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Preface

This reprint embarks on a journey to gather fresh perspectives on compounds and extracts

derived from natural products and their remarkable biological activities, with a primary focus

on anti-inflammatory pathways. Its contents comprise a compilation of full papers and review

articles published in a 2023 Special Issue of Life, titled ’Inflammation and Natural Products.’

These publications delve into the world of secondary metabolites from plants, showcasing their

remarkable antioxidant and anti-inflammatory properties and their clinical significance across

various pathological conditions.

Azahara Rodrı́guez-Luna and Salvador González

Editors
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In Vitro and In Vivo Anti-Psoriasis Activity of Ficus carica Fruit
Extracts via JAK-STAT Modulation
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Abstract: Psoriasis, a chronic and autoimmune inflammatory disorder of the skin, has been often
underdiagnosed and underestimated despite its prevalence and considerable negative effects on
the quality of life. In this study, the anti-inflammatory activity of Ficus carica fruit extract (FFE)
was investigated against LPS-stimulated RAW 264.7 cells. The in vitro results showed that FFE
reduced the production of nitric oxide (NO) and iNOS expression. Moreover, FFE reduced the level
of β-hexosaminidase released with histamine in allergic reactions. However, the MAPK and NFκB
signaling molecules associated with the inflammatory response were not significantly regulated by
FFE. In contrast, the phosphorylation of JAK1 and STAT3 in the JAK–STAT signaling pathway was
dramatically reduced by FFE treatment. Psoriasis-like skin lesions were induced in BALB/c mice
using imiquimod (IMQ) to test the feasibility of FFE as a treatment for psoriasis. The efficacy of
FFE was evaluated based on phenotypic and histological features. FFE was effective in relieving
the symptoms of psoriasis-like skin lesions, such as erythema, dryness, scales, and thick epidermis.
Notably, STAT3 modulation was also contributable to the in vivo ameliorative activity of FFE. Taken
together, FFE with anti-psoriasis activity in vitro and in vivo through the JAK–STAT modulation
could be developed as a therapeutic agent against psoriasis.

Keywords: psoriasis; Ficus carica fruit extract; JAK–STAT modulation

1. Introduction

Psoriasis is a chronic, non-communicable, painful, disfiguring, and disabling disease
that negatively affects the quality of life of patients [1]. It can occur at any age but is
most common in those aged 20–30 years and 50–60 years [2]. The reported worldwide
prevalence of psoriasis ranges from 0.09 to 11.4%, making it a serious global problem [3,4].
The psoriasis lesions are associated with swollen papules and silvery-white scales probably
due to overactive immunity in keratinocytes provoked by IL-23 and IL-17 [5]. It has been
demonstrated that Th1 overactivation can induce psoriasis, and Th17 cells play a key role in
its pathogenesis and severity [6,7]. Based on the pathogenesis of this disease, psoriasis can
be broadly characterized by abnormal keratinocyte division and differentiation. Symptoms,
such as itching, scaling, erythema, burning, and edema, have been observed in the skin
lesions of psoriasis.

In general, signal transduction pathways regulate various immune and inflammatory
reactions and are involved in cell proliferation, differentiation, and apoptosis. It has
been reported that an alteration in the NFκB, JAK–STAT, Akt, or Wnt signaling pathways
induces psoriasis [8]. NFκB is the fundamental modulator of physiological systems, such
as inflammation, development, cell cycle, proliferation, and cell death [9]. NFκB consists
of the Rel family, and the major Rel/NFκB complex is the p50/p65 heterodimer [10].
Inactive +NFκB dimers are located in the cytoplasm and bind with the IκB family of
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inhibitory proteins, including IκBα [11]. The phosphorylation of IκBα by the IKK complex
triggers liberation of the NFκB dimer, leading to the entering of NFκB into the nucleus
and triggering the inflammation cascade. Psoriasis, as an inflammatory skin disorder, is
marked by elevated and activated NFκB via phosphorylation [12].

The mammalian family of mitogen-activated protein kinases (MAPKs) include extra-
cellular signal-regulated kinase (ERK), p38, and c-Jun NH2-terminal kinase (JNK) [12]. The
MAPK pathways are activated by diverse extracellular and intracellular stimuli, includ-
ing cytokines, hormones, and various cellular stressors that include oxidative stress and
endoplasmic reticulum stress [13]. The potential role of the p38 MAPK pathway has been
suggested to be involved in the inflammatory pathogenesis of psoriasis [14].

Members of the mammalian Janus kinase (JAK) and signal transducer and activator
of transcription (STAT) families have been extensively analyzed in mouse and human
systems [15]. Four JAKs—JAK1, JAK2, JAK3, and Tyk2—and seven STATs—STAT1, STAT2,
STAT3, STAT4, STAT5A, STAT5B, and STAT6—were identified [15]. Upon phosphorylation
of JAK, STAT and other cytokines are subsequently phosphorylated. Drugs that inhibit the
JAK–STAT signaling pathway are known as JAK inhibitors, including tofacitinib, ruxotinib,
and baricitinib [8]. Psoriasis is associated with the overexpression of JAK1 and STAT3 [8].
Thus, the JAK and STAT inhibitors can be used as therapeutics to treat psoriasis [16].

Ficus carica is used in traditional medicine for a wide range of ailments related to
digestive, endocrine, reproductive, respiratory, gastrointestinal, and urinary tract infec-
tions [17,18]. Ficus carica contains a variety of coumarins and flavonoids in its fruits
and leaves, and these compounds are known to have antioxidant, anti-cancer, and anti-
inflammatory effects [19,20]. Psoralen is one of the components of F. carica that has been
used as a drug for skin disease [21]. Psoralen is currently an FDA-approved treatment
under the name PUVA therapy [22] and is an effective treatment for ailments, such as
eczema, psoriasis, and vitiligo, when co-treated with UV-A. As a photosensitizer, psoralen
must be exposed to UV-A radiation for therapeutic efficacy.

The leaves and fruits of F. carica differ not only in chemical composition but also in
efficacy and toxicity [17]. Studies on the efficacy of F. carica fruit extract on inflammation
in psoriasis have not been available until now. In this study, the in vitro ameliorative
effects of F. carica fruit extract were analyzed in LPS-activated RAW 264.7 cells. The in vivo
suppressing effect of the extract on the inflammatory response was also investigated using
a psoriasis-like mouse model.

2. Materials and Methods

2.1. In Vitro Study
2.1.1. Plant Extracts

The methanolic extracts of F. carica fruit used in this study were obtained from the
Korea Plant Extract Bank at the Korea Research Institute of Bioscience and Biotechnology
(Daejeon, Republic of Korea). The fruit (31 g), which was dried in the shade and powdered,
was added to 1 L of methyl alcohol 99.9% (HPLC grade) and extracted through 30 cycles
(40 KHz, 1500 W, 15 min ultrasonication and 120 min standing per cycle) at room tempera-
ture using an ultrasonic extractor (SDN-900H, SD-ULTRASONIC CO., LT., Seoul, Republic
of Korea). After filtration (Qualitative Filter No. 100, HYUNDAI MICRO CO., LT., Seoul,
Republic of Korea) and drying under reduced pressure, F. carica extract (8.4 g) was obtained
and diluted to a 5% stock solution using dimethyl sulfoxide (DMSO).

2.1.2. DPPH Free Radical Scavenging Assay

Diluted Ficus carica fruit extract (FFE) at various concentrations was added to the
DPPH ethanolic solution, and the volume of the reaction mixture was adjusted to 200 μL.
Each mixture was suspended vigorously and incubated in the dark at 37 ◦C for 30 min.
The absorbance was measured at 517 nm. The DPPH free radical scavenging activity was
calculated according to this formula:
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Scavenging activity(%) =
1 − (AbsFFE − Absblank)

Abscontrol
× 100

where AbsFFE is the absorbance of the FFE, Absblank is the absorbance of the blank, and
Abscontrol is the absorbance of the control. Ascorbic acid was used as the positive control.

2.1.3. Determination of Total Polyphenol Content

Total polyphenol content was determined using the Folin–Ciocalteu assay with some
modifications [23]. Briefly, 750 μL of the samples and gallic acid were mixed with 150 μL
Folin–Ciocalteu’s phenol reagent and incubated for 5 min at room temperature. A total of
150 μL of 20% Na2CO3 was then added and incubated for 30 min at 40 ◦C. After incubation,
the absorbance of the reaction mixture was measured at 750 nm. A gallic acid curve was
used to quantify the total polyphenol content. The results were expressed as milligrams
(mg) of gallic acid equivalents (GAE). The total phenolic contents in the FFE were calculated
using this formula:

C = cV/m

where C = total phenolic content mg GAE/g of FFE, c = concentration of gallic acid obtained
from the calibration curve in mg/mL, V = volume of the extract in mL, and m = mass of
the extract in grams.

2.1.4. Determination of Total Flavonoid Content

Total flavonoid content was determined using the aluminum chloride (AlCl3) colori-
metric method with some modifications [24]. The entire process was performed at room
temperature. Briefly, 400 μL of the samples and quercetin were mixed with 30 μL of 5%
NaNO2 for 5 min. Thirty microliters of 10% AlCl3 was added, and the reaction mixture
was incubated for 5 min. A total of 400 μL of 4% NaOH was added and incubated at room
temperature for 15 min. Finally, the mixture was adjusted with distilled water to a final
volume of 1 mL and gently mixed. The absorbance was measured at 510 nm. A quercetin
curve was used to quantify the total flavonoid content. The results were expressed as
milligrams (mg) of quercetin equivalents (QE). The total flavonoid contents in the FFE were
calculated using this formula:

C = cV/m

where C = total flavonoid content mg QE/g of FFE, c = concentration of quercetin obtained
from the calibration curve in mg/mL, V = volume of the extract in mL, and m = mass of
the extract in grams.

2.1.5. LC–MS/MS

Chemical components were analyzed using a liquid chromatography–tandem mass
spectrometry (LC–MS/MS) system, specifically employing the Thermo TSQ Altis system
coupled to a Thermo 3000 RSLC with a quaternary gradient pump and autosampler
(Thermo Fisher Scientific, Waltham, MA, USA) integrated with the Vanquish Flex UHPLC
system. Chromatographic separation was carried out on an Agilent C18 column. The
mobile phase was comprised of distilled water (DW) and acetonitrile (ACN), both with
added acetic acid. The column temperature and sample organizer were maintained at
40 ◦C and 15 ◦C, respectively. Elution from the column was accomplished using a gradient
method at a constant flow rate of 0.3 mL/min with the following conditions: from 5% to
95% of solvent B over 2 min, a 2 min wash with 100% B, and a 2 min re-equilibration with
5% B. The injected sample volume was 1.0 μL. Analyses were performed in the optimized
data-dependent acquisition (DDA) mode via negative ion mode electrospray ionization
(ESI-). The analyses constituted a full MS survey scan within the m/z range of 100–2000 Da
(scan time: 150 ms) and MS/MS scans for the three most intense ions. Collision energy
was applied in a stepped manner from 30 V to 100 V. ESI parameters were set as follows:
capillary voltage at 2.9 kV, cone voltage at 40 V, source temperature at 120 ◦C, desolvation
temperature at 350 ◦C, cone gas flow at 50 L/h, and desolvation gas flow at 800 L/h.

3
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High-purity nitrogen was used as the nebulizer and auxiliary gas, while argon served as
the collision gas.

2.1.6. Nitric Oxide Assay

RAW 264.7 cells, a murine macrophage cell line, were seeded 1 × 106 cells/well on a
6-well plate and incubated for 24 h. FFE was added into the wells with the LPS (1 μg/mL)
and incubated for 18 h at 37 ◦C in a CO2 incubator. The amounts of nitrite formed were
measured using Griess reagent (0.2% naphthylethylenediamine dihydrochloride and 2%
sulfanilamide in 10% H3PO4). Briefly, 100 μL of cell supernatant was mixed with 150 μL of
Griess reagent. The absorbance was measured at 540 nm using a microplate reader (Biotek,
Synergy HTX, Winooski, VT, USA). The concentration of nitrite was determined from a
sodium nitrite standard curve.

