγ, C/EBPα, and lipin-1, including a significant
upregulation of AMPK-α phosphorylation. Moreover, CFE in obese mice fed an HFD
induced weight loss. Therefore, CFE has a potent antiobesity activity due to the inhibition
of adipocyte differentiation and adipogenesis [165]. Cydonia oblonga fruit extract (COFE)
was tested on adipogenesis in 3T3-L1 preadipocytes. COFE inhibited intracellular TG
deposition during adipogenesis. Furthermore, COFE treatment in 3T3-L1 cells induced the
upregulation of AMPK-α phosphorylation and downregulation of adipogenic transcription
factors (SREBP-1c, PPARγ, and C/EBPα). COFE also reduced the mRNA expression of FAS,
ACLY, aP2, and lipoprotein lipase (LPL), including increased HSL and CPT-1 in 3T3-L1
cells [51]. Hibiscus sabdariffa extract (HSE) was examined on adipocyte differentiation in
3T3-L1 preadipocytes. HSE significantly inhibited lipid droplet accumulation and attenu-
ated adipogenic transcriptional factors C/EBPα and PPARγ during adipogenesis. HSE also
reduced the expression of PI3K/AKT and phosphorylation and expression of MEK1/ERK
during adipocyte differentiation. Taken together, HSE inhibits adipocyte differentiation
through the regulation of PI3K/AKT and ERK pathways, which play pivotal roles during
adipogenesis [166]. Ilex paraguariensis extracts (IPE) were investigated in 3T3-L1 adipocytes
and HFD-fed obese Sprague Dawley (SD) rats. IPE inhibited intracellular lipid accumula-
tion in 3T3-L1 adipocytes, increased AMPK-α, HSL, CaMKK, LKB1, PKA, C/EBPβ, IRβ,
and IRS1(Tyr465), and decreased SREBP-1c, FAS, PPARγ, and IRS1 (Ser1101). Further-
more, an AMPK-α inhibitor abolished the effects exerted by IPE on intracellular lipid
accumulation and HSL and FAS expression levels. In animals, IPE inhibited body weight
gain and ameliorated serum cholesterol levels, and increased AMPK-α, PKA, ERK1/ERK2
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(p44/p42), and UCP1 and reduced those genes of mammalian target of rapamycin, S6
kinase, SREBP-1c, ap2, FAS, Il6, adiponectin, leptin, and FABP4 in obese SD rats [167].
Moringa oleifera leaf petroleum ether extract (MOPEE) which has high levels of isoquercitrin,
chrysin-7-glucoside, and quercitrin, was studied on lipid accumulation by in vitro and
in vivo experiments. MOPEE suppressed adipogenesis in 3T3-L1 adipocytes by downregu-
lating the expression of adipogenesis-associated proteins (PPARγ, C/EBPα and C/EBPβ,
and FAS) and upregulating the expression of a lipolysis-associated protein (HSL). MOPEE
also significantly increased the phosphorylation of AMPKα and ACC. In HFD-induced
obese mice, MOPEE decreased body weight, epididymal, perirenal, and mesenteric fat
weight, and fat tissue size, including hepatic fat accumulation. Furthermore, MOPEE also
decreased TC, LDL-C, and aspartate transferase (AST). Additionally, MOPEE decreased
the expression of adipogenesis-associated proteins (PPARγ and FAS) and upregulated
the expression of a lipolysis-associated protein (ATGL) in the liver and epididymal fat
tissue. MOPEE also increased the phosphorylation of AMPKα and ACC in the liver and
epididymal fat tissue of obese mice. Therefore, MOPEE suppresses fat accumulation by
inhibiting adipogenesis and promoting lipolysis [82]. A study explored the antiadipogenic
effects of lyophilized Opuntia cladode powders (OCP) in an in vitro and an in vivo HFD-
induced obesity rat model. Two OCP were tested (O. streptacantha and O. ficus-indica).
OCP impaired differentiation in adipocytes (3T3 F442A) and decreased TG content and
low glucose uptake, thus suggesting an antiadipogenic effect. In SD rats, OCP slightly
reduced body weight gain and liver and abdominal fat weights, improved some metabolic
parameters, and augmented TG excretion in the feces [168]. Platycodon grandiflorus extract
(PGE) was investigated on pre-adipocyte 3T3-L1 differentiation, pancreatic lipase activity,
and HFD-induced obese rats. PGE inhibited 3T3-L1 pre-adipocyte differentiation and fat
accumulation and reduced pancreatic lipase activity. In SD rats, PGE significantly reduced
plasma TC and TG levels, body weight, and subcutaneous adipose tissue weight. PGE
also reduced the size of subcutaneous adipocytes [169]. Taraxacum officinale (Dandelion)
was investigated on adipocyte differentiation and lipogenesis in 3T3-L1 preadipocytes.
Leaf and root extracts and a commercial root powder (caffeic and chlorogenic acids as the
main phenolic constituents) were used in the study. All extracts tested inhibited adipocyte
differentiation and lipid accumulation in 3T3-L1 cells [114]. Therefore, the analyzed herbal
and plant extracts play an important role during adipogenesis and lipid metabolism, sup-
porting their therapeutic potential for the prevention and treatment of obesity (Table 1 and
Figure 2).
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5. Plant and Herb Extracts Targeting Dyslipidemia and Adipokines in Obesity

Obesity-related dyslipidemia is considered as an atherogenic lipoprotein phenotype
and one of the major risk factors for ischemic heart disease. The main manifestations of
dyslipidemia include elevated plasma concentrations of TC, LDL-C and TGs, and low
levels of HDL-C, which are important factors in hypertension and CVD [170]. Visceral
obesity promotes insulin resistance in part mediated by high levels of FFAs and adipokines
dysregulation. Adipokines such as leptin, resistin, and retinol-binding protein 4 increase
insulin resistance, whereas adiponectin with anti-inflammatory and antilipogenic effects
increases insulin sensitivity. In addition, in obesity, pro-inflammatory mediators (leptin,
resistin, IL-6, and TNF-α) may promote adipose tissue dysregulation and systemic insulin
resistance [1].

In male SD rats fed with HFD were investigated the effects of a high hydrostatic
pressure extract of garlic (HEG) on HDL-C level and hepatic apolipoprotein A-I (apoA-I)
gene expression. In animals treated with HEG, plasma TC, TG and LDL-C levels were
significantly decreased, while the plasma HDL-C level and mRNA level of hepatic apoA-I
were significantly increased. Furthermore, HEG upregulated the gene expression of ATP-
binding cassette transporter A1 (ABCA1) and lecithin-cholesterol acyl transferase (LCAT)
in obese rats [171]. LVH is a risk factor for cardiovascular morbidity and mortality [172].
The effects of three Camellia sinensis teas (green, red, and white) were studied on LVH
and insulin resistance in LDLr−/− mice fed an HFD. The teas partially prevented hyper-
lipidemia, increased HDL-C, reduced insulin resistance and CRP levels, and completely
prevented LVH in LDLr−/− mice fed an HFD [173]. A systematic review and meta-analysis
reported that green tea extract (GTE) significantly reduced TC, LDL-C, fasting blood sugar,
hemoglobin A1c (HbA1c), and DBP, while increasing HDL-C [174]. Corni Fructus extract
(CFE) was administered in a rat model of diet-induced hypercholesterolemia, and the
extract inhibited the elevation of both systolic and diastolic (BP), and lowered serum TC
levels with a decrease in esterified cholesterol. Additionally, the protein expressions of
SREBP-2 and PPARγ were elevated, indicating that CFE would activate FA oxidation [47].
Cydonia oblonga extract (COE) with flavonoids (>60%) from leaves and fruit was analyzed
on the blood lipid and antioxidant effects using hyperlipidaemic rat models. The flavonoids
from COE significantly reduced serum TC, TG, LDL-C, ALT and AST and increased HDL-C.
Flavonoids improved the activity of SOD and GSH-Px in hepatic tissues and reduced mal-
ondialdehyde acid (MDA) [52]. In rats fed with HFD, Ilex paraguariensis (yerba mate) extract
reduced serum TG and TC and decreased the atherogenic index [175]. Ilex paraguariensis
extract from leaves was investigated on hyperlipidemia induced in hamsters by an HFD.
Yerba mate extract significantly reduced body-weight gain and lowered serum lipid levels;
meanwhile, Yerba mate treatment increased antioxidant enzyme activity, ameliorated LPL
and hepatic lipase activities in serum and liver, upregulated mRNA expression of PPARα,
and downregulated mRNA expression of SREBP-1c and ACC in the liver. Therefore, Yerba
mate extract regulates the expression of genes involved in lipid oxidation and lipogene-
sis [176]. Moreover, Yerba mate infusions were also studied in dyslipidemic individuals
over 18 years of age (men and women). Yerba mate tea showed a significant increase
in ferric reducing antioxidant potential and decreased glutathione concentrations but no
significant changes in lipid hydroperoxide (LOOH), protein carbonyl, and paraoxonase-1
levels; thereby, Yerba mate tea increases plasma and blood antioxidant protection in pa-
tients with dyslipidemia [177]. However, a systematic review and meta-analysis found
no differences in TC, LDL-C, HDL-C, and TG levels when comparing the yerba mate
and control groups. The authors concluded that because the results are based on small
inconclusive studies, more research is needed to confirm these findings [178]. Moringa
oleifera leaves are used in India as a hypocholesterolemic agent in obese patients. A study
reported that administration of the crude leaf extract of Moringa oleifera along with HFD
reduced the HFD-induced increases in serum, liver, and kidney cholesterol levels. Fur-
thermore, the crude extract increased serum albumin [83]. Nigella sativa has been used for
the treatment and prevention of hyperlipidemia. A study analyzed different preparations
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reported of Nigella sativa including seed powder (100 mg-20 g daily), seed oil (20–800 mg
daily), thymoquinone (3.5–20 mg daily), and seed extract (methanolic extract especially),
and found that these preparations of Nigella sativa reduce plasma concentrations of TC,
LDL-C, and TG, but the effect on HDL-C was not significant. The authors concluded
that lipid-modifying properties of Nigella sativa could be attributed to the suppression of
intestinal cholesterol absorption, reduced hepatic cholesterol synthesis, and up-regulation
of LDL-C receptors [85]. Cholesterol reduction is critical for the prevention of CVD. Opuntia
ficus-indica extract (OFIE) was tested on the inhibitory activity of pancreatic lipase enzyme
(in vitro) and on hypercholesterolemia induced in mice by intraperitoneal administration of
Triton WR-1339 (in vivo). The extracts significantly decreased blood cholesterol levels and
inhibited pancreatic lipase activity. Therefore, OFIE prevents hypercholesterolemia by pan-
creatic lipase inhibition, partly attributed to its polyphenolic compounds [90]. Platycodon
grandiflorus extract (PGE) was investigated in obese mice. The extract reduced body weight
gain and improved plasma lipid profiles. Furthermore, leptin was significantly reduced
whereas adiponectin was elevated. PGE also downregulated lipogenic gene (LPL, ACC,
and FAS) expression and increased lipolysis genes (CPT-1, HSL, and UCP2) in WAT and
liver. Moreover, PGE inhibited adipogenic transcriptional factors, such as PPARγ, C/EBPα,
and SREBP-1c [97]. Another study related to Platycodon grandiflorus root extract in HFD-
induced obese mice reported that the extract exhibited antioxidant activity; meanwhile,
in calf pulmonary arterial endothelial cells, both oxLDL-C-induced cell death and lactate
dehydrogenase release were inhibited. In obese mice treated with Platycodon grandiflorus
root extract, antioxidant proteins were increased, and plasma and hepatic lipid levels were
reduced, thus demonstrating its beneficial effects on hyperlipidemia [98]. The represen-
tative adipokines secreted from adipose tissues with an increased plasma leptin, resistin,
and TNF-α, and a reduced plasma adiponectin are related to systemic insulin resistance [1].
PGE in male ICR mice fed an HFD markedly attenuated food intake, epididymal fat weight,
body weight, adipocyte size, and blood glucose levels while maintaining serum levels of
adiponectin, resistin, leptin, fructosamine, and TGs. PGE also up-regulates adiponectin
and down-regulates TNF-α, and leptin in fat tissue. In L6 muscle cells, the extract elevated
insulin-stimulated glucose uptake [99]. Taken together, the evidence from experimental
and clinical studies suggests that plant extracts have lipid-lowering effects and adipokines
regulation, which may be suitable for the prevention and treatment of obesity (Table 2 and
Figure 2).
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6. Plant and Herb Extracts against to Insulin Resistance, Hyperglycemia, and Diabetes

Several factors contribute to the growth of obesity and T2D, such as unhealthy eating
habits, physical inactivity, sedentary lifestyle, increased stress, and environmental factors,
which are typical of global urbanization and modern society in the world [1]. Increased BMI
and excessive visceral adipose tissue are known to be associated with insulin resistance
and beta cell dysfunction, which can lead to glucose intolerance and T2D. Obesity plays
an important role in the elevated prevalence of T2D, which is characterized by insulin
resistance in several tissues, including muscle, liver, and adipose tissue. T2D is manifested
by low insulin secretions from β-cells and peripheral insulin resistance, including high
levels of fatty acids, which promote systemic inflammation. Obesity can cause a chronic
low-grade inflammatory state with high levels of cytokines such as TNF-α, IL-1β, monocyte
chemoattractant protein-1 (MCP-1), and IL-6, which in part contributes to the pathogenesis
of insulin resistance, promoting a reduction in glucose uptake in insulin-dependent tissues,
which increases blood glucose levels, β-cell dysfunction in pancreas and results in endocrine
dysfunction of adipose tissue. One of the signaling pathways involved in the inflammatory
mechanisms is the activation of JNK1 by TNF-α, which results in serine phosphorylation of
insulin receptor substrate 1 (IRS1) and impairs insulin signaling and subsequent insulin
resistance [1,179].