2.1.7. Western Blot

The cells were lysed by adding RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 2 mM EDTA) with 1% (v/v)
protease inhibitor cocktail (PIC) and 1% (v/v) phenylmethylsulfonyl fluoride (PMSF)
and then sonicated twice for 20 s at 10 s intervals. Then, the cells were centrifuged at
15,000 rpm at 4 ◦C for 50 min. The supernatant was collected for the Bradford protein
quantification assay [25]. Equal amounts of protein were loaded onto a 10% sodium
dodecyl sulfate-polyacrylamide 10% SDS-PAGE gel and electrophoretically separated for
1 h. The proteins were then transferred to gels and nitrocellulose (NC) membranes for
1 h at 400 mA. The transferred NC membranes were blocked in 5% skim milk in TBST
buffer (Tris-buffered saline, 0.1%) at 4 ◦C overnight. The membranes were then incubated
for 2 h at room temperature with individual primary antibodies and washed three times
with TBST buffer. Then, the membranes were incubated for 1 h at room temperature with
secondary antibodies and developed using ECL reagents. The relative intensities of the
Western blot bands were quantified using β-actin.

2.1.8. β-Hexosaminidase Assay

RBL-2H3 cells, a murine basophil cell line, were seeded 2 × 105 cells/well on a 6-well
plate and incubated for 24 h. The cells were then treated with 2,4-dinitrophenyl (DNP)-
IgE (100 ng/mL) overnight. To remove the excess DNP-IgE, the cells were washed twice
with the Siraganian buffer (119 mM NaCl, 5 mM KCl, 5.6 mM glucose, 25 mM PIPES,
0.4 mM MgCl2, 1 mM CaCl2, 0.1% BSA, and pH 7.2). FFE diluted in the Siraganian buffer
was added to the cells and incubated for 1 h. The cells were stimulated with DNP-BSA
(100 ng/mL) for 2 h. After incubation, the supernatant was collected and incubated with
2 mM p-nitrophenyl-N-acetyl-β-d-glucosaminide (p-NAG) in 0.1 M citrate buffer (pH 4.5).
The enzyme reaction was terminated by adding 0.1 M sodium carbonate buffer (pH 10),
and the absorbance was measured at 405 nm.

2.2. In Vivo Study
2.2.1. Animals

Six-week-old male BALB/c mice were purchased from ORIENT Inc. (Sungnam,
Republic of Korea). The mice were kept in cages and maintained at 25 ◦C under a 12 h
light/12 h dark cycle during the entire experiment. The animal experiments were approved
by the Institutional Animal Care and Use Committee (SCH22-0053).

2.2.2. Psoriasis-like Mouse Model

The dorsal hair of each group of five mice was removed with hair removal cream.
The mice were divided into six groups (n = 5): normal (non-treated group), IMQ (negative
control group), dexamethasone (DEX, positive control group, 5 mg/mL dexamethasone in
autoclaved DDW), FH (high-dose Ficus carica fruit extract, 10 mg/mL), FM (moderate-dose
Ficus carica fruit extract, 5 mg/mL), and FL (low-dose Ficus carica fruit extract, 1 mg/mL).

4
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Inflammation was induced by local administration of 62.5 mg of IMQ to the dorsal skin
and ear once every 7 d. Eight days after the first administration, all groups were sacrificed,
and the dorsal skin, ear, and spleen were collected.

2.2.3. Western Blot

Mouse dorsal skin was lysed by adding RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 2 mM EDTA) with 1%
(v/v) protease inhibitor cocktail (PIC) and 1% (v/v) phenylmethylsulfonyl fluoride (PMSF)
and then sonicated four times for 20 s at 5 s intervals. Then, the lysate was centrifuged at
15,000 rpm at 4 ◦C for 50 min. The subsequent processes were the same as those used in
Section 2.1.7.

2.2.4. Histological Analysis

The dorsal skin was collected and fixed with 10% formalin. After fixation, the skin
was dehydrated and embedded in paraffin. The tissues were cut into 3 μm sections.
Hematoxylin and eosin (H&E) staining was performed to measure epidermal thickness.

2.3. Statistical Analysis

All results are expressed as the mean ± SD and evaluated by one way ANOVA to
confirm the significance between groups. Comparisons of three or more groups were
performed using Scheffe’s post-hoc test. Data were considered significantly different
at p < 0.05.

3. Results

3.1. Antiradical Activity and Chemical Constituents

Table 1 shows the antiradical activity of Ficus carica fruit extracts determined us-
ing the DPPH assay. The total polyphenol and flavonoid contents in FFE are also indi-
cated. The value at which the concentration scavenges 50% of free radicals (IC50) was
626.52 ± 24.75 μg/mL, showing significant radical scavenging activity. The total polyphe-
nol and flavonoid contents were 56.94 ± 0.01 mg GAE/g and 14.71 ± 0.25 mg QE/g,
respectively. The results showed that the antiradical activity may arise from the presence of
polyphenols and flavonoids. The phytochemicals in the extract were directly analyzed by
LC–MS/MS. The sixteen identified compounds are listed in Table 2.

Table 1. Antiradical activities of F. carica fruit extracts.

Plant Parts
Antiradical Activity Total Phenolics

(mg GAE/g)
Total Flavonoids

(mg QE/g)DPPH IC50 (μg/mL)

Fruit 626.52 ± 24.75 56.94 ± 0.01 14.71 ± 0.25
Values are given as mean ± SD of the triplicate experiments.

Table 2. Chemical constituents of F. carica fruit extracts by LC–MS/MS.

Compound Concentration (mg/kg) Efficacy [Ref.]

Rutin 2254.58 Anti-radical [26]
Chlorogenic acid 1974.34 Anti-radical [27]

Protocatechuic acid 1244.37 Anti-radical [28]
Psoralen 1037.41 Anti-psoriasis [29]

Schaftoside 860.55 Anti-inflammation [30]
Orientin 400.83 Anti-radical [31]

Bergapten 355.51 Anti-inflammation [32]
Caffeoylmalic acid 326.92 N.D

Vitexin 278.8 Anti-inflammation [33]
Fraxin 190.38 Anti-IR injury [34]

Cichoriin 137.55 Anti-radical [35]
Sinapic acid 119.06 Anti-inflammation [36]
Loganic acid 93.73 Anti-radical [37]

Sweroside 56.24 Anti-inflammation [38]
Salidroside 51.51 Anti-inflammation [39]

Nodakenetin 24.85 Anti-inflammation [40]
N.D (Not determined).
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3.2. In Vitro Anti-Inflammatory Effect of Ficus carica Fruit Extract in LPS-Stimulated
RAW 264.7 Cells

To investigate the in vitro anti-inflammatory efficacy of FFE, FFE dissolved in DMSO
at the non-cytotoxic dose was applied to the LPS-stimulated RAW 264.7 cells. As a result
of the NO assay using Griess reagent through the cell supernatant, FFE inhibited NO
production in the RAW 264.7 cells in a concentration-dependent manner (Figure 1). During
the inflammatory reaction, NFκB enters the nucleus, and various inflammatory molecules,
including iNOS and COX-2, are produced. iNOS catalyzes the formation of NO from L-
arginine, leading to NO production in response to the inflammatory reaction [41]. As shown
in Figure 2, Western blot was performed to investigate the expression of the inflammatory
marker proteins in the RAW 264.7 cells. LPS-induced inflammatory marker proteins, such
as iNOS and COX-2, were reduced by treatment with FFE (Figure 2).

Figure 1. Effect of F. carica fruit extracts on nitric oxide production of RAW 264.7 cells. Ficus carica fruit
extracts significantly inhibit NO production of LPS-stimulated RAW 264.7 cells in a dose-dependent
manner. All data are expressed as mean ± SD *** p < 0.001 compared with control group, ### p < 0.001
compared with LPS group. All experiments were performed in triplicate.

Figure 2. Effect of F. carica fruit extracts on iNOS and COX-2 expressions of RAW 264.7 cells. Analysis
of the expression levels of iNOS and COX-2 were performed with ImageJ and normalized against
β-actin. All data are expressed as mean ± SD *** p < 0.001 compared with control group, ### p < 0.001
compared with LPS group. All experiments were performed in triplicate.
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3.3. Effect of F. carica Fruit Extract on the MAPK and NFκB Signaling Pathways in RAW
264.7 Cells

Western blotting of proteins belonging to the inflammatory pathways was performed
to examine the underlying mechanism that relieves inflammation. The MAPK signaling
pathways include ERK, JNK, and p38 [42]. ERK and p38 phosphorylation was slightly
reduced by FFE treatment (Figure 3B). This result suggests that the anti-inflammatory
efficacy of FFE may not be closely related to the MAPK signaling pathway.

Figure 3. Effect of F. carica fruit extracts on the phosphorylation of mitogen-activated protein kinase
(MAPK) cascade (p-ERK 1/2 and p-p38) in LPS-stimulated RAW 264.7 cells. The expressions of
p-ERK 1/2 (A) and p-p38 (B) were analyzed with ImageJ and normalized against β-actin. All data are
expressed as mean ± SD * p < 0.05, *** p < 0.001 compared with control group, # p < 0.05, ### p < 0.001
compared with LPS group. All experiments were performed in triplicate.

In the physiologically normal state (absence of inflammation), cytoplasmic IκBα
prevents NFκB from entering the nucleus. However, once IκBα is phosphorylated due to
inflammation, it cannot properly function as an NFκB inhibitor, allowing NFκB to freely
enter the nucleus. Then, the NFκB that enters the nucleus acts as a transcriptional regulator,
releasing various inflammatory cytokines and chemokines [43]. Figure 4 shows that FFE
inhibits the phosphorylation of NFκB and IκBα to some extent.

Figure 4. Effect of F. carica fruit extract on the LPS-stimulated activation of phosphorylation of NFκB
(A) and IκBα (B) in RAW 264.7 cells. The expression of p-NFκB and p-IκBα was analyzed with ImageJ
and normalized against β-actin. All data are expressed as mean ± SD *** p < 0.001 compared with
control group, # p < 0.05, ### p < 0.001 compared with LPS group. All experiments were performed in
triplicate.
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3.4. Regulatory Effect of Ficus carica Fruit Extracts on the JAK–STAT Signaling Pathway

Currently, the JAK–STAT signaling pathway is emerging as a new inflammatory path-
way following the classical and traditional MAPK and NFκB signaling. When cytokines,
such as IL-6, IL-19, and IL-22, bind to their receptors, JAK is phosphorylated and binds
to the cytokine receptor to make a receptor complex, resulting in the phosphorylation of
downstream STAT3 at Tyr705 and Ser727, and the phospho-STAT3 meet to form dimers.
These dimers bind to the nuclear DNA and regulate the expression of inflammatory pro-
teins [44,45]. Western blotting showed that the expression levels of LPS-induced p-JAK1
and p-STAT3 were drastically reduced following FFE application (Figure 5). These results
suggest that FFE sufficiently inhibits inflammation in vitro by acting as an inhibitor of
the JAK–STAT pathway rather than as the classically accepted inhibitor of the MAPK and
NFκB pathways.

Figure 5. Effect on F. carica fruit extracts on p-JAK1 and p-STAT3 expressions of RAW 264.7 cells.
The expressions of p-JAK1 (A) and p-STAT3 (B) were analyzed with ImageJ and normalized against
β-actin. All data are expressed as mean ± SD *** p < 0.001 compared with control group, ## p < 0.01
compared with LPS group, ### p < 0.001 compared with LPS group. All experiments were performed
in triplicate.

3.5. Effect of Ficus carica Fruit Extracts on the β-Hexosaminidase Release

The β-hexosaminidase assay was performed to investigate the anti-allergic activity
of FFE. β-hexosaminidase is an enzyme that is released together with histamine and is
involved in allergic inflammation. β-hexosaminidase could be used as a biomarker for
an allergic reaction since it is released with histamine [46]. To investigate the release of
β-hexosaminidase at the cellular level, we used the rat basophilic leukemia cell line, RBL-
2H3. The cells were sensitized using DNP-IgE, and DNP-BSA was used as an antigen
to induce allergic reactions. The amount of secreted β-hexosaminidase bound to the
substrate was determined. Figure 6 shows that the negative control group, treated with
only DNP-IgE, elevated β-hexosaminidase release by approximately 2.4 times compared to
the control group. However, upon treatment with FFE, the release of β-hexosaminidase
was downregulated compared to that in the negative control group. These data suggest
that β-hexosaminidase release is inhibited by FFE, resulting in a reduction in inflammation.
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Figure 6. Effect of F. carica fruit extracts on β-hexosaminidase release in DNP-IgE-stimulated RBL-2H3
cells. The data are the mean ± SD. *** p < 0.001 compared with control group, ### p < 0.001 compared
with DNP-IgE. All experiments were performed in triplicate.

3.6. IMQ-Induced Psoriasis in BALB/c Mice

Figure 7 shows the scheme of the animal experiments conducted to investigate the
psoriasis-ameliorating effect of FFE. Psoriatic skin lesions were excessively induced by
daily treatment with 62.5 mg of IMQ on the dorsal skin of mice for 7 days. At 5, 6, and 7 d,
IMQ cream was applied in the morning to develop and maintain psoriasis, and then
FFE was applied in the afternoon. FFE was divided into three doses: high, moderate,
and low. Figure 8 shows the phenotypical results of the animal experiments. Simple
phenotypic features, such as dryness, scales, and erythema, were excessively induced in
the psoriasis-induced group using only IMQ. However, symptoms including scales and
erythema were alleviated in a concentration-dependent manner in the FFE group, and an
almost superior improvement was observed in the high dose (FH) group similar to that in
the dexamethasone-treated group.

Figure 7. The scheme of animal experiments conducted to investigate the psoriasis-improvement
effect of F. carica fruit extracts. IMQ, Imiquimod; DEX, dexamethasone; FH, high-dose Ficus carica
extract; FM, moderate-dose Ficus carica extract; FL, low-dose Ficus carica extract.
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Figure 8. Phenotypical observations of dorsal skin in mice with IMQ-induced psoriasis-like skin
lesions. Control mice with daily topical application of Vaseline on the shaved dorsal skin. Test mice
with daily IMQ-treated (62.5 mg) dorsal skin on day 3 after IMQ treatment showing psoriasis-like
inflammation and erythema lesions and silvery-white scales. IMQ, imiquimod; DEX, dexamethasone;
FH, high-dose Ficus carica extract, FM, moderate-dose Ficus carica extract; FL, low-dose Ficus carica
extract. All experiments were performed in triplicate.

3.7. Measurement of PASI Score in BALB/c Mice

The PASI score evaluates the severity of psoriasis by measuring the degree of redness
(erythema), thickness, scales of the psoriasis lesion, and the extent of psoriasis spread.
Figure 9 shows that all indicators, such as erythema, scales, and dorsal thickness, steadily
increased in the IMQ-treated group. However, the scores for erythema, scales, and dorsal
skin thickness decreased after FFE treatment. In particular, the high-concentration FFE
treatment group showed an improvement similar to that of the positive control group
(dexamethasone).

Figure 9. PASI scores showing intensity of erythema and scales of the control and treated mice dorsal
skin on a 0–3 point scale. All experiments were performed in triplicate.

3.8. Histological Analysis of Effect of F. carica Fruit Extracts on Psoriasis-like Skin Lesions in
BALB/c Mice

Figure 10 shows that the thickness of the stratum corneum increased in the IMQ-
treated group, which caused psoriasis. However, FFE treatment reduced the epidermal
thickness, and the high-dose FFE treatment reduced the level of scales comparable to that
of dexamethasone.

Figure 10. Histological examinations stained with hematoxylin and eosin (H&E). H&E-stained dorsal
skin of control and IMQ-treated mice. Images magnified 40×. *** p < 0.001 compared with control
group, ### p < 0.001 compared with IMQ. All experiments were performed in triplicate.

10



Life 2023, 13, 1671

3.9. Effect of Ficus carica Fruit Extracts on the Spleen Weight

The spleen is a representative immune organ, and an enlarged spleen indicates ex-
cessive inflammation in the body [47]. The size of the spleen significantly increased when
only IMQ was applied. However, the weight of the spleen was significantly reduced in the
high-dose FFE group compared to that in the IMQ group (Figure 11).

Figure 11. Effect of F. carica fruit extracts on the ratio of spleen weight to body weight. Mice were
sacrificed, and the ratio of spleen weight to body weight was determined at 24 h after the final
administration. Data presented are mean ± SD (n = 5) *** p < 0.001 indicates a statistically significant
difference from the control group. # p < 0.05, ### p < 0.001 indicates a statistically significant difference
from the IMQ group. All experiments were performed in triplicate.

3.10. Effect of F. carica Fruit Extracts on the Phosphorylation of STAT3 in Mouse Dorsal Skin

To investigate the mechanism underlying the in vivo ameliorative effect of FFE on
psoriasis-like skin lesions, the p-STAT3 expression pattern was investigated. Figure 12
shows that p-STAT3 was overexpressed in the group treated with IMQ alone. However, the
IMQ-induced p-STAT3 expression was reduced by FFE treatment. These results indicated
that FFE improved the symptoms of psoriatic skin lesions by regulating STAT3 expression.

Figure 12. Effect of F. carica fruit extracts on the phosphorylation of STAT3. The expression of
p-STAT3 was analyzed with ImageJ and normalized against β-actin. All data are expressed as
mean ± SD *** p < 0.001 compared with control group, ### p < 0.001 compared with IMQ group. All
experiments were performed in triplicate.

4. Discussion

Psoriasis is an immune-mediated, long-lasting inflammatory skin disease [48] charac-
terized by great risk of morbidity, chronicity, disability, and associated comorbidities [49].
The common occurrence of psoriasis on the skin primarily involves an inflammatory re-
sponse involving IFN-α, IFN-γ, IL-1, IL-6, IL-17, IL-22, and IL-23 from dendritic cells,
macrophages, and helper T cells (Th cells) [50,51]. Activation of NF-κB-mediated inflamma-
tory events involving iNOS and COX2 is known to be associated with psoriasis initiation
and progression. The pathogenesis of psoriasis is complex, and the contribution of both
innate and adaptive immunity might help manage this complex disease [52,53].

An extensive literature survey revealed that F. carica is a sacred and important medic-
inal plant used for the ethnomedicinal treatment of anemia, bronchitis, constipation, di-
abetes, fever, hemorrhoids, inflammation, liver disorders, infectious diseases, and many
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other ailments worldwide [7,17]. Pharmacological studies on fresh plant materials, crude
extracts, and isolated components of F. carica have provided evaluations of their anti-
bacterial, anti-cancer, anti-fungal, anthelmintic, anti-inflammatory, anti-mutagenic, anti-
pyretic, anti-spasmodic, anti-platelet, antiviral, cytotoxic, hepatoprotective, hypoglycemic,
hypolipidemic, and immunostimulant activities [15].

In this study, the in vitro and in vivo anti-psoriasis effect of F. carica fruit extract
(FFE) was investigated. The in vitro results showed that FFE reduced the production of
nitric oxide (NO), iNOS, and COX-2 from LPS-stimulated RAW 264.7 cells. This anti-
inflammatory activity is thought to be due to the basic antioxidant activity of the extract,
probably owing to the presence of polyphenols and flavonoids.

The MAPK and NFκB signals, which are typical inflammatory pathways, were not
significantly regulated by FFE. Currently, the JAK–STAT signaling pathway is emerging as
the main mechanism underlying psoriasis pathogenesis. Interestingly, phosphorylation of
JAK1 and STAT3 in the x JAK–STAT signaling pathway, which has been highlighted as a
new inflammatory signal, was dramatically modulated by FFE. In addition, FFE reduced
the release of β- hexosaminidase in the anti-allergic experiments.

When psoriasis was induced in BALB/c mice with IMQ, the dorsal thickness of the
mice increased. However, this increased dorsal thickness was significantly reduced by
FFE treatment. Moreover, the PASI score was reduced with FFE. In addition, histological
observations revealed that the dermal thickness of the epidermis was decreased. The size
and weight of the spleen were also reduced. Notably, FFE reduced the phosphorylation of
STAT3 in the psoriasis-like mouse model.

Taken together, F. carica fruit extract might show a superior ameliorative effect on
psoriatic skin lesions via anti-inflammatory effects associated with JAK–STAT modulation.
Thus, the extract could be developed as a candidate material for the treatment of psoriasis.
In further experiments, F. carica fruit extract will be fractionated to find the ingredient with
the highest anti-psoriasis efficacy and developed as a drug with high specificity.
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Abstract: Royal jelly (RJ), a highly nutritious natural product, has gained recognition for its remark-
able health-promoting properties, leading to its widespread use in the pharmaceutical, food, and
cosmetic industries. Extensive investigations have revealed that RJ possesses a broad spectrum of
therapeutic effects, including anti-inflammatory, antioxidant, antitumor, anti-aging, and antibacterial
activities. Distinctive among bee products, RJ exhibits a significantly higher water and relatively
lower sugar content. It is characterized by its substantial protein content, making it a valuable source
of this essential macronutrient. Moreover, RJ contains a diverse array of bioactive substances, such as
lipids, phenolic compounds, flavonoids, organic acids, minerals, vitamins, enzymes, and hormones.
This review aims to provide an overview of current research on the bioactive components present in
RJ and their associated health-promoting qualities. According to existing literature, these bioactive
substances hold great potential as alternative approaches to enhancing human health. Notably, this
review emphasizes the anti-inflammatory properties of RJ, particularly in relation to inflammatory
diseases, such as multiple sclerosis (MS), rheumatoid arthritis (RA), and inflammatory bowel diseases
(IBD). Furthermore, we delve into the antitumor and antioxidant activities of RJ, aiming to deepen
our understanding of its biological functions. By shedding light on the multifaceted benefits of RJ,
this review seeks to encourage its utilization and inspire further investigation in this field.

Keywords: royal jelly; anti-inflammatory activity; antioxidant activity; natural products; anticancer
potential; biological activity

1. Introduction

Infections, chemical toxins, mechanical injuries, and many other factors can cause
inflammation, a natural defense mechanism. When bacteria invade the organism, host
cells are driven to secrete pro-inflammatory cytokines. Employing natural remedies as a
treatment has received special attention recently because taking anti-inflammatory phar-
maceuticals may have a variety of negative side effects [1].

Royal jelly (RJ) is a yellowish-white, creamy substance secreted by the hypopharyn-
geal and mandibular glands of worker bees. It serves as the primary nourishment for
developing larvae during their initial three days and continues to be the exclusive food
source for honeybee queens throughout their lives. Recognized for its exceptional nu-
tritional value, RJ has gained the reputation of a “superfood” with numerous potential
health benefits for human consumption. It is characterized by its creamy texture and has
a pH range of 3.6–4.2. It comprises a diverse range of essential components, including
proteins, lipids, carbohydrates, minerals, amino acids, vitamins, enzymes, and hormones.
These constituents contribute to its remarkable nutritional profile and may play a role in its
physiological effects [2,3].

With an estimated yearly output of more than 4000 tons of RJ, China is regarded as
the world’s greatest producer and exporter, accounting for over 90% of the total amount
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collected globally [4,5]. Several countries have created their own national standards for the
quality requirements of RJ [6].

Due to its health benefits, RJ has been used as an alternative treatment since ancient
times and was especially widespread in Asia and Ancient Egypt [6]. In recent years, there
has been a significant rise in interest in the food sector, with the significance of RJ and
its distinct pharmacological and therapeutic qualities being highlighted. RJ meets func-
tional requirements for dietary supplements by possessing anti-inflammatory, anticancer,
antioxidant, hypotensive, anti-aging, and anti-microbial activities [5]. Considering these
therapeutic properties of RJ, the present review aims to highlight recent findings on its
activity against inflammatory diseases.