In addition to obesity and T2D hyperglycemia is a known risk factor for the devel-
opment of several health disorders such as oxidative stress and cardiovascular diseases.
Antidiabetic effects of pregnane glycosides, alkaloids, and tannins/gallic tannins derived
from Caralluma fimbriata have been reported [25]. The effects of Caralluma fimbriata ex-
tract (CFE) on insulin resistance and oxidative stress in HFD-fed Wistar male rats were
investigated. The administration of CFE in obese animals resulted in a significant improve-
ment in plasma glucose, insulin, leptin, and TGs. CFE also prevented high levels of lipid
peroxidation and protein oxidation, low GSH levels, and low activities of enzymatic antiox-
idants [180]. Cinnamon extracts have been used to treat blood glucose. Ceylon cinnamon
extract (CCE) was tested on carbohydrate digestion and post-meal blood glucose reduction
in vitro (enzymatic assays) and in vivo (starch tolerance tests in rats), including 18 healthy
female and male volunteers. In an in vitro study, CCE inhibited pancreatic α-amylase
activity and reduced the glycemic response to starch in a dose-dependent manner in rats.
In healthy volunteers, CCE lowered the area under the curve of glycemia with no changes
in insulin secretion [30]. Citrullus colocynthis has been used against diabetes. Colocynth
fruit extract was investigated on insulin action using 3T3-L1 adipocytes. Extracts of seed
and pulp enhanced insulin-induced GLUT4 translocation and increased insulin-stimulated
cellular glucose uptake. Moreover, extracts of pulp enhanced insulin-induced PKB phos-
phorylation without affecting phosphorylation of the insulin receptor [181]. With respect
to this, compounds from Citrullus colocynthis, such as the 2-O-β-D-glucopyranosyl forms of
cucurbitacins J/K, I, E, and B, and cucurbitacins I, B, and E, are speculated to be responsible
for the insulin-enhancing activity [173]. However, a systematic review and meta-analysis
in diabetic patients reported that Citrullus colocynthis does not have a significant effect
on fasting blood sugar, HbA1c, LDL-C, TC, and TG indices, but increases HDL-C. These
findings could be related to the relatively low quality of articles and the small number
of included studies [33]. Corni Fructus extract (CFE) was analyzed on blood glucose and
insulin resistance in db/db mice. CFE suppressed an increase in blood glucose levels
during the oral glucose tolerance test. In addition, CFE lowered final fasting serum glucose
and TG in diabetic mice. The mRNA expression of adiponectin, GLUT4, and PPARγ in
adipose tissue was higher in diabetic mice treated with CFE [48]. In another study, Corni
Fructus extract was evaluated on kidneys of diabetic db/db mice. The activities of XO
and SOD were significantly higher in diabetic mice with CFE; meanwhile, the activities
of CAT and GST were lowered in the diabetic mice with CFE. Additionally, the mRNA
expression of eNOS in kidneys was reduced in the diabetic mice with the extract. Therefore,
Corni Fructus extract has antioxidative actions that contribute to its renoprotective effects
on diabetic nephropathy [182]. Ginkgo biloba extract (GBE) leaves (water and 12% ethanol
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extracts) from four different trees (1 and 2—males and 3 and 4—females) were analyzed on
phenolic profile, antioxidant activity, and the potential in vitro inhibitory properties on α-
amylase, α-glucosidase, and ACE enzymes, which are related to diabetes and hypertension.
Aqueous extracts had higher phenolic contents than ethanolic extracts. ACE activity was
only inhibited by ethanolic extracts. The results showed a strong correlation between total
phenolics and α-glucosidase inhibitory activity, and to a lesser degree, a positive correlation
between total phenolics and α-amylase inhibitory activity [57]. Egb761, a Ginkgo biloba ex-
tract, has antioxidant and antiplatelet aggregation effects. The effect of Egb761 and its major
subcomponents (bilobalide, kaempferol, and quercetin) on preventing atherosclerosis was
analyzed in vitro using a rat model of T2D. Egb761 dose-dependently reduced the intima–
media ratio and proliferation of VSMCs and promoted greater apoptosis in obese rats with
T2D. In an in vitro model, Egb761 also decreased the proliferation and migration of VSMCs.
Glucose and circulating adiponectin levels were ameliorated, and plasma hs-CRP concen-
trations were reduced in obesogenic and diabetic rats. Moreover, caspase-3 activity and
DNA fragmentation were increased while monocyte adhesion and ICAM-1/VCAM-1 levels
were decreased with Egb761 in obese rats with T2D. The bioactive compounds of Egb761,
kaempferol, and quercetin decreased VSMC migration and elevated caspase activity [58].
Green coffee extract (GCE) was evaluated for 10 weeks on glycemic indices, inflammation,
and oxidative stress in individuals with T2D and overweight/obesity. GCE supplemen-
tation reduced body weight and BMI. In addition, patients with GCE had lower fasting
blood glucose (FBG) concentration, but there was no effect on insulin levels and HOMA-IR.
However, there were significant improvements in SBP, TG level, HDL-C, and TG-to-HDL-C
ratio. GCE supplementation did not affect DBP, LDL-C, or TC, including MDA levels. GCE
significantly decreased the hs-CRP levels in patients with T2D and overweight/obesity.
Therefore, GCE possesses beneficial effects on lipid profile and inflammation in individuals
with T2D and overweight/obesity [183]. Hibiscus sabdariffa polyphenolic extract (HPE)
was analyzed on the T2D rat model. HPE decreased hyperglycemia and hyperinsuline-
mia, including serum TG, cholesterol, and the ratio of LDL-C/HDL-C. Moreover, HPE
significantly reduced the plasma advanced glycation end product (AGE) formation and
lipid peroxidation in T2D rats. Furthermore, HPE inhibits the expression of connective
tissue growth factor (CTGF) and receptor of AGE (RAGE). HPE retrieved the weight loss
found in T2D rats [184]. Extracts of two varieties (red and white) of Hibiscus sabdariffa
(Roselle) calyces were evaluated on carbohydrate hydrolyzing enzymes (α-amylase and
α-glucosidase). The extracts inhibited the α-amylase and α-glucosidase activities in vitro,
but the red variety exhibited higher α-glucosidase inhibitory activity than the white variety,
while the white variety showed higher α-amylase inhibitory activity than the red variety.
Additionally, the red variety possesses higher antioxidant capacity, which appears to be
more potent compared to the white variety [70]. Hibiscus sabdariffa extract (HSE) was
evaluated on the mechanism of adipogenesis and complications of obesity-related insulin
resistance in HFD-induced obese SD rats. HSE reduced food intake, body weight, lipid
profiles, lipid peroxidation, inflammatory cytokines, serum leptin, insulin and duodenal
glucose absorption, while it significantly elevated the glucose uptake of adipose tissue and
muscle. Moreover, HSE prevents lipid accumulation by inhibiting the differentiation of 3T3-
L1 adipocytes through the downregulation of genes involved in adipogenesis [69]. Roasted
mate tea consumption (Ilex paraguariensis) was evaluated on the glycemic and lipid profiles
of patients with T2D or pre-diabetes. Mate tea consumption reduced the levels of fasting
glucose, HbA1c, and LDL-C of T2D patients. However, the consumption of mate tea did not
change the intake of total energy, carbohydrate, protein, cholesterol, and fiber. In addition,
mate tea consumption together with nutritional counseling reduced significantly the levels
of LDL-C, HDL-C, and TG. Therefore, mate tea consumption ameliorated the glucose levels
and lipid profile of T2D patients [77]. Moringa oleifera has beneficial properties to reduce
the risk of chronic metabolic diseases such as T2D. One study investigated capsules of
Moringa oleifera dry leaf powder in subjects with prediabetes for 12 weeks. Moringa oleifera
improved FBG and HbA1c. There were no significant changes in microbiota, hepatic and
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renal function markers, or appetite-controlling hormones, such as glucagon-like peptide
1 (GLP-1), ghrelin, and peptide YY (PYY) [84]. Opuntia ficus-indica var. saboten (OFS)
dried powder extract was investigated using in vitro and in vivo models. OSF inhibited
α-glucosidase activity in vitro and intestinal glucose absorption in db/db mice. In L6 mus-
cle cells, OFS elevated dose-dependent glucose uptake, stimulated AMPK and p38 MAPK
phosphorylations, and increased GLUT4 translocation to the cell membrane. OFS treatment
in db/db mice dose-dependently prevented hyperinsulinemia, hyperglycemia, and glucose
tolerance, including insulin resistance and quantitative insulin sensitivity check index. OFS
ameliorated pancreatic function through elevated β-cell mass in db/db mice [185]. Another
study of Opuntia ficus-indica extract (OFIE) prepared from the cladodes and a proprietary
stem/fruit skin-blend was tested on blood glucose and plasma insulin in normal rats. OFIE
significantly lowered blood glucose levels and significantly elevated basal plasma insulin
levels, suggesting a direct action on pancreatic β-cells [92]. The flowering part of Punica
granatum has been recommended in Unani literature for the treatment of diabetes. Punica
granatum flower extract (PGFE) was analyzed on hyperglycemia in vivo and in vitro. PGF
extract markedly reduced plasma glucose levels (postprandial hyperglycemia) in non-
fasted Zucker diabetic fatty rats (a genetic model of obesity and T2D). In vitro, PGFE had
a potent inhibitory effect on α-glucosidase activity [105]. Salvia miltiorrhiza extract (SME)
was investigated on the expression of VEGF induced by high concentration of glucose in
HMEC-1 cells, in which mitochondrial uncoupling protein 2 (UCP2) was knocked down by
using UCP2 siRNA. HMEC-1 cells with 30 mM glucose resulted in a significant increase
in the expression of VEGF mRNA, and high levels of ROS. SME significantly decreased
VEGF mRNA and ROS formation in HMEC-1 cells with 30 mM glucose. Interestingly,
the knockdown of UCP-2 abolished the reduction in VEGF expression and ROS forma-
tion by SME. Therefore, SME has antioxidant effects and can be used for the treatment
of diabetic chronic vascular complications [109]. The antidiabetic potential of fresh and
shade-dried leaves of Taraxacum officinale was investigated. The extract of shade-dried
Taraxacum officinale leaves demonstrated potent antidiabetic activity in a dose-dependent
manner by targeting α-amylase and α-glucosidase, having great potential to suppress
post-prandial glucose rise and for better management of diabetes [116]. The plant extracts
described in this section have antidiabetic effects because they improve glycemic control
and lipid profile, postprandial hyperglycemia, insulin resistance, inflammatory cytokines,
and oxidative stress in diabetic models. Therefore, their consumption combined with
nutritional intervention could be a good strategy to decrease plasma glucose levels and
lipid parameters in individuals with pre-diabetes and diabetes, which may reduce their
risk of developing metabolic disorders and coronary artery disease (Table 3 and Figure 2).
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7. Plant and Herb Extracts with Antihypertensive Effects

Obesity-associated hypertension is well documented in children and adults and in
both sexes. Excess weight gain (especially increased visceral adiposity) is a major cause
of hypertension and accounts for 65% to 75% of the risk for human primary hypertension
and causes a cascade of associated cardiorenal and metabolic disorders. The mechanisms
involved in obesity-associated hypertension are complex and include [1] physical compres-
sion of the kidneys from excess fat in and around the kidneys, [2] sympathetic nervous
system (SNS) overactivation, [3] activation of the renin–angiotensin–aldosterone system
(RAAS), [4] dysregulation in adipose tissue-secreted cytokines, such as leptin, insulin,
resistance, TNF-α, and IL-6, [5] systemic insulin resistance, [6] endothelial dysfunction,
and [7] structural and functional renal changes. In addition, SNS overactivation promotes
elevations in heart rate, cardiac output, and renal tubular sodium reabsorption, which
occur due to α-adrenergic and β-adrenergic receptor stimulation and indirectly through
activation of other systems (e.g., RAAS) [186,187]. Weight loss is the main goal of reducing
obesity-related hypertension, and current therapeutic approaches address the metabolic
consequences of obesity, including dyslipidemia, inflammation, and diabetes.