2. Chemical Composition

RJ’s rich composition not only holds potential for pharmaceutical applications but
also for use in dietary supplements and functional foods, aiding in overall health and
well-being [5]. As the critical sustenance for queen bees, RJ necessitates the inclusion of all
life-supporting nutrients, encompassing sugars, proteins, lipids, and water, harmoniously
proportioned. RJ stands as the bee product with the most significant water content, ac-
counting for 60–70%, while exhibiting a lower sugar ratio, 7–16%, relative to other bee
derivatives. It also manifests a high protein content, spanning 10–18%, and lipids ranging
between 3–8%. The composition extends to phenolic compounds, flavonoids, organic acids,
minerals, vitamins, enzymes, and hormones [3,5,7–10].

2.1. Proteins and Amino Acids

Proteins are a major component of RJ, representing more than 50% of its dry matter [6].
Major royal jelly proteins (MRJPs) and specific peptides, namely jeleines, royalsin, roy-
alactin, apidaecin, and defensin-1, constitute the protein composition of RJ [11]. There
have been nine significant royal jelly proteins (MRJP1-9) distinguished by several re-
searchers [3,12,13], each with molecular weights spanning between 49 to 87 kDa. Among
these, MRJP1 and MRJP3 contribute the most significant proportions, accounting for
31% and 26%, respectively. They are closely followed by MRJP2 and MRJP5 [14]. Ex-
panding our knowledge of protein dynamics, a groundbreaking study by Buttstedt [15]
brought to light the unique role of 10-Hydroxy-Δ2-decenoic acid (10-HDA) in manipulating
the structure of a particular protein ensemble found in honeybee (Apis mellifera) RJ. This
complex consists of three key elements: MRJP1, apisimin, and 24-methylenecholesterol.
Buttstedt’s research illustrates how the presence of 10-HDA influences this complex, encour-
aging the formation of fibrils—a process with potential implications for the functionality of
RJ. The revelations from this research open new avenues in the world of protein studies
and provide valuable insights for fields such as entomology and apiculture [15]. In their
2019 research, Mureşan and Buttstedt [16] investigated the stability of MRJPs in the context
of varying pH environments. They found a direct correlation between the pH levels and the
stability of these proteins, influencing their digestion process. The study further revealed
that the beneficial aspects of these proteins, such as their anti-inflammatory properties, are
reliant on this pH-dependent stability [16].

In addition to these proteins and peptides, RJ also encompasses a collection of free
amino acids, which includes lysine, proline, cystine, aspartic acid, valine, glutamic acid,
serine, glycine, cysteine, threonine, alanine, tyrosine, phenylalanine, leucine, isoleucine,
and glutamine [17,18].

2.2. Carbohydrates

RJ is recognized for its complex and diverse nutrient content, which encompasses
an array of carbohydrates. These include glucose, fructose, sucrose, maltose, turanose,
trehalose, and isomaltose [19]. The presence and distribution of these carbohydrates in RJ
can be a crucial factor in determining its authenticity [11]. The carbohydrate content in RJ
appears to be influenced by various factors such as the harvesting season, the species of
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bees, and the geographical origin of the product [20]. Consequently, these variables could
potentially serve as distinctive markers in authenticity tests for RJ products, providing
valuable insights for both food science researchers and the apiculture industry [11].

2.3. Lipids and Fatty Acids

RJ is a remarkable substance, rich in a range of lipids. Its lipid composition is pre-
dominantly composed of medium-chain fatty acids, among which 10-HDA is a major
constituent [10,21]. This fatty acid alone accounts for a substantial portion of RJ’s lipidic
profile. It is regarded as a freshness and quality marker [10]. However, other fatty acids,
such as sebacic acid and 9-hydroxy-2-decenoic acid [5,10], are also present and contribute
to the overall lipid matrix of RJ. Beyond fatty acids, RJ also comprises other lipid-soluble
substances, including waxes, sterols, and phospholipids [22]. Due to the wide variety and
complexity of lipids found in RJ, a recent study [23] utilized sophisticated techniques, such
as gas chromatography (GC) and ultra-high performance liquid chromatography paired
with ion mobility-quadrupole-time-of-flight-mass spectrometry (UHPLC-IM-Q-TOF-MS).
These methods offer high precision, sensitivity, and accuracy, making them highly effective
in analyzing intricate mixtures of lipids.

The investigation was successful in identifying and quantifying nine distinct classes
of lipids in RJ. These included phosphatidylcholine (PC), diacylglycerol (DG), lyso-PC
(LPC), sphingomyelin (SM), triglycerides (TG), phosphatidylethanolamine (PE), ceramide
(Cer), cardiolipin (CL), and lyso-PE (LPE). This research marks a significant step forward
in understanding the intricate lipid composition of RJ, which, in turn, sheds light on its
various biological activities and potential health benefits. Future investigations in this area
could provide even more insights into the functional properties of RJ, contributing to its
potential use in various health and nutritional applications.

Studies about the anti-inflammatory effects of fatty acids will be discussed in the “RJ
as an adjuvant in anti-inflammatory diseases” section.

2.4. Other Constituents

RJ is characterized by its phenolic compounds, comprising substances such as pinobanksin,
hesperetin, naringenin, isosakuranetin, chrysin, acacetin, luteolin, apigenin, kaempferol, isorham-
netin, formononetin, along with various glycosides. These compounds contribute to the biologi-
cal activities and potential health benefits associated with RJ [20,24].

The vitamin profile of RJ is also noteworthy. It includes essential vitamins, such as
biotin, riboflavin, thiamin, pantothenic acid, inositol, niacin, pyridoxine, and vitamin E.
These vitamins are key to multiple biological functions, further enhancing the nutritional
value and health-promoting potential of RJ [25]. This bee product also incorporates a range
of minerals, such as potassium (K), phosphorus (P), calcium (Ca), magnesium (Mg), sodium
(Na), zinc (Zn), chromium (Cr), and cadmium (Cd). The presence and concentration of
these minerals in RJ are affected by a wide range of factors. These include environmental
conditions, the time of the harvest season, and the unique biological traits of the bees.
Therefore, these factors should be taken into account when studying the composition and
properties of RJ [11,26,27].

A variety of factors significantly influence the production and chemical composition
of RJ, as emphasized in the study conducted by Al-Kahtani and Taha [28]. They high-
lighted the pivotal role of the post-grafting period, demonstrating that it profoundly affects
the output and macro and trace elements of this bee product. A precise post-grafting
duration is hence critical for optimizing both quantity and quality. Harvest timing also
wields substantial influence, with suboptimal timing potentially impacting both yield and
chemical constitution. Al-Kahtani and Taha [29] sought to determine the optimal timing for
harvesting RJ based on its yield and nutritional composition, examining three timeframes:
24, 48, and 72 h post-grafting. The results indicated that RJ collected after 72 h of grafting
produced the highest yield per queen cell, contrasting with the minimum yield seen at
the 24 h mark. The nutritional constitution of this bee product also exhibited a temporal
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dynamic. The 72 h harvest exhibited the lowest moisture levels and highest amounts
of crude protein, ash, fructose, and glucose. RJ harvested at 24 h, however, showed the
highest concentration of lipids. Furthermore, a trend towards decreasing pH and increasing
acidity was observed over time. The study’s conclusions suggest a 72 h grafting period
to maximize RJ yield and optimize nutritional content. Yet, it is important to recognize
that the changing nutritional characteristics over time mean that RJ properties may vary
depending on when it is harvested post-grafting [29]. Additionally, the dietary intake of the
bee colonies directly affects the volume and biochemical composition of the RJ produced.
Seasonal variations introduce another layer of complexity, resulting in oscillations in its
production and chemical attributes. These findings highlight the multifactorial aspect of
RJ production and emphasize the need for a comprehensive understanding to optimize
beekeeping practices [28].

3. RJ as an Adjuvant in Inflammatory Diseases

When the organism is challenged by pathogens, harmful toxins, irradiation, or micro-
bial infections, inflammation occurs as a natural defense mechanism. Numerous physio-
logical and immunological pathways are activated by this complex process; thus, when
inflammation becomes dysregulated as a result of certain circumstances, it can harm nearby
tissue and induce a wide range of diseases [30].

Characteristic inflammatory symptoms, including pain, redness, and heat, involve
immune cells, such as B and T lymphocytes, monocytes, macrophages, neutrophils, and
basophils, as well as mast and dendritic cells. The inflammatory response is largely
influenced by the type of stimulus, all sharing similar mechanisms, such as the identification
of pattern-recognition receptors on foreign pathogen’s cell surfaces or intracellular signaling
caused by harmed cells or tissues [31].

Nowadays, a wide range of anti-inflammatory medications on the market work by
preventing the production of prostaglandins, but they have substantial adverse effects as
well [31]. As a result, several studies investigating natural products with the potential to
enhance anti-inflammatory effects without having negative side effects have been carried
out, and various natural substances with the potential to enhance immune function have
been found. It is worth noting that these natural products have a beneficial effect on
both the human body and animals. As an example, a natural product called RJ has been
traditionally used to enhance immune system performance [32]. Numerous biological and
chemical factors, including cytokines, pro-inflammatory enzymes, as well as the enzymatic
degradation of tissues, all contribute to the inflammatory process. Interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) production are effectively
inhibited by RJ treatment in a dose-dependent manner without having any deleterious
effects on macrophages in vitro. In autoimmune disorders, such as rheumatoid arthritis
(RA) and inflammatory bowel diseases (IBD), RJ may play a crucial role in enhancing
life quality [5]. Figure 1 represents a summary of the information described in the text
regarding three important inflammatory-related diseases taken into discussion.

3.1. RJ in Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory condition that affects the nervous system
and is thought to be immunologically mediated and persistent. This disease comes with a
damaged blood–brain barrier, lymphocytes, microglia, and macrophages being attracted to
the lesion sites. It is distinguished by the destruction of fatty myelin sheaths around the
brain and spinal cord’s axons, which results in demyelination along with a wide range of
symptoms. Although genetic and environmental variables have been demonstrated to play
an essential role, the fundamental etiology of MS remains unclear [33].

A descriptive analysis performed by Podbielska et al. [34] indicated that lipids could
potentially play a key role in the immunopathogenesis of MS while also being involved in
the progression and remission of the disease.
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Figure 1. RJ—Mechanisms of action in inflammatory-related diseases. First panel: RJ in Multiple
Sclerosis (MS); Second panel: RJ in Inflammatory Bowel Disease (IBD); Third panel: RJ in Rheumatoid
Arthritis (RA). ↗ increase, ↘ decrease (Created with canva.com, accessed on 22 April 2023).

Natural product-based therapies have shown promising outcomes in the treatment of
MS symptoms and the disease’s progression. Due to its antioxidant, anti-inflammatory, and
anti-apoptotic properties, RJ is used to treat a variety of diseases, including neurological
disorders. RJ has been linked to relieving chronic pain, neuroplasticity, and altering
neurotransmitters involved in anxiety and depression conditions [35,36].

Lohrasbi et al. [35] pointed out that rats with MS-like behaviors, supplemented with
100 mg/kg/day of RJ, could show an improvement in terms of mobility, pro-inflammatory cy-
tokine functions, and demyelination. Researchers highlighted 10 bioactive RJ compounds with
suitable binding affinities, including Vitamin A, Vitamin B2, Vitamin E, hesperetin, kaempferol,
naringenin, formononetin, genistein, isosakuranetin, and 24-methylenecholesterol. Based on
the artificial intelligence analysis (AI) study, they discovered that these bioactive substances
might bind to DNAJB1 and TNFSF14 protein-coding genes. According to the molecular
docking analysis of bioactive chemicals, RJ consumption may alter important molecular sig-
naling pathways, improving life quality and increasing muscular strength in patients with MS.
Based on their new findings, researchers revealed that 24-methylenecholesterol, a low-energy
molecule, is bound to the surfaces of the TNFSF14 and DNAJB1. These results suggest that
TNF pathways were altered because of consuming this natural bee product [35].

As Cannabinoid-1-receptors (CB1R) are therapeutic targets for the treatment of various
associated symptoms of MS, Kheirdah et al. [36] aimed to assess the impact of aerobic exer-
cise and two doses of RJ on hippocampus CB1R and pain threshold (PT) in an EAE model.
RJ was administered intraperitoneal at dosages of 50 and 100 mg/kg/day throughout a
five-week period of exercise training (ET), which was completed four times per week at
different speeds ranging between 11 to 15 m/min for 30 min. In rats with EAE, endurance
training had no remarkable impact on PT or hippocampus CB1R. In comparison to the EAE
group, the CB1R gene expression levels in the RJ100 group were increased. Additionally,
a higher PT level was observed in the ETRJ50 and ETRJ100 groups compared to the EAE
group. PT and CB1R were more significantly affected by the combination of ET and RJ50
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than by either of them alone. These findings indicate that RJ at 50 or 100 mg/kg doses
should be consumed, and this supplementation should be combined with physical exercise
for better results [36].

Another study investigated the effects of RJ on female C57/BL6 mice with induced ex-
perimental autoimmune encephalomyelitis (EAE), a model for MS. The mice received daily
assessments for 25 days after receiving synthetic MOG35-55. Histological analysis using
techniques such as H&E and LFB staining, BrdU incorporation, ELISA, and Real-time PCR
were employed to evaluate demyelination, proliferation, lymphocyte infiltration, cytokine
profiles, and gene expression levels. The results indicated that RJ and 10-HDA prevented
the development of EAE. The treated groups exhibited reduced demyelination, decreased
leukocyte infiltration in the central nervous system, and dose-dependent inhibition of
inflammatory mediators. RJ and 10-HDA were found to modulate the immune response
by primarily affecting the polarization of Th17 and Th1 cells. These findings highlight
the potential therapeutic benefits of RJ and 10-HDA in MS and support their use in the
treatment of inflammatory diseases [37].

A randomized clinical trial conducted by Oshvandi et al. [38] aimed to assess the
impact of RJ supplementation on the quality of life in patients diagnosed with MS. The
study involved 100 MS patients, divided into an experimental group and a control group.
The experimental group received a daily capsule of 500 mg of RJ for 90 days, while the
control group received a placebo. The researchers utilized the MS-specific quality of life
questionnaire and the Barthel Index of Daily Living Activities to evaluate patients' quality
of life and daily activities before and after the intervention. The results demonstrated
that the experimental group experienced a significantly higher average quality of life
score after the intervention compared to the control group, even after accounting for
potential confounding factors. Additionally, the experimental group exhibited a significant
improvement in daily activity status scores compared to the control group. These findings
suggest that incorporating RJ supplements into the daily routine can have a positive impact
on the quality of life for MS patients [38].

In summary, the studies mentioned above provide insights into the potential benefits of
RJ in the context of MS. The in vitro and in vivo experiments demonstrated improvements
in mobility, pro-inflammatory cytokine functions, demyelination, and immune response
modulation. The molecular docking analysis indicated the interaction of bioactive com-
pounds with specific genes and molecular pathways related to MS. Furthermore, clinical
data highlighted the positive effects of RJ supplementation on the quality of life and daily
activities of MS patients. These findings support the exploration of this bee product as a
potential therapeutic option for managing MS symptoms and disease progression (Figure 1,
First panel).

3.2. RJ in Inflammatory Bowel Disease

Both Crohn’s disease (CD) and ulcerative colitis (UC) are chronic inflammatory bowel
diseases (IBD), which share many of the same symptoms and cause inflammation in the
digestive tract. Its incidence is ascribed to a number of circumstances, some of which
include geographic location, low-quality food, genetics, and decreased immunological
response [39].

Weight loss, fever, rectal bleeding, diarrhea, and stomach discomfort are some of the
symptoms of CD and UC, inflammation being the fundamental characteristic of them.
These disorders can affect men and women equally. The terminal ileum, cecum, perianal
region, and colon are often affected by CD, although it can also affect any part of the
intestine. In contrast, UC affects the rectum and can spread continuously across the entire
colon or only a portion of it. The inflammation in UC is only present in the mucosa and
submucosa with cryptitis and crypt abscesses, in contrast to the thickened submucosa,
transmural inflammation, fissuring ulceration, and granulomas that are histologically
present in CD [40].
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In vitro studies have provided valuable insights into the anti-inflammatory properties
of RJ and its components in the context of colitis. For example, Yang et al. [41] demonstrated
in vitro that 10-HDA, a component isolated from RJ, can prevent the secretion of pro-
inflammatory cytokines TNF-α, IL-1β, and IL-8 in WiDr adenocarcinoma cells. Additionally,
they found that this fatty acid effectively increased the production of IL-1Ra (IL-1 receptor
antagonist), which acted as a constraint on IL-1β production.

Moving to in vivo animal studies, the effects of RJ have been investigated in 2, 4,
6-trinitrobenzene sulfonic acid (TNBS)-induced colitis model. It was discovered that RJ
supplementation reduced colon tissue ulcerative erosion and increased the presence of
mast cells, CD3+, and CD45+ T cells. Furthermore, pre-treatment with RJ decreased the
production of pro-inflammatory cytokines, such as IL-1 and TNF-α, while enhancing the
production of the anti-inflammatory cytokine IL-10 in the colon. RJ was also found to
improve plasma glutathione peroxidase (GSH-Px) activity, reduce TNF-α damage, and sup-
press the production of major inflammatory mediators, including COX-2 and NF-kB [3,42].

In another animal study conducted by Guo et al. [43], the protective effects of RJ
were investigated in a DSS-induced UC model in mice. RJ supplementation in these mice
increased the levels of tight-junction proteins, goblet cells, and mucin secretion (MUC2),
leading to alleviation of symptoms, reduced intestinal permeability, and colonic cell death.
Moreover, RJ supplementation resulted in increased expression of the anti-inflammatory
cytokines IL-10 and IgA while decreasing the expression of the pro-inflammatory cytokine
IL-6. The relative abundance of gut microbiota was also affected by DSS, with specific
changes observed. Treatment with RJ increased the relative abundance of certain beneficial
gut microbiota. These findings demonstrated that RJ could mitigate DSS-induced colitis by
strengthening the intestinal mucosal barrier and modulating gut microbiota composition.

In conclusion, in vitro and in vivo animal studies collectively suggest the anti-inflammatory
effects of RJ in colitis (Figure 1, Second panel). In vitro studies demonstrated the ability of RJ
components, such as 10-HDA, to suppress the secretion of pro-inflammatory cytokines and
enhance the production of anti-inflammatory cytokines. Animal studies showed that RJ supple-
mentation reduced tissue damage, modulated immune response, strengthened the intestinal
mucosal barrier, and influenced gut microbiota composition. These findings highlight the poten-
tial of RJ as a therapeutic option for managing colitis, but further research and clinical trials are
necessary to fully understand the underlying mechanisms and optimize its clinical application.

3.3. RJ in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic, autoimmune condition that seriously threatens
healthspan, evolving gradually, affecting primarily elderly people [20]. It is frequently
characterized by pain, edema, stiffness, inflammation, and joint damage. Chronic synovial
membrane inflammation causes bone and cartilage deterioration, resulting in the degenera-
tion of the afflicted joints. Inflammation of the blood vessels, internal organs, and tendon
sheaths is among the most common symptoms, along with discomfort, exhaustion, and
movement restrictions. Early recognition and the beginning of treatment as soon as possible
are crucial as the immune process can be considerably altered if this condition is identified
and treated within three to six months of the onset of symptoms [44]. Results of RA therapy
(steroids and anti-TNF drugs) in the elderly are unsatisfactory due to age-related loss in
organ function, comorbidities, and body composition changes [45].

Clinical investigations have indicated that oxidative stress plays a significant role in the
genesis of RA, resulting in high levels of oxidative stress biomarkers and low antioxidant
status. NF-kB is activated by rROS, which might lead to inflammatory reactions in RA.
Thus, supplementation with RJ as an antioxidant agent may contribute to symptom relief
and life quality enhancement. Nowadays, pharmacologic treatments for RA symptoms
include non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and disease-
modifying anti-rheumatic drugs (DMARDs), although these treatments come with certain
adverse effects. As a result, complementary therapies, particularly nutritional supplements,
have gained more attention [46].
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In vitro studies were conducted to investigate the effects of 10-HDA, a compound
found in RJ, on key signaling pathways and enzymes associated with RA. The researchers
observed that this fatty acid significantly reduced the activity of p38, c-Jun N-terminal
kinases-activating protein-1 (JNK-AP-1) signaling pathway, and matrix metalloproteinases
(MMP-1, MMP-3) [5,47]. These findings suggested that 10-HDA may have a protective
effect against the adverse effects of RA treatment.

Researchers sought to explore the impact of 10-HDA on fibroblast-like synoviocytes
(FLS) cells, which play a crucial role in the pathogenesis of RA. Increased activation and
proliferation of FLS cells, along with the development of pannus that invades nearby bone
and cartilage, are characteristic features of RA. Inhibition of FLS cell growth and control
of pannus formation are important therapeutic goals in RA treatment. Previous research
indicated that 10-HDA could potentially reduce FLS cell growth [44]. However, recent
findings highlighted the inverse relationship between dosage and time with regard to the
viability and histone deacetylase (HDAC) activity of FLS cells. This discovery opened
up new possibilities for the development of histone deacetylase inhibitors (HDACI) as a
potential treatment option for RA. Consequently, 10-HDA was implicated in inhibiting the
target genes of the phosphoinositide-3-kinase-protein kinase B/AKT (PI3K-AKT) pathway,
thereby suggesting its potential as an alternative treatment option for RA [32] (Figure 1,
Third panel).

Finally, clinical data is needed to validate the findings from in vitro studies. Clinical
trials involving human participants with RA would be required to evaluate the efficacy
and safety of 10-HDA as a therapeutic agent. These trials would assess the impact of this
fatty acid on disease progression, symptoms, and other relevant factors. If the clinical data
support the earlier findings, 10-HDA could potentially be considered as a complementary
treatment option for RA.

4. Additional Anti-Inflammatory Effects of RJ

A group of researchers developed a personalized treatment based on the protease
enzyme technique to hydrolyze RJ, aiming to compare the anti-inflammatory and immune-
boosting properties of enzyme-treated RJ (ERJ) on macrophages and mice. They discovered
that ERJ could affect macrophage proliferation and offer protection against LPS-induced
stress. The mice selected for this study that were given ERJ for 4 weeks and stimulated
with LPS presented considerably lower levels of TNF-α, IL-1, IL-6, IL-10, and IL-12, as
well as IFN-γ. Moreover, B-lymphocyte and T-lymphocyte proliferation, as well as the
activity of naturally occurring natural killer cells, were all markedly and dose-dependently
boosted by ERJ. These findings show that ERJ possesses substantial anti-inflammatory and
immune-promoting properties, making it a promising dietary ingredient for the treatment
of inflammatory diseases [48].