The consumption of aged black garlic (ABG) is associated with improvements in
several CVD risk factors. ABG extract along with dietary recommendations was ana-
lyzed on CVD risk factors in subjects with moderate hypercholesterolemia. The use of
ABG extract for 6 weeks reduced DBP, particularly in men with a DBP > 75 mm Hg [188].
Andrographis paniculata extract (APE) was investigated using chronic intraperitoneal in-
fusions by osmotic pumps in spontaneously hypertensive rats (SHRs) and Wistar–Kyoto
(WKY) rats. APE significantly reduced the SBP of both SHRs and WKY rats. Plasma
ACE activity and thiobarbituric acid (TBA) were significantly reduced in SHRs treated
with APE [189]. In a meta-analysis of controlled clinical trials, berry extract from Aronia
melanocarpa (chokeberry) was tested for an average of 6–8 weeks on TC and BP. Daily
supplementation with berry extract significantly reduced SBP and TC, mainly in adults
over the age of 50 years [190]. According to epidemiological studies, green tea (Camellia
sinensis) consumption has protective effects against CVD. Green tea extract (GTE) with Ang
II (induces endothelial dysfunction) were investigated for 13 days on arterial hypertension
with high oxidative stress in male SD rats. GTE blunted the increased BP, LV mass index,
media-to-lumen ratio, and hydroperoxide radicals, including HO-1, p22phox, and SOD-1
mRNA in the aorta caused by Ang II [191]. In a systematic review and meta-analysis
of randomized clinical trials, GTE was analyzed in 20 human randomized clinical trials
comprising 1536 participants. GTE significantly reduced SBP, TC, and LDL-C. Adverse
events reported were elevated BP, rash, and abdominal discomfort [192]. In a crossover
randomized clinical trial, green tea was analyzed on BP, endothelial function, inflammatory
activity, and metabolic profile in obese prehypertensive women. Participants received three
capsules daily containing 500 mg of green tea extract (GTE) for 4 weeks, with a washout
period of 2 weeks between treatments. Each GTE capsule had 260 mg of polyphenols.
After 4 weeks of GTE supplementation, there was a significant reduction in SBP at 24 h,
daytime, and nighttime [193]. The intake of cocoa extract, which consisted of 1.4 g (415 mg
flavanols) before and after 4 weeks of daily intake, was evaluated on postprandial car-
diometabolic effects. The consumption of cocoa extract within an energy-restricted diet
for 4 weeks showed a greater reduction in postprandial AUC of SBP compared to the
control group and independently of body weight loss [41]. Leaf extract of Ginkgo biloba
(Egb761) was investigated on hypertension with hypercholesterolemia-induced renal injury
in rats. Hypertension was caused by L-N(G)-nitroarginine methyl ester (L-NAME), and
hypercholesterolemia was induced by a diet with 1% cholesterol. Egb761 exhibited a
progressive reduction in the SBP, and mean arterial BP. Moreover, Egb761 decreased the
excess of MDA and nitrite levels and recovered the low levels of intracellular reduced
glutathione (GSH) caused by hypertension with hypercholesterolemia in the renal tissue.
Furthermore, hypertension with hypercholesterolemia increased the expression of TNF-α,
IL-6, and IL-1β levels in renal tissues and was inhibited by treatment with Egb761. Chronic
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hypertension with hypercholesterolemia induced the inhibition of endothelial nitric oxide
synthase (eNOS) and activation of inducible NO synthase (iNOS), but Egb761 activated
eNOS and inhibited iNOS in the kidney tissues. Therefore, these findings suggest that
Egb761 protects against hypertension with hypercholesterolemia-induced renal injury [59].
A new component group of Ginkgo biloba leaves (GBLCG), mainly composed of quercetin,
kaempferol, and isorhamnetin, was investigated on reducing BP and ameliorating myocar-
dial hypertrophy in SHRs. Total terpenoid lactones of GBLCG might be a novel cocrystal
composed of Ginkgolide (A, B, C, J) and bilobalide. GBLCG had hypotensive activity and
improved myocardial hypertrophy. These effects could be due to the promoting of NO
synthesis and release in endothelial cells, reducing oxidative stress, and inhibiting platelet
aggregation [194]. Green coffee bean extract (GCE) has protective effects against hyper-
tension in both SHRs and humans. A study investigated the dose–response relationship
of GCE in 117 male subjects with mild hypertension. After 28 days of using GCE, the
decrease in SBP and DBP was statistically significant compared with the placebo group.
Therefore, GCE has antihypertensive effects in patients with mild hypertension [64]. It has
been reported that Hibiscus sabdariffa can reduce BP in human and animal studies. The
extract of the dried calyx of Hibiscus sabdariffa (HS) and Hibiscus anthocyanins (Has) were
investigated on left-ventricular myocardial capillary length and surface area in SHRs. HS
consumption significantly decreased SBP, DBP, and LV mass in a dose-dependent fashion,
but it did not affect the heart rate. HS also significantly increased the surface area and
length density of myocardial capillaries and length density. Myocyte nuclear volume was
reduced in rats with HS. There was an insignificant decrease in SBP and DBP with HA
ingestion. This study showed that HS ingestion improves myocardial capillarization in
SHRs through structural alterations linked to a reduction of myocardial mass and the
promotion of new vessel formation [195]. Hibiscus sabdariffa extract (HSE) was investigated
on RAAS in mild to moderate essential hypertensive Nigerian subjects. After 4 weeks
of treatment with HSE (150 mg/kg/day), the extract significantly (p < 0.001) reduced
plasma aldosterone; meanwhile, serum ACE and plasma renin activity did not change
significantly. The effects observed could be related to the presence of anthocyanins in the
extract [196]. Hibiscus sabdariffa calyces (HSC) extract was analyzed on BP, vascular function,
and other cardiometabolic risk factors in men with 1% to 10% CVD risk. The consumption
of aqueous extract of HSC significantly increased in % flow-mediated dilatation of the
branchial artery, and there was no significant decrease in SBP and DBP, a non-significant
increase in urinary and plasma nitric oxide (Nox) and reduced levels of plasma insulin
and serum glucose, including TG and CRP. There was a significant improvement in the
area under the systemic antioxidant response curve, and consumption of the HSC extract
showed no significant changes in arterial stiffness [197]. HS extract was studied on isolated
mesenteric arteries from normotensive (Wistar and WKY) and SHRs. HS extract caused a
concentration-dependent relaxant effect on mesenteric artery rings of SHRs (EC50 = 0.83
± 0.08 mg/mL), WKY (EC50 = 0.46 ± 0.04 mg/mL) and Wistar rats (EC50 = 0.44 ± 0.08
mg/mL) pre-contracted with phenylephrine (10 μM). HS extract of 2 mg/mL significantly
reduced the peak of the L-type calcium current seen in cardiac myocytes by 24%. HS
extract did not promote a membrane hyperpolarization of smooth muscle cells, which
could suggest an absence of a direct effect on background potassium current. The authors
concluded that HS extract probably implicates a vasorelaxant effect on small resistance
arteries, which does not depend on the endothelium, and the reduction in L-type calcium
current is part of this effect [71]. Nigella sativa seed extract (100 and 200 mg twice a day)
supplement was evaluated in patients with mild hypertension. After 8 weeks, SBP and DBP
values were statistically significantly reduced in a dose-dependent manner. The extract
also caused a significant decline in the level of TC and LDL-C [87]. Platycodon grandiflorus
(PG) is used to reduce inflammation and lower BP in the Chinese population. Platycodon
grandiflorus root was tested for inhibiting Ang II-induced IGF-IIR activation and apoptosis
pathway in H9c2 cells and SHRs. The crude extract of PG significantly inhibited the Ang
II-induced IGFIIR signaling to avoid H9c2 cells apoptosis. PG extract suppressed Ang
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II-dependent JNK activation and SIRT1 degradation to decrease IGF-IIR activity. Addition-
ally, PG maintained SIRT1 stability to improve HSF1-mediated IGF-IIR suppression, which
prevents H9c2 cells apoptosis. In SHRs, PG markedly decreased this apoptotic pathway
in the heart tissues; thus, PG could be considered for the treatment of heart diseases in
hypertensive patients [100]. According to the antioxidant properties of pomegranate, its
peel extract was analyzed for damage related to hypertension and aging in a SHR model.
Pomegranate peel extract showed a significant reduction in SBP and coronary ACE activity.
The extract also reduced superoxide anion levels and vascular wall areas in the coronary
SHRs treated with peel extract. Therefore, this study suggests that pomegranate peel
extract may have beneficial effects on coronary heart disease [106]. Antioxidant properties
related to leaf and root extracts of Taraxacum officinale were investigated in vitro and in vivo.
For the in vivo model, experiments were performed on organ homogenate samples from
L-NAME-induced Wistar rats. The leaf extract of Taraxacum officinale possessed significantly
higher polyphenol and flavonoid, including free radical scavenging activity (EC50 0.37
compared to 1.34 mg/mL) and total antioxidant capacities (82.56% compared to 61.54%
3-ethylbenzothiazoline-6-sulfonic acid: ABTS, and 156 ± 5.28 compared to 40 ± 0.31 ferric
reducing antioxidant power: FRAP). Both extracts significantly increased total antioxidant
capacities (kidney and brain tissues) and reduced MDA levels (heart tissue) [115]. Taken
together, there are several plants and herbs whose extracts have blood pressure-lowering
properties in patients and animal models with hypertension. Therefore, these extracts
could be used as a therapeutic strategy to prevent and treat hypertension-associated obesity
(Table 4 and Figure 2).
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8. Conclusions and Perspectives

Obesity and associated cardiovascular diseases have been recognized as a public health
concern, mainly in countries where its prevalence is alarmingly high. According to the
World Obesity Atlas 2023 estimation, 38% of the global population is currently overweight
or obese. In Mexico, the projected trends in obesity prevalence (BMI ≥ 30 kg/m2) will
be very high by 2035, 47% in adults (https://www.worldobesity.org/resources/resource-
library/world-obesity-atlas-2023, accessed on 28 June 2024). Currently, various agents are
used to prevent or treat obesity and associated metabolic disorders, for instance, lowering
lipids (e.g., statins, inhibitors of enzyme HMG-CoA reductase) and body weight (e.g.,
orlistat, an inhibitor of pancreatic lipase), and common treatment strategies employed for
CVDs include a combination of anticoagulant and antithrombotic therapy such as aspirin,
clopidogrel (tienopyrin), apixaban, dabigatran, rivaroxban and warfarin. Unfortunately, the
use of these medications causes potentially serious side effects, including nausea, vomiting,
flatulence, diarrhea, insomnia, headache, hemorrhagic, and ischemic complications. For this
reason, the World Health Organization (Committee, 1980) recommended the use of herbal
and plant-based medicines. Compared with pharmaceutical agents, herbs and plants extract
offer similar benefits against cardiometabolic risk factors associated with obesity without
the side effects. Herb and plant extracts are rich sources of various nutrients and medicinal
phytochemicals, including vitamins, minerals, carotenoids, fatty acids and esters, oils,
polysaccharides, proteins, polyphenols, fibers, catechins, flavonoids, terpenes, and other
compounds. These bioactive phytochemicals show various beneficial properties against
various human diseases. For example, polyphenols have antioxidant, anti-inflammatory,
antihypertensive, and atherogenic effects, and they can inhibit platelet aggregation and
activation [198], thus having a potential protective role in several diseases such as obesity,
T2D, and cardiovascular disease. Although most herb and plant extracts analyzed in this
review were investigated in vitro and in animal models, further future research studies
in clinical trials are required to confirm the beneficial properties of these herbs and plants
against cardiometabolic risk factors associated with obesity. It is well known that obesity
is associated with processed foods and high-calorie diets, including a sedentary lifestyle.
Therefore, healthcare systems and governments in countries with a current high prevalence
of obesity must encourage people to consume healthy nutrition (vegetables and fruits),
physical activity, and maintain a healthy weight to avoid obesity and CVDs, which are the
main cause of mortality globally. In 2021, CVDs accounted for 20.5 million deaths, of which
around 80% occurred in low- and middle-income countries [199]. Therefore, overall, the
consumption of herbs and plant teas should be recommended as a possible approach to
reduce cardiovascular diseases associated with obesity.
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Abstract: Obesity has become a pandemic, as currently more than half a billion people worldwide
are obese. The etiology of obesity is multifactorial, and combines a contribution of hereditary and
behavioral factors, such as nutritional inadequacy, along with the influences of environment and
reduced physical activity. Two types of adipose tissue widely known are white and brown. While
white adipose tissue functions predominantly as a key energy storage, brown adipose tissue has a
greater mass of mitochondria and expresses the uncoupling protein 1 (UCP1) gene, which allows
thermogenesis and rapid catabolism. Even though white and brown adipocytes are of different
origin, activation of the brown adipocyte differentiation program in white adipose tissue cells forces
them to transdifferentiate into “beige” adipocytes, characterized by thermogenesis and intensive
lipolysis. Nowadays, researchers in the field of small molecule medicinal chemistry and gene therapy
are making efforts to develop new drugs that effectively overcome insulin resistance and counteract
obesity. Here, we discuss various aspects of white-to-beige conversion, adipose tissue catabolic
re-activation, and non-shivering thermogenesis.

Keywords: adipose tissue; adipogenesis; anti-obesity; adipose browning; thermogenesis; transcription
factors; PPAR gamma; phytochemicals; aryl hydrocarbon receptor; endocrine disruptors

1. Introduction

Obesity is excessive fat deposition, the primary cause of which is metabolic imbalance.
According to the World Health Organization reports [1] and latest studies, the number
of individuals with obesity has doubled during the last 30 years; therefore, obesity is
becoming prevalent across continents and diverse ethnic groups [2]. Currently, one in eight
people is obese. Obesity is a major risk factor for type 2 diabetes, which remains among the
leading causes of death and disability [3,4]. During the COVID-19 pandemic, the problem
of the “double burden of disease” has come to the fore: severe acute respiratory infection
emerged as a leading cause of death among patients with obesity and type 2 diabetes [5,6].

From its establishment at the embryonic stage, adipose develops throughout the entire
lifetime of an individual [7]. Abnormal expansion of adipose tissue relative mass results
in pathologies such as obesity and cardiovascular diseases. The etiology of obesity is
multifactorial and combines hereditary factors and the influence of social factors, such as
malnutrition, along with reduced physical activity [8].

Adipose tissues represent a specific kind of connective tissue, considered to be a main
depot for lipid accumulation, and also play a major role in the regulation of systemic
metabolism [9]. Indeed, adipose sequesters the content of low-density lipoproteins, accu-
mulates triglycerides in its lipid droplets, absorbs glucose from the bloodstream, and is
able to transform it into lipids [10]. In addition to its primary function of major energy
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storage, adipose tissue serves as an endocrine organ; it secretes various molecules that
affect systemic responses and metabolism [11].

Earlier, two canonical types of adipose tissue were described: white and brown
adipose [12,13]. Unlike cells of white adipose tissue, brown adipocytes have a greater
mass of mitochondria and express gene coding for uncoupling protein, which allows
thermogenesis and rapid catabolism [14]. Even though white and brown adipocytes are
of different origins, activation of the brown adipocyte differentiation program (e.g., as
a consequence of constant sympathetic stimulation) in white adipose tissue leads to the
appearance of clusters of “beige” adipocytes [15].

During chronic cold exposure, cells of white adipose tissue undergo “beigeing” and
convert into beige adipocytes, characterized by thermogenesis and intensive lipolysis. Vice
versa, during a prolonged positive energy balance, beige adipose can lose its thermogenic
capability and undergo transdifferentiation into white adipose tissue [16,17].

A considerable time has elapsed since it was proposed that beige adipose tissue has
therapeutic relevance [18]. Acknowledging the potential of molecular-based therapies in
the treatment of obesity and associated diseases, we summarize the current knowledge
about white-to-beige adipose conversion, discuss major transcription factors involved in
the process, and focus on small molecules that participate in transdifferentiation, along
with other possibilities to stimulate this conversion.

2. Types of Adipose

Adipose, comprising 20 to 25% of the total body weight in healthy individuals, reaches
a considerable proportion of the body mass. Adipose tissue is composed of numerous cell
types, including mature adipocytes, progenitor cells, stromal cells, and endothelial cells. In
addition, adipose tissue contains a wide variety of immune cells that play a pivotal role in
the homeostasis and normal functioning of adipose tissue [19]. Despite the multiplicity of
cell types, the main cellular component of adipose is adipocytes.

In the early years of study, human adipose tissue was categorized into two func-
tionally diverse types: white and brown adipose [20]. White adipose tissue is the most
abundant type of adipose in adults, and the occurrence of obesity is associated with white
adipose expansion [21]. White adipose tissue (WAT) resides in specific depots in the body,
subcutaneous and visceral, classified based on their localization [22]. By contrast, brown
adipose tissue (BAT) is predominantly present in infants and has a lesser amount in adults,
concentrating mostly in the armpits, and the interscapular and supraclavicular regions [23].
Human brown adipose tissue ensures the survival of neonates during the first weeks after
birth. In contrast to WAT, brown adipose tissue has a characteristic dark coloration due to
the higher concentration of mitochondria. Mature brown adipocytes are characterized by
thermogenin expression (uncoupling protein 1, UCP1). UCP1 is capable of transporting
protons to the matrix without ATP synthesis, which leads to the release of energy in the
form of heat. Since, together with the proton, UCP1 transfers free fatty acids used for
oxidation in mitochondria, an increase in the concentration of free fatty acids leads to a
higher conductance of protons [24]. Thus, BAT has an increased rate of catabolism, which
results in non-shivering thermogenesis, and the body accesses the energy contained in
deposited lipids.

Despite having many similarities in appearance and secretory activity, white and
brown adipose tissues differ radically on the cellular level. In particular, brown adipocytes,
having multiple lipid droplets (multilocular), are morphologically distinctive from unilocu-
lar mature white adipocytes [25]. Moreover, it is widely accepted that brown and white
adipocytes originate from cells of different lineages [26]. While white adipocytes arise
from multipotent progenitor cells expressing the surface marker platelet-derived growth
factor receptor α (PDGFRα) [27], brown adipocytes originate from progenitors that char-
acteristically express myogenic factor 5 (Myf5+), also specific to skeletal muscle cells [26].
However, there is evidence that PDGFRα+ cells participate in the development of both
WAT and BAT [28], as well as that Myf5+ precursors can give rise to a broader group of
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cells than it was thought [29], yet the majority of brown and white adipocytes surely have
distinct origins.

Brown adipose tissue was thought to be absent in adults [30], but with the efforts of nu-
clear medicine, thermogenic adipocytes have been found to be active in some adults [31–34].
According to the latest research, adult BAT is normally activated by cold, has a high preva-
lence without sexual dimorphism, and is negatively related to body fat percentage; however,
it declines with age and BMI [35]. Returning to its protective role, adults with metabolically
healthy overweight or obesity present higher BAT volumes and are more thermogenic
compared with unhealthy obese individuals [36]. Therewith, brown adipose contributes to
the enhanced consumption of glucose [37]. Together with epidemiological studies showing
that the presence of brown adipose tissue correlates with lower levels of type 2 diabetes,
dyslipidemia, coronary heart disease, and hypertension [38], these findings allow us to
embrace the hope of a prospective drug being invented.

For all that, white and brown are not the only types of adipocytes. As was mentioned
above, clusters of another kind of adipocyte tend to appear in white adipose tissue. Cold
acclimation increases non-shivering thermogenesis in brown adipose and induces the
appearance of brown-like loci in white adipose tissue [39,40]. Thermogenic cells isolated
from the murine white fat depots occur as something in between, neither white nor brown,
but “beige” cells, also called brite (brown-in-white) [41]. Similarly to white adipocytes,
beige cells exhibit low basal expression of UCP1, but upon stimulation by cold or other
stimuli, they respond by increasing the respiratory rate and UCP1 expression [42]. Beige
adipocytes originate predominantly from the Myf5-negative lineage, in contrast to brown
adipocytes [43]. It was also revealed that some beige adipocytes have myosin heavy
chain 11 (Myh11), which is a marker of smooth muscle cells [44]. The emergence of
cold-induced thermogenic adipocytes is determined predominantly by white-to-beige
adipocyte transdifferentiation. Thus, the origin of beige adipocytes is close to white, but
their fate is pre-determined by the molecular factors that are able to induce this white-to-
beige conversion.

There is a complex interplay in adipose tissue between adipocytes, their progen-
itors, and, last but not least, resident immune cells [45]. Adipocytes secrete multiple
factors mediating interactions important for immune cells residing in adipose, stimulating
their proliferation and possible interchange [46]. There is clear evidence that immune
cells, such as adipose tissue macrophages and lymphoid cells, can influence metabolic
homeostasis through adipose tissue. For instance, adipose tissue macrophages originate
from yolk sac progenitors, self-renew, and become permanently resident for the rest of
life [47]. Macrophages are pivotal in obesity-associated inflammation and metabolic dis-
eases. Adipose tissue macrophages secrete small extracellular vesicles able to improve
glucose tolerance and increase insulin sensitivity in adipocytes, myotubes, and primary
mouse and human hepatocytes [48].

Moreover, it was revealed that another group of cells arising during fetal development
from the yolk sac, innate lymphoid cells (ILC2s) [49], could promote the beigeing process
in WAT [50]. It is likely that decreased ILC2 responses in human WAT is a conserved
characteristic of obesity. Interleukin IL-33, critical for the maintenance of ILC2s in WAT,
was associated with the recruitment of uncoupling protein 1 (UCP1)+ beige adipocytes in
WAT. IL-33-induced beigeing was connected to the production by ILC2s of methionine-
enkephalin peptides, which act directly to upregulate Ucp1 gene expression in adipocytes
and promote beigeing in vivo [50].

Other circulating factors, such as myokines FGF21 [51], BMP7 [52,53], and exercise-
induced irisin [54], are known to trigger the beigeing of WAT as well. The fact is that
these molecules are also normally produced by adipose tissue and act in an autocrine
manner [55–57]. There is also experimental proof that ILC2s residing in WAT produce
BMP7 and are able to induce the white-to-beige transdifferentiation of adipose [58].
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The present section highlights aspects related to the cellular mechanisms substantial
for the normal functioning of adipose tissue, in this way determining molecular factors
that can trigger white-to-beige transdifferentiation of adipose.

3. Transcriptional Events behind Adipogenesis

Adipocyte differentiation, also known as adipogenesis, is the process by which fibroblast-
like precursor cells (preadipocytes) transform into mature differentiated adipocytes under
the influence of adipogenic stimuli such as insulin and glucocorticoid agonists. This process
may be significantly affected by an individual’s genetic background and by specific small
molecules, such as pharmaceuticals, phytochemicals, and pollutants.

Excessive fat accumulation is connected with both hypertrophy (an increase in adipocyte
size) and hyperplasia (an increase in adipocyte numbers) and develops as a result of pos-
itive energy balance and the rate of adipocyte differentiation. The state of equilibrium
between differentiated adipocytes and stromal precursor cells in adipose tissue is regu-
lated by the zinc finger cell fate regulator Zfp521 [59]. Zinc finger protein Zfp423 influ-
ences both the early determination of preadipocytes and the terminal differentiation of
adipocytes [60–62]. During differentiation of preadipocytes, Zfp423 controls the expres-
sion of key adipogenic regulators peroxisome proliferator-activated receptor γ (PPARγ)
and CCAAT-enhancer-binding protein α (C/EBPα) [62,63]. However, in mature white
adipocytes, Zfp423 maintains an energy-storing phenotype by suppressing the thermogenic
gene program [64].

In response to adipogenic stimuli, transcription factors that regulate the expression of
numerous genes involved in adipocyte differentiation are activated. The transcriptional
cascade that controls differentiation has been studied extensively [12,65]. Transcription
factors determine cell fate by regulating the expression of multiple genes, including genes
coding for other transcription factors that determine subsequent specialization.

It was shown that the process of adipogenesis is tightly regulated by the coordinated
actions of transcription factors and epigenetic regulators that determine cell fate. The
peroxisome proliferator-activated receptor γ and CCAAT-enhancer-binding protein α are
the main adipogenic transcription factors [66].

In recent years, numerous transcriptional and epigenetic regulators of adipogenesis
have been identified in multiple studies [67]. Based on the composition of transcription
complexes involved in the process and the genes they control, the adipogenic cascade is
divided into two main sequential “waves” that drive the adipogenic program [68]. The “first
wave” is triggered by adipogenic stimuli and includes factors such as C/EBPβ and C/EBPδ,
Krüppel-like factors (KLFs), and CREB (cAMP-responsive element-binding protein). The
transcription factors of the “first wave” induce the expression of the “second wave” factors,
C/EBPα and PPARγ, which in turn cooperatively bind the regulatory sequences and control
the expression of adipocyte-specific genes [69].

CCAAT/enhancer-binding protein β (C/EBPβ) plays an important role in the initi-
ation and regulation of adipogenesis, acting as an early transcription factor that triggers
the cascade of gene expression that is necessary for adipocyte differentiation. C/EBPβ
activation is regulated by several signaling pathways, including the mitogen-activated
protein kinase (MAPK) and the glycogen synthase kinase 3β (GSK3β) pathways [70]. Glu-
cocorticoids are another important regulator of C/EBPβ. They enhance the acetylation of
C/EBPβ, which increases its transcriptional activity. This effect is mediated through the
interaction of C/EBPβ with acetyltransferases like p300/CBP-associated factor (PCAF) [71].
Upon activation, C/EBPβ upregulates the expression of genes of the “second wave” like a
peroxisome proliferator-activated receptor gamma (PPARγ), C/EBPα, and others [72].

Another member of the C/EBP family of transcription factors, C/EBPδ, plays a
significant role in adipocyte differentiation. Together with C/EBPβ, induction of C/EBPδ
expression occurs at the early stages of adipocyte differentiation. Moreover, C/EBPβ
and C/EBPδ have a synergistic role in adipocyte differentiation both in vitro and in vivo.
Primary embryonic fibroblasts from both C/EBPβ (−/−) and C/EBPδ (−/−) mice were
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not able to differentiate into mature adipocytes and lacked the capacity to express PPARγ
and C/EBPα [73].

Our previous study revealed another transcription factor that negatively controls
the adipogenic differentiation. The knockdown of Prep1 gene expression was shown to
affect the conversion of murine preadipocytes from the 3T3-L1 cell line into adipocytes [74].
Decreased expression of Prep1 resulted in enhanced adipogenic differentiation and a
significant increase in the insulin-sensitive glucose carrier Glut4 gene expression [75].
Prep1 downregulation resulted in a significant improvement in the ex vivo adipogenic
differentiation of both adipose-derived mesenchymal stromal cells (MSCs) [76] and bone
marrow-derived MSCs [77]. Presumably, the absence of Prep1 increased the binding of
C/EBPβ to chromatin, as it did not affect the C/EBPβ level nor phosphorylation in 3T3-L1
cells [77]. Single cell transcriptomics revealed the increase in cells with the Brown Fat Cell
Differentiation pattern of gene expression in hypomorphic Prep1i/i mice suggesting that a
lower dosage of Prep1 results in adipose “browning” in vivo [78].

The “first wave” of the adipogenic cascade also includes Krüppel-like factors that
are involved not only in adipogenesis but also in the processes of cellular growth and
apoptosis. KLFs are characterized by their ability to bind to CACCC-box and GC-rich
regions of DNA, through which they regulate the transcription of target genes. Several
KLFs are known for their ability to promote adipogenesis. For example, KLF4 is induced
by cAMP and promotes adipogenesis by controlling C/EBPβ expression [79]. KLF5 facil-
itates adipogenesis through the activation of main adipogenic transcription factors such
as PPARγ and C/EBPα [80]. KLF6 promotes preadipocyte differentiation (Figure 1) by
repressing a gene coding for preadipocyte factor named Delta-like 1 (Dlk1, or Pref1), which
is a well-known autocrine suppressor of adipogenesis [81]. On the other hand, several
KLF factors suppress adipogenesis: KLF2 inhibits the Pparg gene expression [82], KLF3
represses the transcription of C/EBPα by recruiting C-terminal binding protein (CtBP)
corepressors [83], and KLF7 inhibits adipogenesis by decreasing the expression of both
PPARγ and C/EBPα [84]. Importantly, there is a member of the KLF family, KLF11, that acts
specifically to promote white-to-beige transdifferentiation by altering the “superenhancers”
bound by PPARγ towards the set selective for beige adipocytes [85].

Figure 1. The scheme of adipocyte differentiation.

There were ~12,000 transcription factor hotspots identified in the early phase of adipo-
genesis, characterized by simultaneous and sequential binding of transcription factors [86].
These hotspots are highly enriched in superenhancer regions (expanding to several kilo-
bases) that drive the adipogenic reprogramming of gene expression. Specifically, it was
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revealed that the binding of transcription factors to these superenhancers defines the pro-
cess of white-to-beige transdifferentiation [85]. Apparently, the role of superenhancers in
adipose beigeing highlights the importance of the mediator complex. Superenhancers are
characterized by the immense binding of Mediator subunit 1 (MED1). Although MED1
is not required for the survival of embryos or for the proliferation of embryonic stem
cells, it fulfills essential roles during the terminal differentiation of adipocytes. Ablation
of MED1 leads to defects in the development of both brown and white adipocytes and
lipodystrophy [87].

Cyclin C (CCNC) is one of the subunits of the Mediator complex, which has demon-
strated its importance for adipogenic regulation. CCNC deficiency impaired the prolif-
eration of brown fat progenitors during embryogenesis. But its ablation did not affect
either brown adipogenesis or cell death. Moreover, the deficiency of CCNC was shown
to reduce the accumulation of lipids in differentiated brown adipocytes age-dependently.
CCNC in adipocytes is required for lipogenic gene expression through the activation of the
C/EBPα/GLUT4/ChREBP axis [88].

CREB-TF (CREB, cAMP response element-binding protein) is a transcription factor
that binds to cAMP response elements, specific DNA sequences found upstream of genes
induced after cAMP elevation. Activation of CREB is predominantly mediated by the
cAMP signaling pathway. Once activated, CREB promotes adipogenesis by enhancing
the transcription of C/EBPβ by binding to its promoter [89]. Moreover, CREB activation
is both necessary and sufficient to initiate adipogenesis in the 3T3-L1 model cell line of
preadipocytes. CREB expression is stimulated by several adipogenesis-inducing agents,
such as insulin, dexamethasone, and dibutyryl cAMP. In addition to C/EBPβ, CREB directly
binds to the promoters of adipocyte-specific genes such as peroxisome proliferator-activated
receptor gamma 2 (PPARγ2, the shorter isoform of PPARγ) and fatty acid-binding protein
4 (FABP4) [90]. Depletion of CREB and its closely related ATF-1 (Activating Transcription
Factor 1, cyclic AMP-dependent transcription factor) expression in 3T3-L1 preadipocytes
leads to their inability to differentiate into mature adipocytes [91].

The “second wave” of differentiation includes major factors such as PPARγ and
C/EBPα. It is widely accepted that the main role in the execution of an adipogenic pro-
gram belongs to the nuclear receptor PPARγ. Its expression is a necessary and sufficient
requirement for differentiation towards the mature adipocyte state [92]. Ectopic expression
of PPARγ is sufficient to induce adipocyte differentiation in fibroblasts, and so far, no
transcription factor has been identified that is able to promote adipogenesis in the absence
of PPARγ [93,94]. Furthermore, PPARγ not only triggers adipocyte differentiation but also
modulates the metabolic functions of mature adipocytes. It plays a crucial role in lipid
uptake and storage, and its activity is modulated by various post-translational modifica-
tions, which affect its stability and interaction with coactivators and corepressors. Upon
activation, PPARγ forms heterodimers with the retinoid X receptor (RXR) and binds to
specific DNA sequences known as peroxisome proliferator response elements (PPREs)
within the regulatory regions of target genes. It upregulates the expression of key transcrip-
tion factors such as C/EBPα (CCAAT/enhancer-binding protein alpha) and C/EBPβ, which
initiate the differentiation cascade. In addition, PPARγ directly stimulates the expression
of adipocyte-specific genes, including those of adiponectin, leptin, and fatty acid-binding
protein 4 (FABP4) [95]. These genes are essential for lipid transport and accumulation,
regulation of homeostasis, systemic insulin sensitivity, and adipocyte function. More than
60% of the genes upregulated during the process of adipogenesis have binding sites for
both PPARγ and C/EBPα within 50 kb of the transcription start site [96]. It was defined that
the total number of PPARγ-binding sites exceeds 52,000, of which 4439 were attributed
either to white or beige adipocytes (2228 white-selective and 2211 beige-selective) [85].