The three main fatty acids found in RJ, namely 10-HDA, 10-hydroxydecanoic acid
(10-HDAA), and sebacic acid (SEA), were examined for their anti-inflammatory properties
by Chen et al. [49]. Whereas all of them exhibited significant, dose-dependent inhibitory
effects on the release of the key inflammatory mediators (nitric oxide and IL-10), findings
showed that only SEA had the ability to reduce the production of TNF-α. These RJ fatty
acids have also been shown to affect a number of important inflammatory genes, with
10-HDA exhibiting different modulatory actions in comparison to the other two fatty
acids. The authors also discovered that all of them possessed a regulatory effect on a
number of proteins involved in the mitogen-activated protein kinase (MAPK) and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathways [50].
Chen et al. [50] examined the in vitro anti-inflammatory effects of 10-HDA and noticed a
reduction in the expression of crucial inflammatory genes, such as IL-1, IL-6, COX-2, and
MCP-1. Mice were enrolled to examine the effects of 10-HDA on lung damage brought on
by LTA. In accordance with the findings, 100 mg/kg of 10-HDA can have protective effects
by limiting the production of inflammatory cytokines, including IL-10, MCP-1, and TNF-α.
Even though the inhibitory effects of this fatty acid were dose-dependent, it was speculated
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to possess anti-inflammatory effects. Further investigations to comprehend this fatty acid’s
accurate action mechanisms were suggested by the authors.

RJ’s anti-inflammatory effects on the BV-2 murine microglial cell line after exposure
to LPS were investigated by You et al. [51]. RJ was discovered to have a protective effect
by reducing the inflammatory response; the underlying processes may be connected to
pro-inflammatory cytokines production inhibition. RJ has the potential to drastically reduce
the expression of the pro-inflammatory protein cyclooxygenase-2 (COX-2). Moreover, RJ
can decrease inflammatory mediator levels by inhibiting the nuclear factor kappa B (NF-kB)
and c-Jun N-terminal kinase (JNK) pathways [51]. Studies involving phytohaemagglutinin-
activated peripheral blood mononuclear cells (PBMCs) as an in vitro model have shown
that RJ fatty acids, including 3, 10-dihydroxy-decanoic acid (3,10-DDA) and 10-HDA at
the concentration of 500 μM have an inhibitory effect on PBMC proliferation. Moreover,
it suppressed Th1 and Th2 immune responses, along with modulating TNF-α and IL-1β
production. While TNF-α and IL-1β levels were unaffected by 3,10-DDA at a concentration
of 500 μM, the production of these cytokines by stimulated PBMCs was inhibited by the
same amount of 10-HDA. The researchers concluded that RJ fatty acids had a substantial,
dose-dependent immunomodulatory impact in vitro [52].

It was shown that RJ can stimulate the proliferation of healthy lymphocytes and has
a stimulatory effect on interferon-gamma (IFN-γ) production. RJ treatment shifted the
Th1/Th2 cytokine ratio in favor of the Th1 in patients with autoimmune Basedow Graves’
illness. This indicates that RJ may be beneficial in the treatment of Graves’ disease as an
immunomodulatory agent and an antithyroid medication [53].

Arzi et al. [54] also examined the anti-inflammatory effects of RJ in formalin-induced
rat paw edema. The researchers showed that RJ inhibited inflammation in a dose-dependent
manner, considerably reducing edema at doses of 50 and 100 mg/kg. It was also demon-
strated that there was no discernible difference in the inhibition of formalin-induced edema
between groups treated with dosages of 50 and 100 mg/kg and the positive control group
treated with aspirin 300 mg/kg.

Minegaki et al. [55] aimed to investigate the anti-inflammatory effects of MRJP3 and
its derived peptides both in vitro and in vivo since in vitro testing revealed that MRJP3 had
anti-inflammatory activities. The addition of MRJP3 or its C-terminal tandem pentapeptide
repeats (TPRs) sequence was shown to inhibit the expression of both TNF-α and IL-6
mRNAs in LPS-stimulated THP-1 cells. TPRs were injected into mice that suffered from
herpes stromal keratitis (HSK) caused by the herpes simplex virus type 1 (HSV-1), the main
objective consisting in the decrease of both disease scores and levels of TNF-α and IL-6
expression. Additionally, in both in vivo and in vitro models, the expression of TNF-α and
IL-6 was decreased by TPRs derived from synthetic pentapeptides.

The study conducted by Fatmawati et al. [56] evaluated endogenous antioxidant ex-
pression of nuclear-related factor 2 (Nrf2), transcription factor (Nf-kB), and pro-inflammatory
cytokine TNF-α to determine the effectiveness of RJ as a UV radiation protector. Wistar rats
were exposed for 2 h daily to 40 Watt UV-B lamps for a period of two weeks. RJ cream was
applied in different concentrations, including 2.5%, 5%, and 10%, the highest dose inducing
an increased Nrf2 and a decreased Nf-kB expression level. Moreover, TNF-α expression
was significantly reduced with an increased RJ dose. As a result, the application of RJ cream
shielded the skin from UV rays by reducing inflammatory reactions and strengthening
cellular antioxidants.

Nanoparticles, such as nano-silver (NS), have the potential to cause inflammation
by activating immune cells, which causes the release of pro-inflammatory cytokines. The
skin, cardiovascular system, gastrointestinal and respiratory tract can all be negatively
affected by NS. These adverse effects, including DNA oxidation and cell cytotoxicity, can
be alleviated by using tissue-protecting compounds, such as RJ, along with NS. Thus,
Pourmobini et al. [57] aimed to investigate RJ’s protective effect against NS’s inflammatory
effect. Pro-inflammatory cytokines IL-1β, IL-2, IL-6, and IL-33 levels were measured in the
kidney and liver of rats treated with NS, RJ, or a combination of NS and RJ. This study
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highlights the possibility that when combined, RJ and NS might have anti-inflammatory
effects and affect immune cell activity. Therefore, combining RJ with NS may alter NS’s
impact on the production of important pro-inflammatory cytokines, which indicates the
need for more research on this topic in the future.

The goal of the Salashoor et al. [58] study was to evaluate the anti-inflammatory
and protective properties of RJ against ischemia/reperfusion (I/R)-induced renal diseases.
Forty male rats were randomly assigned to one of four groups: placebo (0.9% saline), I/R,
RJ (treated for 15 days with 300 mg/kg/day RJ), and I/R + RJ (pretreated for 15 days
with 300 mg/kg/day RJ). Their study demonstrated that RJ has a protective effect against
damage caused by I/R, perhaps due to its antioxidant and anti-inflammatory activities.

In the research conducted by Lin et al. [59], the focus lies in exploring the variations in
the wound-healing properties of RJ produced by Apis mellifera L. during different blossom
seasons of various floral sources. Their primary objective was to provide guidelines for the
future rational application of RJ in cutaneous wounds based on the findings. Additionally,
the study seeks to contribute to the further discovery of substances that promote wound re-
pair. In this study, RJ samples collected during the flowering seasons of Castanea mollissima
BL. (chestnut) and Brassica napus L. (rapeseed) in South China were investigated. Hy-
drophilic and lipophilic fractions were extracted from these samples. The wound-healing
potential of the RJ samples was assessed in vivo using Wistar rats with excisional full-
thickness wounds. The mechanisms of action were further explored through in vitro assays
using human epidermal keratinocytes and macrophages stimulated with lipopolysaccha-
ride (LPS). The results revealed distinct wound-healing properties among the different
RJ samples. Castanea mollissima BL. RJ demonstrated higher potency, significantly accel-
erating wound closure between day 2 and day 4 with a rate of 0.25 cm2/day (p < 0.05).
It also enhanced the proliferative and migratory capabilities of keratinocytes by 50.9%
(p < 0.001) and 14.9% (p < 0.001), respectively. Furthermore, it modulated inflammation by
inhibiting nitric oxide (NO) production by 46.2% (p < 0.001) and promoting cell growth
through increased secretion of transforming growth factor-β (TGF-β1) by 44.7% (p < 0.001).
On the other hand, Brassica napus L. RJ exhibited anti-inflammatory effects by reducing
tumor necrosis factor-α levels by 21.3% (p < 0.001). Based on these findings, the study
highlights the potential of Castanea mollissima BL. RJ for treating challenging wounds [59].
A randomized, double-blind trial conducted by Petelin et al. [60] aimed to find out how RJ
supplementation affects oxidative and inflammatory indicators, as well as the metabolic
profile of asymptomatic overweight people. Total cholesterol and inflammatory marker
C-reactive protein both showed statistically significant declines after RJ supplementation,
whereas anti-inflammatory marker adiponectin showed an increase. This investigation
has pointed out that the daily use of 666 mg of lyophilized RJ has favorable effects on
overweight people’s lipid profiles, inflammation, and antioxidant capacity.

The purpose of the research conducted by Chansuwan et al. [61] was to explore the
potential anti-inflammatory and anti-allergic properties of RJ-derived proteins and their
enzymatic hydrolysates in mammalian cell lines. The bioactivity of protein hydrolysates
depends on different factors, including peptide sequences and amino acids. Alcalase,
Flavourzyme, and Protamex, three commercial proteases used to hydrolyze RJ, all possess
anti-inflammatory and anti-allergic effects without altering the survival of macrophages
and mast cells. Findings suggested that the protease type and hydrolysis duration may
have an impact on their capacity to inhibit NO generation and -HEX release; Flavourzyme
hydrolysates display the highest activity for both characteristics. Their anti-oxidative quali-
ties and DNA damage-protecting action may be related to the anti-inflammatory impact.
These findings indicate that RJ hydrolysates may be further developed into functional food
and components for anti-inflammatory and anti-allergic activities.

The inhibition of RAW264.7 cell expression of the inflammatory gene was analyzed by
Uthaibutra et al. [1]. RT-PCR technique was used to investigate inducible nitric oxide syn-
thase (iNOS), COX-2, and IL-6 cells. Total RNA was isolated from the cells, and following
a three-hour RJ treatment, they were stimulated with LPS. The outcomes demonstrated
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that LPS might activate inflammatory genes, and the expression of the iNOS gene could be
suppressed at doses of 5 and 10 mg/mL RJ-LP1 and RJ-CM1.

5. Other Bioactive Effects of RJ

RJ is noteworthy for having a large number of bioactive substances, such as MRJPs
and 10-HDA, which are considered to be the basis of all the valuable effects of bee-derived
secretion [30].

Figure 2 presents other biological effects of RJ that this review takes into discussion,
other than its anti-inflammatory one. These six properties of the food of the queens will be
briefly discussed in the following paragraphs and table.

Figure 2. Other bioactive properties of RJ taken into discussion. (Created with canva.com, accessed
on 9 April 2023).

Some recent investigations suggest that RJ has potent antibacterial properties [6,57].
Antibiotic-resistant microorganisms are threatening the health of people across the world.
Finding and creating modern antibacterial drugs to stop their spread is therefore becoming
increasingly popular. Bee-derived products, such as RJ, honey, and propolis, are regarded
as a natural alternative to synthetic antibiotics since they are rich in bioactive chemicals. RJ
is renowned for combating deadly illnesses caused by a series of pathogenic agents in both
humans and animals [27].

The antibacterial property of RJ has been tested on various bacterial strains, such
as Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Listeria monocytogenes,
Prevotella intermedia, Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans,
Fusobacterium nucleatum [27,62] and many more. Some authors pointed out that this antimi-
crobial effect appears due to RJ’s most important bioactive compounds: proteins, peptides,
and 10-HDA [62]. Moreover, due to its minimal adverse effects, RJ can be viewed as a
potential substitute for synthetic antibiotics [63]. Thus, RJ contains bioactive substances,
including proteins, peptides, and fatty acids, which provide significant antibacterial effects
against a variety of infections [27]. In other words, RJ can be regarded as a natural antibiotic
with additional health benefits due to its unique chemical profile.

A wide range of studies have shed light on the antioxidant property of RJ, among
its therapeutic benefits. Biomolecules essential for a healthy life can be degraded as a
result of oxidative stress caused by the increased synthesis of ROS. This process is linked to
the emergence of several pathogenic processes and chronic disorders. Researchers have
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emphasized the many benefits of employing antioxidants to treat and help prevent these
conditions [30], and there has been an increase in RJ use in this sense in recent years.
Thus, RJ may very well be able to play the part of a free-radical scavenger, according to a
growing body of research [21]. In all of the investigations, including RJ compounds, their
antioxidant property was expressed by favorable outcomes in a number of representative
criteria [21,30]. Furthermore, according to available data, the radical-scavenging activity
of RJ was proven by both in vitro and in vivo experiments, which confirmed the value of
hive products in alleviating the negative consequences of oxidative stress and the illnesses
caused by it (e.g., diabetes, atherosclerosis, neurodegenerative disorders, cancer) [21].