Although PPARγ has an effect on the expression of a large number of genes, much
attention has been paid to the study of the interaction between PPARγ and the transcrip-
tional regulator PR domain-containing protein 16 (PRDM16). PPARγ directly recruits
PRDM16 to form a transcriptionally active complex that triggers a browning program
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in WAT. PPARγ also recruits other factors such as Histone-lysine N-methyltransferase
(EHMT1) and Early B-cell factor (EBF2) that can be present in the PPARγ/PRDM16 com-
plex and enhance its function [97]. Transcriptional complexes formed by PPARγ with
PRDM16, EBF2, and EHMT1 determine the beigeing of white adipose tissue, and maintain
the unique functions of adaptive thermogenesis and energy homeostasis controlled by the
PPARγ/PRDM16/PGC1α complexes in the brown/beige cells.

PRDM16 plays a pivotal role in the determination and differentiation of brown and
beige adipocytes. During transdifferentiation of myoblasts into brown adipocytes, PRDM16
serves as a molecular switch, and its PR domain determines alterations in CpG methylation
of myogenic factors [98]. PRDM16 enhances transdifferentiation into BAT by interacting
with PPARγ and activating its transcriptional function. Loss of PRDM16 expression in
BAT precursors promotes muscle differentiation [26]. PRDM16 expression in subcutaneous
white adipocytes is a determinant of a brown fat-like gene program and thermogenesis in
these tissues [99]. The Prdm16 gene is required in young mice to suppress the expression
of white adipocyte-selective genes in BAT through recruitment of the histone methyl-
transferase Ehmt1 (G9a-like protein), the enzyme that provides repressive modifications
of chromatin [100]. Loss of EHMT leads to a brown fat deficiency and induces muscle
differentiation in vivo through demethylation of histone 3 lysine 9 of the muscle-selective
gene promoters [97]. In order to ensure the induction of browning, PRDM16 should form a
transcriptional complex with C/EBPβ. This complex enhances the function of C/EBPβ
as a transcriptional activator, inducing the expression of other transcription factors and
coactivators, such as PPARγ and PGC1α [101]. As well, PRDM16 physically binds to MED1
(Mediator Complex Subunit 1) and recruits it to PPARγ superenhancers at beige-selective
genes [102]. Other proteins can regulate PRDM16 stability. For example, in [103], it was
demonstrated that the CUL2–APPBP2 ubiquitin E3 ligase complex catalyzes the polyu-
biquitination and degradation of PRDM16 protein. Inhibition of this complex extends the
PRDM16 protein half-life and stimulates adipocyte browning. On the other hand, CBX4
(Chromobox 4), a polycomb group protein, is a SUMO E3 ligase for Prdm16 [104]. An
increased expression level of CBX4 in adipose tissue during cold exposure leads to sumoy-
lation of Prdm16 at the lysine 917 residue and thus blocks its ubiquitination-mediated
degradation. Regulating the interaction between PRDM16 and PPARγ is one of the ways for
cells to enhance or suppress a WAT browning. Qi-Xiang Ma and colleagues showed [105]
that knockout of Bcat2 (Branched Chain Aminotransferase 2) leads to an increase in inguinal
WAT browning and thermogenesis through the suppression of acetylation of PRDM16 at
K915. This modification disrupts the interaction between PRDM16 and PPARγ. PexRAP is
a peroxisomal lipid synthetic enzyme interacting both with PPARγ and PRDM16 that can
disrupt the PRDM16-PPARγ complex [106]. Transcription factor Hlx (H2.0-Like Homeobox)
through Prdm16-mediated co-activation drives WAT browning [107]. It was described that
Prdm16 interacts with the transcription factor Hlx, which increases the expression of genes
specific to thermogenic adipocytes by stabilizing Prdm16 in response to β3-adrenergic
signaling. Hlx is involved in the regulation of white adipose tissue beigeing, and may be
seen as a possible molecular target.

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) is
a key regulator of energy metabolism in a cell. PGC-1α is activated by the action of
the cAMP signaling pathway (PKA-p38/MAPK) and physically interacts with PPARγ,
PPARα, and other nuclear factors. PGC-1α influences genes related to energy metabolism,
including mitochondrial biogenesis, oxidative phosphorylation, and gluconeogenesis, and
it is expressed mostly in tissues that require an elevated amount of energy. Adipose-specific
overexpression of PGC-1α promotes the browning of white adipose tissue and enhances
mitochondrial biogenesis and respiration [108].

EBF2 is a member of the early B-cell factor family of transcription factors and is
known to play critical roles in B-cell development, neuronal development, and immune
cell function. Several studies have highlighted the importance of EBF2 in adipocyte differ-
entiation [109,110]. EBF2 is highly expressed in brown adipose. It has been demonstrated
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that EBF2 promotes the expression of genes associated with mitochondrial biogenesis
and thermogenesis (UCP1). Suzanne Shapira and her colleagues demonstrated that EBF2
functions as a transcriptional activator of the histone acetylation and methylation reader
DPF3 (double PHD fingers 3), which recruits the BAF chromatin remodeling complex to
brown adipocyte-specific gene promoters [111]. This mechanism leads to the induction
of brown adipocyte genes’ expression and the acquisition of a brown-like phenotype in
white adipocytes. Additionally, EBF2 binds to PPARγ target genes, reprogramming cells to
brown adipocytes when expressed in myoblasts [110]. Both EBF1 and EBF2 cooperate with
estrogen-related receptor α and PGC-1 α to promote Ucp1 transcription [112].

It is known that members of the forkhead box factors (Fox) family are largely in-
volved in adipose tissue functioning. In particular, the main intracellular target of insulin
signaling, FoxO1, inhibits the expression of UCP1 [113]. In a quite recent study, it was
demonstrated that hepatic FoxO1 suppresses systemic Fgf21 secretion, promotes the whiten-
ing of brown/beige adipose tissue, and impairs glucose metabolism [114]. Most recently, an
in vivo study utilizing post-developmental adipose-specific conditional deletion of FoxO1
in mice showed an increase in lineage plasticity and adipose browning [115]. Another mem-
ber of the forkhead box family, FoxP1, inhibits brown/beige adipocyte differentiation and
thermogenesis by repressing the transcription of the β3-adrenergic receptor (β3-AR) [116].

Conversely, FoxA3 contributes positively to adipocyte differentiation, modulating
PPARγ expression both in vitro and in vivo [117]. Lately, it has been shown that FoxP4 is
expressed in adipose tissue and directly regulates the UCP1 expression level via binding to
the response element upstream of the UCP1 transcription start site [118]. The binding sites
of FoxP4 were also identified upstream of the promoter region of the Ppargc1a gene, which
codes for PGC1α [119]. Importantly, the FoxP4 level correlates with the expression level of
such BAT marker genes as PRDM16, PGC1α, and Elovl3 [119].

Cell death-inducing DNA fragmentation factor-like effector A (CIDEA) is a member
of the CIDE family of proteins, which are characterized by the presence of a conserved
CIDE-N domain. In adipocytes, CIDEA is a protein associated with lipid droplets that
promotes lipid droplet fusion in brown adipocytes [120]. In beige adipocytes, CIDEA
transcriptionally regulates UCP1 by inhibiting LXRα repression of UCP1 enhancer activity
and increasing PPARγ binding to the UCP1 enhancer [121].

Understanding the role of miRNAs in transcriptional regulation of adipocyte browning
could offer new opportunities for drug development.

Some miRNAs serve as positive regulators of browning. miR-455 promotes brown
adipocyte differentiation and thermogenesis by activating AMPKα1 and targeting adi-
pogenic suppressors Necdin and Runx1t1 [122]. Runx1t1 is also the target for another
miRNA—miR-193b [123]. Overexpression of miR-30b/c stimulates UCP1 expression
through the suppression of transcriptional corepressor receptor-interacting protein 140
(Rip140) [124] and mediating PPARγ activity [125]. Transducer of ErbB-2.1 (Tob1) repres-
sion by miR-32 results in increased serum Fibroblast Growth Factor 21 (FGF21) levels that
stimulate browning of scWAT in the response to prolonged cold exposure [126]. Inhibition
of miR-182 or miR-203 results in a reduction in brown adipocyte marker mRNAs, such as
Ucp1, Pgc1a, Cidea, and Ppara [127]. The expression of miR-129 results in an increase in
UCP1 expression through the targeting of its inhibitors—Igf2 (insulin-like growth factor 2)
and Egr1 (Early growth factor response 1) [128]. MiR-669a-5p mimic significantly enhances
the expression of Pgc-1α and Ucp1 in 3T3-L1 cells and promotes adipogenic differentiation
of C3H10T1/2 cells [129].

Other miRNAs act as negative regulators of browning. Overexpression of miR-27
in brown preadipocytes suppresses the expression of Prdm16, Ucp1, Creb, and Pparα by
targeting the 3′ UTR of Prdm16 and Pparα [130]. miR-34a attenuates FGF21 signaling
through the downregulation of FGFR1 and SIRT1 that increases PGC-1α acetylation, which
results in the suppression of PGC-1α activity [131]. miR-155 suppresses the development of
adipogenic and thermogenic programs by targeting Cebpβ [132]. miR-133 downregulates
PRDM16 expression, thereby suppressing the brown fat differentiation and browning [133].
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Inhibition of miR-143-3p protected against the development of insulin resistance by tar-
geting insulin-like growth factor 2 receptor (IGF2R) [134]. MiR-93 serves as a negative
regulator of adipogenesis by targeting transcription factor T-box 3 (Tbx3) and Sirtuin-7
(Sirt7) [135]. MiR-378 has a dual role as an inhibitor of browning and as positive regulator
of BAT [136].

Summarizing the description of transcription factors involved in adipogenesis and
WAT browning, it can be concluded that increased activation and expression of genes in-
volved in thermogenesis, the specific transcriptional pattern of brown and beige adipocytes,
is an important feature of browning in WAT. This pattern includes PPARα and PPARγ, as
well as their coactivators PRDM16 and PGC1-α, CIDEA, and major functional proteins
such as type II iodothyronine deiodinase (DIO2) and uncoupling protein 1 (UCP1). Most
of the chemicals that affect the process of transdifferentiation act upon the transcription
factors involved in the white-to-beige adipose conversion.

4. Small Molecule Compounds and Dietary Molecules

Reprogramming of adipose cells using small molecules that act upon (activate or
inhibit) molecular targets involved in BAT biogenesis is a simple, noninvasive interven-
tion technique that is currently being actively studied [137]. This approach enables an
opportunity to counteract obesity and related diseases such as type 2 diabetes mellitus,
hyperlipidemia, dyslipidemia, cardiovascular disease, etc. With the use of small molecules,
not only adipocytes but also fibroblasts [138], endothelial cells [139], and myoblasts [140]
can be transformed into beige adipocytes.

Here, we provide a brief retrospective of the small molecules that induce adipose
tissue browning via their effect on the respective transcription factors.

4.1. PPARs

PPARγ is able to bind numerous compounds, including its natural ligand (15-deoxy-
Δ12,14 prostaglandin J2) and synthetic anti-diabetic thiazolidinediones; this binding pro-
motes heterodimerization of PPARγ with RXR and activation of PPAR-dependent genes.
Full agonism of PPARγ ligands has been shown to activate the brown adipose transcrip-
tional program in subcutaneous white adipose tissue [141]. However, due to the specific
structure of the ligand-binding site, PPARγ is able to interact both with synthetic lig-
ands, such as rosiglitazone and pioglitazone, and many natural compounds (with lower
affinity), including the flavonoids quercetin [142], kaempferol [143], and carotenoid ly-
copene [144,145]. The effects of the above substances include activation and upregulation
of PPAR-dependent genes in various cell types: macrophages, salivary gland cells, prostate
tumor cells, and adipose tissue.

Synthetic PPARγ activators, in particular rosiglitazone (Figure 2), increase the expres-
sion levels of brown adipocyte-specific genes (UCP1, CIDEA, ELOVL3, and DIO2) in white
adipocytes via SIRT1-, PRDM16-, C/EBPα-, and PGC1α-mediated mechanisms [85]. In [85],
using human white adipocytes (human multipotent adipose-derived stem (hMADS) cells)
in vitro, it was demonstrated that once induced, the expression of brown adipocyte marker
genes is maintained for a period up to one week independently of continued rosiglitazone
administration; hence, the compound administration switches on a stable beige adipocyte
gene program. However, browning induced by thiazolidinedione treatment in vivo was
not associated with increased energy expenditure or weight loss [146].

Recently, dual PPARα/γ activation was described, which also promotes browning of
adipose tissue in vivo and is superior to selective PPARγ activation due to a concomitant
PPARα-mediated upregulation of fibroblast growth factor 21 (FGF21), which also plays an
important role in adipogenesis. The most active substance of dual PPARα/γ activators,
tesaglitazar, increased the UCP1 expression level in mouse preadipocytes (up to 1700-fold)
and adipocytes (up to 80-fold). Two-week long in vivo experiments proved that tesaglitazar
treatment resulted in an increase in Ucp1, Pgc1a, and Cidea mRNA levels in WAT and,
most importantly, in increased energy expenditure in contrast to rosiglitazone treatment.
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Additional benefits of tesaglitazar treatment were increased insulin sensitivity, improved
dyslipidemia (2-fold reduction in both plasma triglycerides and total cholesterol levels),
and improved hepatic steatosis (liver triglyceride content reduced by more than 80% in the
high-dose tesaglitazar group compared to controls) [147].

Figure 2. Chemical substances that affect white-to-beige adipocyte conversion.

It is worth noting that PRDM16 knockout significantly inhibited rosiglitazone-induced
browning and completely abolished rosiglitazone-induced increases in uncoupled respi-
ration in adipocytes. Rosiglitazone significantly increased PRDM16 protein levels in vivo
both in BAT and inguinal WAT from wild type mice, and from PRDM16 transgenic mice in
contrast to a non-significant or no effect on PRDM16 mRNA levels. Therefore, rosiglitazone
revealed itself to be a potent stabilizer of the PRDM16 protein [141].

Sesaminol, a lignan extracted from the seeds of sesame (Sesamum indicum), increased
expression levels of Ucp1, Fabp4, and Pparγ, and mitochondrial-specific genes such as
Cidea, Pgc1α, Pparα, Cox8b, and Dio2 in mouse primary white adipocytes in vitro. In vivo
intraperitoneal administration of sesaminol promoted the formation of multilocular lipid
droplets, reduced the size of lipid droplets, and reduced the lipid content by ~43% in the
adipose tissue of mice. Sesaminol also increased the expression levels of BAT-specific genes
Cidea (~4-fold), Elovl3 (~7-fold), and Ucp1 (~6.5-fold). The BAT tissue of sesaminol-treated
mice demonstrated ~1.5× higher rates of basal respiration compared to the untreated
control animals. In high-fat diet (HFD)-fed mice, sesaminol treatment decreased weight
gain by ~6% as compared to HFD control mice and enhanced glucose clearance and insulin
sensitivity [148].
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4.2. PRDM16

L-Theanine is a nonproteinogenic amino acid, a component of green tea (Camelia
sinensis) extract, able to promote the browning of WAT by enhancing adaptive thermo-
genesis and increasing the expression of thermogenic genes such as Prdm16 and Ucp1.
Treatment of the C3H10T1/2 cell line with L-theanine in vitro induced upregulation of
Prdm16, PGC1a, and Ucp1 in a dose-dependent manner. This process is mediated through
the AMPK/α-Ketoglutarate/PRDM16 axis.

In vivo, L-theanine increased the oxygen consumption rate and, consequently, en-
hanced mitochondrial function in WAT compared to mice in the control group. L-theanine
induced the expression of the brown fat-specific genes in inguinal WAT (iWAT), epidydimal
WAT (eWAT), and BAT and increased the protein levels of Prdm16, Ucp1, and PGC1α,
according to immunoblotting results. In HFD-fed obese mice, L-theanine induced about
a two-fold reduction in iWAT and eWAT tissue weight and, consequently, reduced body
weight gain. L-theanine-treated mice also exhibited improved glucose tolerance and insulin
sensitivity [149]. It is worth noting that PRDM16 knockout abolished L-theanine-induced
BAT-specific gene overexpression in vitro and resulted in impaired cold tolerance both
in L-theanine-treated and control mice in vivo [149]. Administration of L-theanine also
increases energy expenditure, improves glucose tolerance, and enhances insulin sensitivity
in mice [149].

Bexarotene (Bex) is a specific agonist of retinoid X receptors (RXR), which act down-
stream of PPARγ in adipogenesis. In vitro, Bex induced expression of brown adipocyte-
specific genes, including Pparg, Prdm16, Ppargc1a, and Ucp1, and promoted brown adi-
pogenic differentiation in C2C12 cells. At the same time, HX531 (an antagonist of RXR)
inhibited both basal and Bex-induced brown adipogenic differentiation in C2C12 cells.
In vivo, Bex at 50 mg/kg/day was orally administered to mice for 4 weeks along with a
high-fat diet. Bex upregulated Ucp1, Ppargc1a, Prdm16, Ppara, Pparg, and Ppard in the adi-
pose tissue of mice. Bex treatment reduced body weight gain in comparison with HFD-fed
control mice despite similar food consumption, suggesting that Bex likely increases energy
expenditure; moreover, Bex increased heat production and improved glucose sensitivity
and insulin resistance, and enhanced cold tolerance [140].

Dietary long-chain omega-3 polyunsaturated fatty acids (PUFAs), in particular eicos-
apentaenoic acid (EPA), which is the main compound of fish oil, have an anti-inflammatory
bioactive effect and potentially induce browning of adipose tissue [150]. It was shown that
EPA upregulates browning markers such as PGC1α and PRDM16 in a UCP1-independent
manner [151–153]. Administration of EPA to WT and UCP-1 knockout mice resulted in
improvements in insulin resistance and inflammation; however, EPA did not affect body
weight or adiposity [151].

4.3. SIRT1/AMPK/PGC1α Axis

Curcumin is a natural curcuminoid of turmeric (Curcuma longa), which is safe and
tolerable even at high doses (12 g/day) in humans [154]. Curcumin displays beneficial
health effects, prevents weight gain, and is related to obesity and inflammation in animal
models [155]. In vitro, curcumin significantly increased the expression of brown fat markers
(PGC-1α, PPARγ, and UCP1) in 3T3-L1 cells and primary white adipocytes in a dose-
dependent manner. Curcumin treatment enhanced mitochondrial biogenesis: the density
of mitochondria and, moreover, mRNA and protein levels of PGC-1α, a key player in
mitochondrial biogenesis, were markedly elevated. Curcumin treatment increased both
total AMPK and phosphorylated AMPK levels; therefore, the authors hypothesized that
curcumin induces browning via the AMPK-mediated pathway. This hypothesis was proved
in an experiment with the treatment of adipocytes with AICAR (an activator of AMPK) and
dorsomorphin (an inhibitor of AMPK). Dorsomorphin treatment abolished overexpression
of UCP1, PRDM16, and PGC-1α, while the activator AICAR treatment resulted in elevated
expression of these brown marker proteins [156]. In vivo, curcumin induced the expression
of a number of brown fat-specific genes in iWAT, including Ucp1, Ppargc1a, Prdm16, Dio2,
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Ppara, and Cidea, and increased mitochondrial biogenesis as determined by mtDNA copy
number. Curcumin reduced weight gain in C57BL/6 mice but did not affect food intake, i.e.,
increased energy expenditure. Curcumin-treated mice exhibited increased cold tolerance
compared with control mice [154,157].

Medicarpin is a natural pterocarpan found in Swartzia madagascariensis and Med-
icago truncatula [158], which demonstrates different biological effects, including stimu-
lation of bone regeneration, inhibition of osteoclastogenesis, and induction of apopto-
sis [159]. In vitro medicarpin treatment increased brown- and beige-fat marker expression
in C3H10T1/2 cells, including Ucp1 (2.6-fold), Ppargc1a (4.5-fold), Prdm16 (2-fold), Ppara
(2.3-fold), Cidea (1.9-fold), and Elovl3 (4.8-fold). Medicarpin significantly increased the
expression of certain mitochondrial genes (Cox7a, Cox8b, Tfam, and key mitochondrial
biogenesis marker Sirt1 (four-fold)) and increased mitochondrial mass compared to rosigli-
tazone. Medicarpin treatment induced AMPKα activation in a dose-dependent manner. To
confirm the mechanism of medicarpin action via AMPK, a specific AMPK inhibitor, dorso-
morphin, was used that abrogated medicarpin-mediated upregulation of Pparc, Prdm16,
Ppargc1a, and Ucp1 [160].

Palmitoylethanolamide (PEA) is a natural endocannabinoid-like lipid mediator, an
amide of palmitic acid. PEA has been shown to promote the conversion of white adipose
tissue to beige. PEA is able to restore sensitivity to leptin and tissue hormones [161].
The activity of PEA evaluated in 3T3-L1 cells showed increased expression of such genes
specific for thermogenic adipocytes as Ucp1, Ppargc1a, Prdm16, and Cox8b. Leptin and
adiponectin levels increased after PEA treatment, along with decreased secretion of the
proinflammatory cytokines IL-6 and TNF-α [161].

Caffeine, often consumed in combination with other related compounds such as
catechins, theobromine, and quercetin, promotes the browning of white adipocytes by
upregulating the expression of brown adipocyte-specific genes and inducing lipolysis.
Treatment of differentiated 3T3-L1 cells with caffeine and catechins results in suppression
of lipid accumulation coupled by enhanced expression of genes coding for PPARγ, GLUT4,
HSL, UCP1, and TMEM26 [162]. In addition, caffeine was shown to inhibit 3T3-L1 differ-
entiation by disrupting mitotic clonal expansion in 3T3-L1 preadipocytes and inhibiting
AKT/GSK3β signaling in differentiating 3T3-L1 preadipocytes [163]. Caffeine was able to
promote Ucp1 gene expression and enhance mitochondrial biogenesis in mouse mesenchy-
mal stem cells [164]. In vivo studies demonstrate that caffeine consumption upregulates
the expression of genes coding for UCP1, UCP2, and UCP3 in BAT and UCP2 and UCP3 in
skeletal muscle, thereby promoting thermogenesis in obese yellow KK mice [165]. Ingestion
of 4.5 mg·kg−1 of caffeine raises 3 hr postexercise energy expenditure by up to 15% [166].
Theobrownin (TB) is a main active ingredient found in pu-erh tea (Camelia sinensis), which
stimulates lipid metabolism and, as such, contributes to body weight reduction [167]. It
was shown that TB regulates lipolysis in rats and prevents the increase in serum cholesterol
levels in rats on a high-fat diet [168].

Theobromine, a methylxanthine derived from cocoa beans, is known for its various
health-promoting properties. Theobromine suppresses adipocyte differentiation by causing
the degradation of the C/EBPβ protein through the ubiquitin-proteasome pathway. This
process is mediated by the interaction with adenosine receptor A1 (AR1) and increased
sumoylation of C/EBPβ [169]. Moreover, theobromine inhibits lipid accumulation and
the expression of PPARγ, C/EBPα, aP2, and leptin in 3T3-L1 cells. Disruption of 3T3-L1
differentiation by theobromine is carried out through the AMPK and ERK/JNK signaling
pathways [170]. In vivo administration of theobromine in HFD-fed mice leads to increased
expression of key browning markers such as PRDM16 and UCP1, leading to the browning
of iWAT and activating BAT [171]. Theobromine upregulates the expression of UCP1 in a
PPARγ ligand-dependent manner [172].

Coffee, tea, and cocoa-derived bioactive components possessing anti-obesity effects in-
clude chlorogenic acid, trigonelline, kahweol, catechins, epigallocatechin gallate, theaflavins,
thearubigins, and quercetin [173].
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Quercetin, a bioactive compound present in the extract of onion peel (Allium cepa),
contributes to adipose tissue browning via the SIRT1/AMPK signaling pathway [174,175].
Treatment of 3T3-L1 cells with quercetin derivatives in concentrations up to 25 μg/mL
induced cell browning [176]. Administration of onion peel extract or 0.1% (w/w) quercetin
along with HFD to C57B1/6J mice induced upregulation of brown fat markers, such
as PRDM16, UCP1, Cidea, and PGC-1α in WAT. Quercetin treatment also resulted in a
reduction in plasma triglyceride levels; however, it did not affect body composition or
energy expenditure in mice [176,177].

Phytol, the most abundant acyclic isoprenoid, used as a precursor for synthetic vitamin
E production, was able to decrease the body weight gain in mice through stimulation of
inguinal WAT browning [178]. At the same time, phytol administration led to an increase in
the expression of genes characteristic for brown adipocyte (UCP1, PRDM16, PGC1α). Thor-
ough in vitro studies demonstrated that a 100 μM phytol solution increased mitochondria
content and oxygen consumption in the differentiated 3T3-L1. It also stimulated brown adi-
pogenic differentiation and the formation of brown-like adipocytes by promoting mRNA
and/or protein expression of brown adipocyte markers (UCP1, PRDM16, PGC1α, Cidea,
and Elovl3) and beige adipocyte markers (CD137 and TMEM26). Meanwhile, inhibition of
AMPKα with Compound C abolished phytol-stimulated brown adipogenic differentiation
and the formation of brown-like adipocytes, confirming that phytol is acting through the
AMPKα signaling pathway in 3T3-L1.

Previously discovered activities of small molecules, in particular micronutrients and
phytochemicals, on browning of adipose tissue confirm their contribution to the formation
and functioning of beige adipose tissue in adults. It is worth noting that the molecular
mechanisms described above explain many but not all observed effects.

5. Disruption of White-to-Beige Transdifferentiation

There is a group of chemical compounds that have been shown to disrupt the normal
functioning of endocrine regulation. Their specific ability to distort the regulatory function
is linked to their hormone-like structure [179]. Some endocrine-disrupting chemicals are
known to derail adipogenesis and inhibit the browning of adipose tissue [180]. Most of the
discussed compounds are environmental contaminants and industrial pollutants described
as endocrine disruptors for their ability to impair processes of systemic regulation [181].
More than twenty years ago, Jerrold Heindel reasonably hypothesized the influence of
endocrine-disrupting chemicals (EDCs) on obesity, as nearly every aspect of metabolism is
regulated by the endocrine system [182]. Endocrine disruptors act explicitly or implicitly
as obesogens by defecting adipogenesis and fostering lipid accumulation [183].

EDCs interact with nuclear hormone receptors important for the development of white
adipocytes. One of the first well-studied endocrine disruptors was the drug diethylstilbe-
strol, a synthetic estrogen widely prescribed from the 1940s through to the 1970s. It was
also the first chemical to confirm the proposed theory of obesogens in vivo, as neonatal
exposure caused an increase in body fat [184]. These effects of pharmaceutical estrogens se-
lectively binding the estrogen receptors are mediated through downstream-regulated genes
and are predominantly sex-dependent [185]. Activation of ERα led to murine adipose-
derived stromal cell differentiation towards the white adipocyte lineage; instead, ERα
deficiency determined the cell fate towards smooth muscle or brown adipocytes [186]. The
latter is possibly the mechanism underlying the sex-dependent manner of adiposity and,
specifically, adipocyte proliferation differences.

Compounds widely used for plastic production, such as bisphenol A (BPA), were
shown to alter the adipose tissue metabolism as well [187]. BPA is found in plastic bottles
and food containers, as it is used for the production of polycarbonate plastics and epoxy
resins [188]. It is one of the main obesogens, which means it can disrupt normal metabolic
processes and contribute to obesity.

Studies have shown that exposure to BPA can induce preadipocyte differentiation,
therefore promoting adipocyte hypertrophy and leading to increased fat accumulation [189].

212



Pharmaceuticals 2024, 17, 790

Exposure to BPA disrupts normal adipocyte development by inducing differentiation
through a non-classical estrogen receptor pathway rather than through glucocorticoid
stimulation. This leads to an increase in adipose tissue mass in vivo and hypertrophic
adipocytes in males, which results in increased body weight [190]. Moreover, BPA has been
linked to the induction of proinflammatory pathways and upregulation of the expression
of cytokine genes such as IL1β, IL6, and TNFα. Thus, BPA can exert effects associated with
a chronic low-grade inflammatory state of adipose tissue [191].