It has also been reported that bee products, such as RJ and bee bread, have anticancer
properties [64]. Scientists and medical experts have worked together to develop a number
of approaches that are still in use today in the battle against cancer, such as chemotherapy
or radiotherapy. Nevertheless, the majority of these treatment strategies have severe
drawbacks. It is well documented that several bee-derived compounds can aid in the
suppression of cancer. More precisely, processes such as cancer cell proliferation, metastasis,
and tumorigenesis inhibition have been discovered and linked to the antitumor effect of
bee secretion [30]. Thus, there are studies that confirm RJ’s antitumor property and the fact
that this bee product is a contender as far as complementary therapies for cancer go [65].

Moreover, RJ influences the production of various chemokines and growth factors, as
well as the expression of cancer-related molecules in patients with malignancies, particularly
in those treated with cytostatic drugs. It also reduces cell growth and activates cell death in
malignant cells. RJ is hence believed to have anti-cancer effects on tumor development and
to have protective qualities against toxic medication side effects [2]. For example, via the
control of several cancer-related pathways, RJ and one of its key constituents, 10-HDA, can
reduce tumor development and the migration of malignant cells [2].

In general, the research on the antitumor effects of RJ showcases this hive prod-
uct as a potential source of cytotoxic chemicals with a variety of antitumor effects and
mechanisms [64]. In addition, when RJ or its components are used alongside anticancer
medication, their effects on the disease are synergistic, increasing the drug’s efficacy and
even minimizing its negative effects. Recent investigations have provided strong evidence
that RJ has an anticancer impact, whether used alone or in conjunction with other traditional
cytostatic medications [66].

Furthermore, RJ presents various other health-boosting effects, including immunoreg-
ulatory, antiviral, and antidiabetic effects [30]. Studies that have explored the three afore-
mentioned properties of RJ or some of its key components are briefly presented in Table 1.

Table 1. Mechanisms underlying the immunoregulatory, antiviral, and antidiabetic effects of RJ.

Effect Key Players Mechanism Type of Study References

Immuno-regulatory

RJ
↓ total proteins and immunoglobulins, ↑

plaque-forming splenocytes, ↑ antibody production,
and immunocompetent cell proliferation

In vivo
(CBA mice) [67]

MRJP3 Suppression of IL-4 production, inhibition of serum
anti-OVA IgE and IgG1 levels

In vivo
(Mice) [68]

RJ Innate immunity modulation through IIS/DAF-16, p38
MAPK, and Wnt signaling pathways

In vivo
(C. elegans) [69]

RJ ↓ inflammation, ↑ cell regeneration In vivo
(Rats) [70]

MRJPs Positive effects on immunoglobulin content, immune
factor level, and proliferation of spleen lymphocytes

In vivo
(Mice) [71]

RJ Modulation of immune responses via downregulation
of NLRP1

Clinical
(human patients) [72]

RJ
Induction of antibody production, maturation of

immune cells, stimulation of the innate and adaptive
immune responses

Review [73]
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Table 1. Cont.

Effect Key Players Mechanism Type of Study References

Antiviral

RJ Inhibition of HSV-1 In vitro
(Vero cells) [74]

MRJP2 and MRJP2 isoform X1

Sialic acid hydrolysis, attachment prevention (high
binding affinity to viral receptor-binding sites),

inhibition of SARS-CoV-2 enzymes, prevention of
hemoglobin attack

In vitro
(WI-38 lung cells) [75]

Erlose, Kaempferol glucoside,
Iridin, Luteolin

glucoside (Cynaroside)

Antiviral affinity (binding to COVID-19 binding sites
through H-bonding), blocking of SARS-CoV-2 protease

(through hydrogen bond and π-π
T-shaped interactions)

In vivo and in vitro tests [76]

Antidiabetic

RJ-propolis Hypoglycemic and antioxidant activity In vivo
(Mice) [77]

RJ-honey ↓ plasma VLDL-C and TG, normalization of glycemic
control indices

In vivo
(Rats) [78]

RJ
↓ FBS, ↓ HbA1c, ↓ HOM A-I R, improvement in serum
levels of triglycerides, cholesterol, HDL, LDL, VLDL,

and Apo-A1, ↓ oxidative stress, ↑ antioxidant enzymes
Review [78]

RJ Glycemic regulation (fasting blood glucose and glucose
clearance as the most affected parameters) Review [78]

↓ decreasing effect; ↑ increasing effect.

6. Conclusions

Recent research articles have highlighted that RJ represents a valuable resource for
treating inflammatory diseases, owing to its distinct pharmacological and therapeutic
properties. The anti-inflammatory effects of RJ have been extensively investigated and
substantiated by various experimental models and clinical studies. RJ has been shown to
modulate key inflammatory mediators, including cytokines, chemokines, and adhesion
molecules, thereby mitigating the inflammatory response. It exerts its anti-inflammatory
actions through diverse mechanisms, such as inhibition of pro-inflammatory cytokine pro-
duction, suppression of NF-κB signaling pathway, and modulation of immune cell function.
These findings highlight the potential of RJ as a natural remedy for managing inflammation
and related disorders. Although further research, including well-designed clinical trials,
is warranted to establish optimal dosage, treatment regimens, and long-term safety, the
existing scientific evidence underscores the potential of RJ as a valuable natural remedy for
inflammatory diseases and warrants further exploration of its clinical applications.
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Abstract: Essential oils (EOs) are well-known for their anti-fungal, anti-microbial, anti-inflammatory
and relaxing activities. Steroid hormones, especially glucocorticoids, are also well-known for their
anti-inflammatory activities and control of the hypothalamus–pituitary–adrenal (HPA) axis and
glucose homeostasis. The biological activities of glucocorticoids render them the most widely
prescribed anti-inflammatory drugs, despite their adverse side effects. In this study, comparative
studies of the anti-inflammatory activities and interference with glucocorticoids receptor (GR) and
estrogen receptor (ER) signaling of EOs from Greek Oregano, Melissa officinalis, Lavender and from the
Chios Mastic, produced from the Greek endemic mastic tree, were performed in Human Embryonic
Kidney 293 (HEK-293) cells. Chios Mastic (Mastiha) and oregano EOs exhibited the highest anti-
inflammatory activities. The former showed a reduction in both NF-κB activity and protein levels.
Mastic essential oil also caused a reduction in GR protein levels that may compensate for its boosting
effect on dexamethasone (DEX)-induced GR transcriptional activation, ending up in no induction of
the gluconeogenic phoshoenolpyruvate carboxykinase (PEPCK) protein levels that constitute the GR
target. Oregano, Melissa officinalis and lavender EOs caused the suppression of the transcriptional
activation of GR. Furthermore, the most active EO, that taken from Melissa officinalis, showed a
reduction in both GR and PEPCK protein levels. Thus, the anti-inflammatory and anti-gluconeogenic
activities of the EOs were uncovered, possibly via the regulation of GR signaling. Moreover, cytotoxic
actions of Melissa officinalis and lavender EOs via the induction of mitochondrial-dependent apoptosis
were revealed. Our results highlight these essentials oils’ anti-inflammatory and apoptotic actions in
relation to their implication on the regulation of steroid hormones’ actions, uncovering their potential
use in steroid therapy, with many applications in pharmaceutical and health industries as anti-cancer,
anti-hyperglycemic and anti-inflammatory supplements.

Keywords: essential oils; Melissa officinalis; oregano; lavender; Chios Mastic (Mastiha); glucocorticoid
receptor; anti-inflammatory actions; apoptosis; anti-hyperglycemic actions

1. Introduction

Essential oils are extremely complex mixtures of volatile compounds particularly
abundant in aromatic plants, which are mainly secondary metabolites, such as terpenoids
and terpenes, which are biogenerated by the mevalonate pathway [1]. Aromatic monoter-
penes and sesquiterpenes are the most abundant ones [2,3]. Essential oils are isolated from
various anatomical parts of these plants and are produced via extraction, compression
or/and distillation methods. They have been used for many years in different industrial
sectors, such as cosmetics and personal care products, and are also widely used as food
flavoring additives. The anti-microbial and anti-fungal effects of certain essential oils are
well-known. Nowadays, an increasing number of studies have uncovered essential oils’
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anti-inflammatory, anti-oxidant and/or anti-cancer activities, which are attributed to their
chemical composition of individual compounds or compounds in the mixture [4,5].

Essential oils’ compounds, such as terpenes and triterpenes, are steroid-like compounds
that could possibly interfere with steroid receptor signaling. Glucocorticoid and estrogen
receptors are steroid receptors with remarkable anti-inflammatory activities, mainly via their
interaction with the inflammatory factor NF-κB and the suppression of its activity [6–11]. In this
study, four essential oils from three Greek aromatic plants, namely Oregano, Melissa officinalis
and Lavender cultured in Thessaly, a Greek agricultural mainland region, and Chios Mastic
essential oil from the resin of the endemic Pistacia. Lentiscus L. var. Chia, cultured exclusively in
the southern part of the Greek island of Chios, were evaluated for their anti-inflammatory
actions with respect to their interference with steroid receptor signaling. Particularly, the
investigation of the potential dissociative activities of these essential oils on the steroid
receptors’ actions that lead to the suppression of TNF-α-induced NF-κB activation (and
thus anti-inflammatory activities), with no or limited effects on the steroid receptors’
transactivation (and thus possible gluconeogenic activities, as regards the glucocorticoid
receptor) raised our interest [10,12]. Moreover, based on steroid receptors’ crucial role in the
regulation of energy metabolism and apoptosis, acting as transcription factors and direct or
indirect regulators of energy metabolism- and apoptosis-related gene expression [13–16],
the possible interference of the essential oils with the steroid hormones, especially the
glucocorticoids signaling pathway, is an interesting issue to be explored.

Chios Mastic oil is produced through the distillation of Chios Mastic gum, the air-dried
resinous substance from Pistacia Lentiscus L. var. Chia (mastic tree). The mastic tree is native
to the Mediterranean region and is principally cultivated on the southern part of the Greek
island of Chios. Compounds such as a-pinene and β-myrcene are predominantly found in
Mastic oil [17]. Studies have shown that Chios Mastic oil may exhibit anti-oxidant, anti-
lipidic and anti-cancer activities [18–21]. In addition, accumulating evidence has proven
the anti-inflammatory actions of essential oil from the mastic tree, via inflammatory factors,
including Interleukin-6 (IL-6) and Tumor Necrosis factor-alpha (TNF-α) reduction [22].

Similarly, Melissa officinalis essential oil has been shown to exhibit strong anti-bacterial and
anti-fungal activities. In particular, it has been shown to inhibit the growth of several species of
Gram+ and Gram− bacteria, as well as fungi [23]. Moreover, beyond its anti-microbial actions,
many other biological actions and therapeutic properties of Melissa officinalis essential oil have
been uncovered, such as its anti-cancer activity, highlighting its potential pharmaceutical
applications [24,25]. Additionally, possible anti-hyperglycemic and neuroprotective actions
of Melissa officinalis essential oil have been proposed, attributed to its effect on the reduction
in PEPCK and glucose 6-phosphatase (G6Pase) [26] and hypoxia-inducible factor 1 (HIF-
1) [27], respectively.

As regards lavender essential oil, it has been used for many decades in the field of aro-
matherapy due to its positive effect on increasing the duration of sleep, its muscle relaxant
properties as well as its anxiolytic and sedative effects [28,29]. In addition, recent studies
have shown lavender essential oil’s positive effects on wound healing [30]. Moreover, there
are both in vitro and in vivo studies demonstrating the pro-apoptotic and anti-proliferative
effects of lavender essential oil [31].