The reported xenoestrogenic effect of BPA largely impairs development and leads
to adverse effects in reproduction [192]. The mechanism of endocrine disruption exerted
by BPA in most conditions results in transgenerational effects [193]. Recently, BPA was
considered particularly dangerous by the Committee of the Member States of the European
Chemicals Agency because of its reproductive toxicity and its endocrine-disrupting proper-
ties for human health and the environment. Since then, it has been substituted by other
compounds from the bisphenol family, such as BPS, BPF, and BPAF [194].

New BPA-replacement compounds may be even more harmful than the original
BPA. For example, most highly prevalent “BPA-free” plastics contain bisphenol S (BPS).
It has been reported that the presence of BPAF and BPS is associated with such metabolic
disorders as gestational diabetes [195]. The evidence is clear that the xenoestrogenic activity
of bisphenols leads to suppression of beige adipocyte formation, which is important for
thermogenesis and energy expenditure [196,197]. By inhibiting the formation of beige
adipocytes (Figure 2), bisphenols disrupt the important metabolic function of beige adipose,
contributing to weight gain and systemic metabolism.

Peroxisome proliferator-activated receptors are hormone receptors, described earlier
as molecular targets for synthetic thiazolidinediones. Some EDCs were demonstrated
to have effects on PPAR activity. Organotin compounds used in antifouling paints and
as stabilizers in plastics can disrupt adipocyte differentiation and function. In particular,
organic derivatives of tin (IV), tributyltin (TBT), and triphenyltin (TPT), having a completely
different structure from that of 9-cis retinoic acid (9cisRA), the endogenous ligand of
the Retinoid X Receptor, mimic its action and induce heterodimerization of PPARγ:RXR
complexes [198,199]. Organotins have been shown to induce PPAR activity showing the
absence of specific transcriptional marks characteristic for thermogenesis [200,201]—they
inhibit the browning of white adipose tissue [202].

Another group of pollutants that pose a threat to adipose tissue health are phtha-
lates. Phthalates are a group of chemicals used in plastics, personal care products, and
food packaging. Bis(2-ethylhexyl)phthalate (DEHP) is the plasticizer most widely used to
manufacture various soft poly(vinylchloride) plastics, especially tubes for medical equip-
ment, while mono(2-ethylhexyl)-phthalate (MEHP) is its metabolite [203]. Both MEHP
and DEHP were shown to disturb adipogenesis in cell culture models by hyper-activating
PPARγ [204,205]. Phthalates can activate PPAR:RXR heterodimerization [206]. Moreover,
it was demonstrated that the synergy of both MEHP and 9-cis-RA and a combination of
suboptimal concentrations of MEHP and a natural ligand of PPAR (15d-PGJ2) resulted
in activation of the PPARγ:RXR dimer towards PPRE-DNA binding greater than that of
either compound alone [207]. Structural studies show that the MEHP molecule binds the
activating function-2 (AF-2) sub-pocket and the hydrophobic ligand-binding pocket [208],
resembling interactions between PPARγ and endogenous fatty acids binding. Thus, the
contribution of phthalates to activation of the nuclear receptor PPARγ is undeniable and
often leads to disruption of regulation. Apart from adipose tissue, PPARs are expressed in
the central nervous system and in organs of the reproductive system, i.e., the gonads (testis
and ovary), uterus, prostate, mammary gland, and pituitary gland [209]. Even so, some
researchers still raise the question of whether phthalates have a beneficial or malicious
effect on thermogenic adipose tissues [210]. It turns out that there is a need for careful
interpretation of ambiguous moments, as it was reported that there was an increase in
browning marker gene expression (Pparg, Ppargc1a, and Ucp1) in WAT and higher amounts
of BAT [211], but at the same time, increased body weight gain in HFD-fed mice [212].
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Therefore, disrupting the normal activity of PPAR phthalates can cause excess adiposity in
childhood and later in life [213,214]. Developmental exposure to phthalates has been shown
to decrease UCP1 protein expression and BAT activity, inducing significant hypothermia
and leading to hyperphagia in male mice [215]. This observation confirms that EDCs such
as phthalates inhibit the beigeing of white adipose tissue.

Compounds that counteract the beigeing process include polychlorinated biphenyls
and dioxins. Polychlorinated biphenyls (PCBs) are a group of industrial chemicals that were
banned in the 1970s but are still present in the environment due to their persistence. Expo-
sure to PCB126 was shown to impair adipogenesis and alter adipocyte metabolism [216].
PCB126-induced disruption resulted in a significant reduction in fully differentiated
adipocytes due to PPARγ inhibition. The reduction in PPARγ transcript levels observed
was accompanied by the activation of AhR by PCB126. PCBs have a dioxin-like struc-
ture and therefore bind to and activate the aryl hydrocarbon receptor (AhR). Moreover,
when the cells were exposed to PCB126 during differentiation, the browning of white
adipose tissue was inhibited by disrupting mitochondrial uncoupling and energy ex-
penditure [217]. Differentiated adipocytes exposed to PCB126 had a reduced ability for
UCP1-related uncoupling.

Dioxins are far beyond other xenobiotics in their toxic effects, specifically those related
to metabolic disorders like obesity, diabetes, and metabolic syndrome [218]. This is aggra-
vated by the fact that dioxins accumulate in the adipose tissue of mammals due to their
high lipophilicity. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is one of the most potent
compounds of the dioxin class, and the spectra of its toxicity include metabolic disorders
emerging through direct action on adipocytes or the induction of local inflammation of the
adipose tissue [219].

Brown adipose tissue was identified as a target tissue for TCDD almost 40 years ago,
and the direct effects of dioxins were studied in rats [220]. Thereafter, the experiments with
TCDD were limited due to its high toxicity, but a model was established to study the effects
of dioxins’ release from adipose. The epididymal fat pads of dioxin-exposed mice were
collected and grafted on the back skin of untreated recipient animals [221]. Redistribution
of TCDD to other tissues led to massive changes in gene expression and was found to be
completely dependent on AhR activation.

AhR

The aryl hydrocarbon receptor belongs to the Per-ARNT-Sim (PAS) family of transcrip-
tion factors, known as sensors of environmental signals [222]. AhR is a transcription factor
that was originally identified as a sensor of dioxins [223].

AhR resides in the cytoplasm when not activated in a majority of cell types forming
the complex with HSP90 (Heat Shock Protein 90), co-chaperone p23 and its partner, the
aryl hydrocarbon receptor-interacting protein (AIP also known as ARA9) [224,225]. The
AIP protein, structurally related to the FK506-binding protein class of immunophilins,
acts as a chaperone, presumably maintaining properly folded AhR in the cytosol and
improving the stability, subcellular localization, recognition of ligand and, subsequently,
efficient translocation.

When AhR binds a ligand, it translocates into the nucleus, where, in the form of a het-
erodimer with AhR nuclear translocator (ARNT) induces the expression of genes involved
in various biological responses. Specifically, the AhR:ARNT heterodimer binds enhancers
known as dioxin-responsive elements (DREs or XREs) in order to induce the expression
of genes encoding xenobiotic-metabolizing enzymes [226]. This pathway represents an
adaptive response that allows for the detoxification of a wide variety of compounds with
polycyclic aromatic structures by xenobiotic-metabolizing enzymes. Therefore, the number
of AhR-induced genes includes Cyp1a1, Cyp1a2, Cyp1b1, and a negative regulator of AhR
signaling known as the AhR repressor (AhRR), which competes with ARNT in the process
of heterodimerization and represses the activation of AhR-dependent genes [227].
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TCDD binds to the AhR, inducing the transcription of xenobiotic-metabolizing en-
zymes as well. Despite the induction of these enzymes, the TCDD and other persistent
organic pollutants are metabolized insufficiently, and their elimination or degradation is
slow; therefore, the accumulation in adipose is observed [228].

AhR is expressed in adipocytes [229], and specifically, in the model cell line 3T3-L1.
The level of AhR was shown to decrease in 3T3-L1 cells during differentiation, as well as its
binding activity towards the response elements and the response to TCDD. AhR has earned
increased attention for its possible involvement in the regulation of body weight, adipose
tissue expansion, and lipid homeostasis in vivo [230,231]. Although some data showed
that activation of AhR led to lipogenesis suppression, mouse embryonic fibroblasts isolated
from AhR-deficient mice displayed enhanced synthesis of triacylglycerols [232]. TCDD-
induced activation of AhR was able to inhibit adipogenesis by suppressing PPARγ activity
and impairing the adipogenesis of 3T3-L1 in vitro. The absence of such an effect in mouse
embryonic fibroblasts isolated from AhR−/− mice highlighted the role of AhR in hormone-
induced adipogenesis, suggesting its role as an early regulator of adipocyte differentiation.

Recent in vitro experiments demonstrated that AhR overexpression suppressed adipocyte
differentiation through reduced PPARγ stability and, on the contrary, siRNA-mediated Ahr
gene silencing led to adipocyte differentiation in 3T3-L1 cells [233]. Furthermore, it was
found that AhR functions as the substrate receptor in CUL4B-RING E3 ubiquitin ligase
targeting PPARγ ubiquitination by binding two lysine sites on residues 268 and 293.

Animal research unexpectedly revealed an increased body weight in mice with
adipocyte-specific AhR deficiency compared to wild type mice. The phenotype demon-
strated an increased fat mass and adipose tissue inflammation, accompanied by a decreased
glucose tolerance when fed a high-fat diet [234]. Instead, the whole-body deficiency of
AhR protected mice from high-fat diet-induced obesity through increased energy expendi-
ture [230]. Moreover, AhR deficiency did not alter insulin sensitivity in adipose or muscle
tissues. The expression of the major thermogenic gene, uncoupling protein 1 (Ucp1), in
brown adipose tissue and genes responsible for mitochondrial β-oxidation in muscle were
significantly higher in AhR (−/−) and AhR (+/−) mice compared with wild type mice.
Another study recently revealed a sex-dependent phenotype of AhR depletion specific
for mature adipose tissue (CadKO) cells [235]. CadKO females had a lean phenotype
and healthy adipose–hypothalamic crosstalk. Interestingly, HFD-induced leptin rise was
reduced in CadKO females, while the leptin receptor was increased in the energy reg-
ulatory regions of the hypothalamus, suggesting an increase in leptin sensitivity. The
expression level of estrogen receptor α (ERα) was increased in CadKO female adipose
tissue and the hypothalamus. CadKO males displayed a delayed progression of obesity
and insulin resistance. In males, beneficial effects of adipose-specific AhR depletion were
mediated through the maintenance of healthy crosstalk between adipocytes and immune
cells: proinflammatory adipocytokines’ (such as TNFα, IL1β, IL6) secretion was improved
and inflammatory macrophage infiltration into adipose was reduced. Overall, adipose-
specific knockout of AhR gene improved weight control and systemic glucose homeostasis
in a high-fat-diet-induced condition with more pronounced effects in females.

We suppose that AhR can regulate the browning of adipose through tissue-resident
immune cells. This suggestion was confirmed by experimental data showing that AhR
plays an important role in regulating ILCs. AhR is expressed in ILC2s at the highest levels,
and its pharmacological activation could suppress the function of this distinct population
of lymphoid cells [236]. Remembering that ILC2s regulate adipose function and metabolic
homeostasis through the induction of beigeing [50] it is highly likely that AhR depletion in
these cells may prevent obesity.
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Several phytochemical and dietary compounds are able to modulate physiological
processes by antagonizing AhR signaling [237]. In particular, isoprenoids and phenyl-
propanoids [238], quercetin, kaempferol [239], curcuminoids, and coumarins [240], were
demonstrated to antagonize aryl hydrocarbon receptor. A number of AhR ligands, such as
curcumin [241,242], resveratrol [243–245], and quercetin [246], repeatedly demonstrated
inhibition of TCDD-induced gene expression. A specific group of monoterpenoids, car-
vones, the constituents of essential oils of dill, caraway, and spearmint, was reported to be
noncompetitive, insurmountable antagonists of AhR [247]. Binding of such natural ligands
inhibits the heterodimerization of AhR with ARNT and does not lead to Cyp1a1 gene induc-
tion [247]. In addition, synthetic small molecules were developed that act as powerful AhR
antagonists: CH-223191 [248], 6,2,4-trimethoxyflavone [249], and GNF351 [250], including
two molecules being tested in clinical trials BAY2416964 [251] and IK-175 [252].

This section is an example that one can be convinced that something “bad”, exhibiting
direct toxic activity, can be turned into “good”—a tool for studying the molecular mech-
anisms of the regulation of inflammation in adipose tissue. The critical role of AhR in
PPARγ stability represents the potential of AhR as a therapeutic target for metabolic disease
treatment. A multitude of AhR natural antagonists have been described, encouraging the
development of new small molecule compounds exerting antagonism of AhR. We think
that the discussed compounds and molecular mechanisms can possibly give a clearer
insight into the nature of the problem.

6. Methods of White-to-Beige Conversion

White-to-beige conversion occurs naturally, but also can be induced artificially in
many ways and approaches. As was already noted, the most common methods are based
on the application of small molecules that initialize tissue reprogramming. Bexarotene and
rosiglitazone are the most used and well-known agonists of PPARγ and its partner retinoid
X receptor that regulate the transformation of C2C12 cells to beige fat tissue [140]. Discov-
ering new agonists of this receptor can be a perspective for future research. In addition to
RXR agonists, several small molecules such as rosiglitazone, BMP7, and forskolin can be
used as a part of a “chemical cocktail” that allows the enforcing of the overexpression of
transcriptional factors such as C/EBP-β, C-MYC [253].

In a similar way, the “gene cocktail” PRDM16, BMP7, and PGC1A can be applied
for transfection with ultrasound-targeted microbubble destruction methods [254]. In this
method, lipid microbubbles are filled with a plasmid mixture burst under ultrasonication
of target tissue and gas carries DNA to cells. The potency effect of such gene delivery was
measured with RT-PCR by the overexpression of UCP1 gene after 24 h. The authors note
that the level of UCP1 expression with three genes is higher than with PRDM16 alone, but
a single gene can also be used for gene therapy applications.

Viral gene delivery is the most common type of gene therapy approach used to convert
WAT into beige adipose, to achieve stable ubiquitous or tissue-specific overexpression of
target genes and increase energy expenditure. Different types of noninfective recombinant
viruses, including adenovirus, retrovirus, lentivirus, and adeno-associated virus (AAV)
were used to direct the transgene expression in adipose tissue [255]. However, it was
shown, that adenovirus, retrovirus, and lentivirus are immunogenic and do not provide the
long-term transgene expression [256–259]. Moreover, gamma-retroviruses and lentiviruses
are characterized by an increased risk of carcinogenicity and genomic instability due to
their ability to integrate into the host genome [260,261]. In contrast, AAV vectors (Figure 3)
are characterized by low immunogenicity, low toxicity, and carcinogenicity risk, are present
in the nucleus in the form of episomes, and provide stable and long-term transgene
expression [255,262].
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Figure 3. AAV vectors in white-to-beige conversion.

AAV vectors could be injected intravenously [263,264] or locally (for example, into
WAT depot [265], intracranial [266]). Systemic delivery requires a higher dose than is used
when the virus is injected locally [262,264,267]. Moreover, local injection or tissue-specific
expression is associated with fewer adverse events. Targeting WAT provides an opportu-
nity for surgical removal of this organ in case some severe adverse events happen [268].
Tissue-specific expression is achieved by using tissue-specific promoters (i.e., the adipose
tissue-specific adiponectin promoter [264], the liver-specific human α1-antitrypsin (hAAT)
promoter [262], the liver-specific albumin promoter [267]). However, the disadvantage
of tissue-specific promoters is that they are weaker in terms of achieving high transgene
expression than ubiquitous (hybrid cytomegalovirus enhancer/chicken-actin (CBA or
CAG)) or cytomegalovirus promoters (CMV). Moreover, due to the limited capacity of
AAV, mini-versions of the promoters are used (adipocyte protein 2 promoter (mini/aP2)
for WAT and uncoupling protein 1 promoter (mini/UCP1) for BAT) [269]. Moreover, to
de-target viral vector expression from the liver or heart in order to mitigate the risk of
adverse events, target sequences for local miR-122a or miR-1 are introduced into the 3′-UTR
of the AAV expression cassette [264,265]. One of the first attempts at adeno-associated
virus application for adipose tissue transfection was performed in 2006 by Mizukami [268].
In this work, the delivery of the erythropoietin gene into adipose cells using different AAV
serotypes (AAV1–5) was studied. As a result, the AAV1 serotype demonstrated the highest
transduction efficiency, which was evaluated according to the erythropoietin expression
level in the blood measured using qPCR. The removal of transduced adipose tissue re-
sulted in normalization of the erythropoietin level in the blood; this result supported the
efficiency and safety of the approach. A number of experiments with the new generation
of recombinant serotypes (AAV5–9) showed the highest transduction efficiency of AAV8,
which resulted in the highest level of GFP expression under the control of the adiponectin
promoter in brown adipose that was visualized with immunoblotting and fluorescent
microscopy [264]. When the most efficient AAV serotype was found, researchers made
a successful attempt to deliver the leptin gene to the adipose tissue of ob/ob mice as an
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approach to correct congenital generalized lipodystrophy, associated with severe metabolic
imbalance, the virtual lack of adipose tissue, hepatic steatosis, and related cardiovascular
conditions. The AAV vector encoding leptin gene under the control of adiponectin gene
promoter was constructed. Moreover, to decrease non-specific transgene expression in liver,
the sequence of miR-122 was introduced to the construction. I.v. injection of 1 × 1012 vg of
the obtained vector to ob/ob leptin-deficient mice resulted in a decrease in weight gain,
and an improvement in hyperinsulinemia and glucose tolerance. Therefore, the authors
proved the concept that adipose-specific leptin overexpression can correct gene deficiency
and related disease in a mouse model [264].

In another study, intraperitoneal injection of AAV vector, encoding the gene of leptin
under the control of a potent CBA promoter (dose: 4 × 1010 vg), resulted in high level of
transgene expression in visceral adipose tissue. AAV also contained the second expression
cassette encoding miRNA targeting the woodchuck posttranscriptional regulatory element
(WPRE) sequence, which was present only in the transgene expression cassette, under
the control of the liver-specific albumin promoter. This miRNA enabled the restriction of
off-target leptin overexpression in the liver. The injection of AAV, encoding the leptin gene,
to ob/ob mice resulted in a sharp decrease in food intake, the normalization of body weight,
complete rescue of the impaired glycemic control, and an increase in oxygen consumption
and locomotor activity [267].

Another attempt at a gene replacement strategy using AAV8 was utilized in a mouse
model with congenital lypodistrophy caused by seipin knockout [263]. This disease is
associated with mutations in the BSCL2 gene (from the alternative name of congenital
lypodistrophy: Berardinelli-Seip syndrome), which is coding for the protein seipin. A single
i.p. injection of 1 × 1012 vg AAV, encoding GFP under the constitutive CMV promoter,
resulted in GFP expression in WAT and BAT. The treatment of seipin knockout mice with
1 × 1012 vg AAV8, encoding human BSCL2 gene (AAV8-CMV-hBSCL2), resulted in an
increase in body weight gain, the recovery of hyperglycemia, hepatomegaly, and insulin
resistance, and the partial restoration of adipose tissue.

Fibroblast growth factor 21 (FGF21) is a peptide hormone contributing to energy
homeostasis regulation. FGF21 was shown to be a promising compound for diabetes
mellitus therapy [270]. AAV vectors encoding the FGF21 gene under the control of the liver-
specific hAAT promoter were constructed [271]. A total of 5 × 1010 vg of the resulting vector
or non-coding AAV vector was iv injected into ob/ob and HFD-fed mice. The treatment
of HFD-fed mice with 5 × 1010 vg AAV8-hAAT-FGF21 resulted in progressive weight
loss (the body weight at the end of the study was similar to the baseline values measured
before the initiation of HFD), and improvements in HFD-associated WAT hypertrophy and
inflammation, hepatic steatosis, and fibrosis. AAV8-hAAT-FGF21 treatment induced BAT
activation, which was demonstrated by a dose-dependent increase in UCP1 level. However,
the authors did not observe the appearance of multilocular adipocytes (i.e., browning)
in WAT. Treated with 5 × 1011 vg AAV8-hAAT-FGF21, ob/ob mice also demonstrated
decreased WAT inflammation, an improvement in hepatic steatosis, and a marked reduction
in the total liver triglyceride and cholesterol content.

A few successful attempts at BMP7 overexpression using viral vectors were made [259,
262,265]. Bone morphogenic protein 7 (BMP7) belongs to the superfamily of transforming
growth factors β, which contribute to such vital processes as cell proliferation, differentia-
tion, and apoptosis [272]. BMP7 was shown to promote brown adipocyte differentiation
from multipotent mesenchymal stem cells [259]. The first attempts of BMP7 overexpression
were made using adenovirus (Ad) vectors [259]; Ad vector transduction resulted in an
increase in brown adipose tissue mass, increase in energy expenditure, and weight gain
reduction. However, due to the high immunogenicity of Ad vectors, long-term transgene
overexpression could not be reached.

A number of works on the overexpression of BMP7 were conducted in the scientific
group of Prof. Fatima Bosch [262,265]. First, AAV8 vectors encoding BMP7 gene under the
control of the ubiquitous CAG promoter and under the control of the liver-specific hAAT
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promoter were created [265]. To de-target transgene expression from the liver and heart,
target sequences for miR-122a and miR-1 were introduced into the 3′-UTR of AAV vector
expression cassettes. Injection of the obtained vectors (1 × 1012 vg) into the epidymal WAT
of ob/ob mice reduced WAT inflammation, and improved hepatic steatosis and insulin
resistance, but did not induce brown adipogenesis, as was shown by the unchanged level
of expression of Ucp1 and Ppargc1a in iBAT and iWAT.

In another work [262], an AAV8 vector encoding the BMP7 gene under the control
of a synthetic hybrid liver-specific promoter composed of the hepatocyte control region
enhancer from the apolipoprotein E gene (ApoE) and the hAAT promoter was constructed.
Intravenous injection of 1 × 1012 vg AAV-BMP7 vector into HFD-fed obese mice resulted
in the normalization of body weight and liver weight within a few weeks. Upregulation of
thermogenic markers Ucp1, Cidea, and Ppargc1a was demonstrated in iWAT of AAV-BMP7-
treated animals, which indicated the activation of non-shivering thermogenesis. Moreover,
hepatic steatosis and insulin resistance were mitigated in AAV-BMP7-treated mice. The
induction of non-shivering thermogenesis and improvement in insulin sensitivity were
also demonstrated in ob/ob mice after treatment with AAV-BMP7.

Anderson et al. [266] performed a study on the overexpression of the hypotalamic
protein TrkB.FL, related to metabolic homeostasis and autism spectrum disorder (ASD)
development, in the hypothalamus of BTBRT+Itpr3tf/J mice (on a normal chow diet and
HFD-fed), which serve as the model of ASD. In this study, an AAV2 vector containing CMV
enhancer, chicken β-actin (CBA) promoter, and the TrkB.FL gene was injected intracranially
(into the hypothalamus) at a dose of 2.5 × 109 vg/side to obtain a high level of constitutive
TrkB.FL overexpression. As a result, transgenic mice both on NCD and HFD demonstrated
a decreased percent body weight gain compared to normal BTBRT+Itpr3tf/J mice, despite
the fact that they consumed significantly more food. AAV2-TrkB.FL-transfected NCD mice
also showed improved glucose tolerance.

Despite that fact, the majority of studies were focused on the overexpression of brown
adipose tissue activators, and in the last few years, a number of experiments have been
performed where gene knockout resulted in an increase in energy expenditure and an
improvement in metabolic outcomes. A number of reports were published demonstrating
that gene knockout results in the activation of the browning program and an increase
in energy expenditure. For example, knockout of NAD+-dependent deacylase sirtuin 7
(SIRT7) resulted in the upregulation of UCP1, and an increase in body temperature and
energy expenditure in mice [273]. Selective knockout of Rbm43 in mouse adipocytes in-
creased PGC1α translation, mitochondrial biogenesis, and adipose thermogenesis [274].
Genetic or pharmacological inactivation of key upstream kinases of the Hippo signaling
pathway, STK3 and STK4, increased the expression level of UCP1 in BAT and WAT, in-
creased mitochondrial mass and conferred resistance to metabolic dysfunction induced by
HFD, and increased mitochondrial content in adipose tissue and mitochondrial oxidative
respiration [275]. Ablation of Sam68 (Src-associated-in-mitosis-of-68 kDa) in adult mice led
to body weight reduction [276]. Adipose thermogenesis and energy expenditure were also
increased after knockout of the Krüppel-associated box (KRAB) domain-containing zinc
finger protein ZFP961, which serves as a potent repressor of the thermogenic program [277].

From the presented data, we anticipate the use of AAVs as one of the safest known
vectors for gene therapy [278]. Most of the experimental studies show the effectiveness of
AAV usage (Table 1), but regarding the limitations of the study, these findings should be
viewed with caution. It is known that even adeno-associated viral vectors have unintended
side effects [279]. In order to weaken these adverse events and improve the scientific
significance of the experiments, we expect the utilization of different optogenetic switches
developed earlier [280]. Currently, we are developing AAVs coding for transcription factors
able to stimulate white-to-beige conversion both in vitro and in vivo.
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7. Conclusions

Obesity, one of the major problems of modern medicine, has a multifactorial patho-
genesis. At the moment, a large number of small molecules have been evaluated for their
ability to trigger different mechanisms of adipocyte conversion through indirect activation
of signaling and transcriptional cascades, including the activation of pivotal regulators
of transcription that control important metabolic pathways. In order to identify possible
factors influencing white-to-beige conversion occurring in adipose tissue, we examined a
variety of cellular and molecular determinants. Additionally, we described the action of
phytochemical and dietary molecules affecting the transdifferentiation process in connec-
tion with molecular targets, with a specific focus on transcription factors. We spotted that
the influence of pollutants and environmental disruptors on adipose tissue, which is rele-
vant in the modern postindustrial milieu, is based on their activity towards transcription
factors. Additionally, we noticed that some of the reported natural ligands antagonizing
AhR were previously discussed in the “Small Molecule Compounds” section as known
white-to-beige inducers. It is possible that the phenomenon of these natural phytochemicals
and dietary molecules is based on their ability to suppress the transcriptional activity of
AhR:ARNT and, in consequence, stabilize PPARγ. Specifically, we highlighted the possible
use of AhR as a therapeutic target for metabolic disease treatment.

Existing state-of-the-art gene therapy offers several opportunities to stimulate the
conversion of WAT into beige adipose tissue. As we noticed, most of the anti-obesity gene
therapy approaches exploit the possibility of inducing white-to-beige adipose transition
by overexpressing the genes coding for secreted factors, such as leptin, FGF21, or BMP7.
However, gene therapy drugs based on the induction of single transcription factors may
have fundamentally different features. Firstly, the use of AAV coding for transcription
factors expands the scope of the drug effects, and since the transcription factors stimulating
white-to-beige conversion are well-known, it makes it possible to exert a high-precision
impact on cells. Secondly, the use of nucleic acid-based drugs changes the functioning of the
cell at the level of mRNA transcripts, which are regulated by intracellular mechanisms, and
has fewer off-target effects compared to the use of secreted proteins and small molecules.

Another protective mechanism that controls the process of adipogenesis at the systemic
level is endocrine regulation, which is much more susceptible to influence from xenobiotic
substances. In this case, adipogenesis is influenced not only by small-molecule-based
drugs but also by other substances from the external environment. The influence of
bisphenols, phthalates, and, widely used in modern industry and agriculture, dioxin-like
compounds, poses a great threat to health. In addition to the generally recognized toxic
effects known for each of these substances, we think that their intake with food, air, and
water results in further problems. The accumulation of these substances in adipose, leading
to prolonged adipogenesis impairment, can also affect other processes in the organism,
resulting in chronic intoxication. Nevertheless, both adipocytes and adipose tissue-resident
immune cells express AhR, which is responsible for dioxin sensing. Targeted ablation
of this transcription factor can normalize the process of adipogenesis and suppress the
proinflammatory activity of resident immune cells. Thus, gene therapy drugs that target
transcription processes open up broad prospects for obesity treatment and metabolic
improvement, including the reduction in the harmful effects of environmental factors.

Hereby, we summarize the current knowledge about white-to-beige adipose con-
version, concluding that both small molecule medicinal chemistry and gene therapy are
perspectives for the development of new strategies to overcome insulin resistance and
counteract obesity.
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