Oregano oil, in most cases, is prepared by drying the leaves and stems of the plants. Then,
through steam distillation, a concentrated essential oil is produced. The chemical composition
and content of oregano oil depend on a variety of factors, such as cultivation and growth
conditions [32]. Oregano oil is proposed to exhibit anti-microbial, anti-inflammatory and
anti-cancer activities, which are likely attributed to its composition of terpenoids [33–35].
In the same context, an increasing number of studies indicate its dose-dependent anti-
proliferative properties [34] and its effect on the induction of apoptosis [36,37]. More
interestingly, the anti-inflammatory effects of oregano essential oil have been suggested, in
line with its chemical composition, enriched in carvacrol and thymol, which are involved
in the reduction in reactive oxygen species (ROS) and nitric oxide levels, crucial mediators
of inflammation [36].
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Thus, many studies in the literature uncovered the plethora of the biological activities
of essential oils from oregano, Melissa officinalis, lavender, and Chios Mastic. Nevertheless,
none or a limited number of them have focused on the interference of these essential
oils with steroid receptor signaling and, more precisely, on the characterization of the
biochemical mechanisms and the possible biological impact of this action.

In this comparative study, the pro-apoptotic, anti-inflammatory and possible anti-
hyperglycemic actions of four Greek essential oils, namely Chios Mastic Oil, Melissa Offici-
nalis essential oil, oregano essential oil and lavender essential oil were evaluated. Emphasis
was given to the investigation of the essential oils’ potential involvement in the regu-
lation of the inflammatory factor NF-κB and the glucocorticoid and estrogen receptors
(ERs) signaling pathway. To this purpose, comparative studies on the effect of the four
essential oils on cell viability, interference with Estrogen receptor alpha (ERα), Estrogen
receptor beta (ERβ), Glucocorticoid receptor and NF-κB signaling in the human embryonic
kidney HEK-293 cell line were performed, applying MTT, luciferase assays, and Western
blot analysis.

2. Materials and Methods

2.1. Chemicals

Dulbecco’s Modified Eagle Medium (DMEM), Trypsin, and Fetal Bovine Serum (FBS) were
obtained from Thermo Fisher Scientific (Thermo Fisher Scientific GmbH, Basel, Switzerland).
Molecular protein weight marker was purchased from Proteintech (Rosemont, IL, USA,
North America). TNF-α was purchased from PeproTech EC, Ltd. (London, UK). Cocktail
protease inhibitors were purchased from Roche (Mannheim, Germany). Reporter lysis
5× buffer and luciferin were purchased from Promega Coorporation (Madison, WI, USA).
DEX and Estradiol (E2) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The
Greek Oregano, Lavender, and Melissa officinalis essential oils were provided by Tharros
Company Aromatic Plants Products, Larissa Greece, and the essential oil from Chios
Mastic tree was provided by the Chios Mastic Growers Association and Mastiha Shop.
Essential oils used in the study were 100% natural products without further impurities, as
indicated by the chemical analysis, provided by the companies (Supplementary Data S1).
For the biochemical assessment, essential oils were diluted in dimethyl sulfoxide (DMSO)
(1 V/1 V) and were subsequently added to culture media in the indicated dilutions.

2.2. Cell Culture

HEK-293 cell line was obtained from the American type culture collection (ATCC).
HEK-293 non-cancerous cells were used in this study due to their high efficiency in trans-
fection experiments, their considerable endogenous GR and NF-κB levels, and the extent
of their use in receptor signaling studies and drug testing. Cells were cultured in 4.5 g/L
glucose DMEM with phenol red, 10% v/v FBS, 2 mM L-glutamine and 100 units/mL
penicillin–streptomycin at a temperature of 37 ◦C and 5% CO2. For hormone depletion,
48 h before the treatment, cells were cultured in 4.5 g/L glucose DMEM without phenol red,
10% v/v charcoal–dextran stripped FBS, 2 mM L-glutamine and 100 units/mL penicillin–
streptomycin.

2.3. Antibodies

GR monoclonal antibody and polyclonal antibodies against PEPCK and the p65
subunit of NF-κB were purchased from Santa Cruz Biotechnology (Inc., Europe, Heidelberg,
Germany). Procaspase-3 polyclonal antibodies specific and monoclonal antibodies against
procaspase-9 were obtained from Cell Signaling Technology (Leiden, The Netherlands).
Monoclonal antibody against β-actin was obtained from Sigma Aldrich (Sigma Aldrich,
St. Louis, MO, USA).
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2.4. Cell Viability Assay

MTT assay was applied, as previously described [38], to investigate the effects of
essential oils on HEK-293 cell viability. Briefly, 8 × 103 HEK-293 cells were plated on
96-well plates and cultured in DMEM 4.5 g/L glucose, 10% v/v FBS, 2 mM L-glutamine
and 100 units/mL penicillin/streptomycin. After 24 h, cells were treated for 48 h with
essential oils from oregano and Melissa officinalis, at concentrations of 23 μg/mL, 47 μg/mL,
and 94 μg/mL, (dilution 1/40,000, 1/20,000, and 1/10,000 v/v, respectively). Essential
oil of Chios Mastic was tested at concentrations of 21 μg/mL, 42 μg/mL, and 85 μg/mL
(dilution 1/40,000, 1/20,000 and 1/10,000 v/v, respectively). At the same time, lavender
essential oil was evaluated at concentrations of 23 μg/mL, 47 μg/mL, 94 μg/mL, and
187 μg/mL (dilution 1/40,000, 1/20,000 1/10,000, 1/5000 v/v, respectively). Control,
untreated cells were incubated with DMSO at a final dilution of 1/1000 for 24 h or 48 h.
Then, the medium was replaced with fresh medium containing MTT reagent at a final
concentration of 0.5 mg/mL. Upon 3 h incubation and the removal of the medium, the
produced formazan crystals were dissolved in 100% isopropanol, and the absorbance was
measured at 570 nm and 690 nm, as a reference, in a multimode plate reader (EnSpire,
PerkinElmer, Beaconsfield, UK). The intensity of the colored product (optical density, OD) is
directly proportional to the number of viable cells present in the culture. Viability = Mean
OD sample/Mean OD control × 100. Cell viability was expressed as the viability of the cells
treated with various concentrations of the respective essential oil compared to the cell viability
of the vehicle-treated (control) cells. The viability of control cells was considered 100%.

2.5. Regulation of ERs, GR and NF-κB Transcriptional Activity via Essential Oils

For the evaluation of the ERs, GR and NF-κB transcriptional activities, the co-transfection
of HEK-293 cells with the respective steroid receptors- or NF-κB- luciferase reporter gene
constructs (currying the respective transcription factor response element at the promoter
of the luciferase gene) and a β-galactosidase reporter gene construct, was performed via
the application of the calcium phosphate transfection method, as previously described [39].
For assessment of ERα or ERβ transcriptional activation, HEK293 cells that expressed low
levels of ERs were also co-transfected with a pEGFC2ERα or pEGFPC2ERβ construct for
ERα or ERβ expression, respectively. Briefly, 3 × 104 cells were grown on 24-well plates and
co-transfected with either an estrogen receptor luciferase reporter gene (ER-Luc) construct
and a pEGFPC2ERα or pEGFPC2ERβ construct for ERα or ERβ activity assessment, or
an MMTV-GREs -Luc (Glucocorticoid Response Elements luciferase) construct for GR
activity assessment, or an NF-κB-REs-Luc (NF-κB Response Elements luciferase) construct
for NF-κB activity measurements and a β-galactosidase reporter construct, applying for
the normalization of the results. Then, the cells were treated with the indicated amounts
of essential oils in the presence or absence of (a) 10−7 M DEX for the GR transactivation
measurements, (b) 10−9 M E2 for the ERs transactivation measurements, and (c) 20 ng/mL
TNF-α for the evaluation of the NF-κB transcriptional activation. After 6 h incubation, cells
were washed in PBSx1 and then lysed in reporter lysis buffer (Promega). The assessment
of the activity of the expressed luciferase and β-galactosidase activity was followed. The
light emission was measured using a chemiluminometer (LB 9508, www.berthhold.com,
accessed on 5 August 2014), and the relative luciferase activity was expressed as normalized
luciferase activity against β-galactosidase activity. The relative luciferase activity in control
vehicle-treated cells was set as 1. Folds reduction or the induction of the luciferase activity
by EOs was expressed compared to controls.

2.6. Western Blot Analysis

For Western blot analysis, 2 × 105 HEK-293 cells were grown on 6-well plates for
48 h in DMEM 4.5 g/L without phenol red, supplemented with 10% v/v dextran–charcoal
stripped FBS. Then, cells were treated with 23 μg/mL and 47 μg/mL of the essential
oils of oregano, Melissa officinalis and lavender, or with 21 μg/mL and 42 μg/mL of the
Chios Mastic essential oil, in the presence or absence of 10 nM DEX, for 48 h. Then,
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cells were washed with PBSx1 and subsequently lysed in a lysis buffer containing 20
mM Tris pH: 7.5, 250 nM NaCl, 0.5% v/v Triton-X, 3 mM EDTA, supplemented with
cocktail protease inhibitors. Protein determination was achieved by applying a Bradford
assay, and then, cell extracts were electrophoresed on discontinuous SDS-PAGE and West-
ern blotted, as previously described [40]. Enhanced chemiluminescence was used for
the detection of protein bands. The expressed protein levels of β-actin were evaluated
for the normalization of the expressed protein levels of GR, PEPCK, p65, procaspase-9
and procaspase-3. Quantification of band intensity was carried out by applying ImageJ
(v1.52 p) analysis (NIH, Bethesda, MD, USA). Relative protein levels were expressed as
band intensity normalized against the respective band’s intensity of β-actin. Relative
protein levels in control vehicle-treated cells were set as 1.

2.7. Statistical Analysis

All results are expressed as ± SD. Data were analyzed through t-test or two-way
Analysis of Variance (two-way ANOVA), followed by Tukey’s post hoc test, using StatPlus
LE 7.3.0 Software (AnalystSoft, Brandon, FL, USA). Significant differences were considered
at a two-tailed p value < 0.05.

3. Results

3.1. Essential Oils Effects on HEK-293 Cell Viability

To evaluate the possible effect of the essential oils on HEK-293 cells viability, an MTT
assay was applied. HEK-293 cells were incubated with essential oils at a concentration range
of 23 μg/mL to 187 μg/mL for 48 h, as indicated in Figure 1. As shown in Figure 1A,B, no
statistically significant reduction in cell viability was observed in the Chios Mastic essential
oil and the oregano essential oil at a concentration range of 21 to 85 μg/mL (Figure 1A)
and 23 to 94 μg/mL (Figure 1B), respectively. Lavender essential oil (Figure 1D) showed
moderate reduction in cell viability by up to approximately 10–20%, at a concentration range
from 47 μg/mL to 187 μg/mL (Figure 1D), whereas the highest cytotoxicity was observed
in the Melissa officinalis essential oil (Figure 1C), which exhibited 35% and 50% reduction in
cell viability at concentration of 47 μg/mL and 94 μg/mL, respectively, compared to the
control vehicle (1/1000 v/v DMSO) treated cells.

3.2. Chios Mastic Essential Oil Caused Moderate Reduction in the E2-Induced Transcriptional
Activation of ERα

Taking into account the crucial role of steroid hormones, especially that of the glu-
cocorticoids and estrogens, in the regulation of immune responses in conjunction with
the emerging anti-inflammatory activities of essential oils, especially that of the mastic
essential oil [41], we studied the possible interference of the mastic essential oil with the
regulation of the ERs transcriptional activation. Thus, ERα transcriptional activation was
evaluated in the presence or absence of the Mastic essential oil at a concentration range of
21 to 85 μg/mL and/or E2 10−9 M, applying ERE-dependent luciferase reporter gene assay,
as described in the experimental section. As shown in Figure 2, Chios Mastic essential
did not induce ERα transcriptional activation. A negligible suppression, by up to 20%, of
the E2-induced ERα transcriptional activation was observed in Mastic essential oil at the
highest concentration examined (85 μg/mL). Similarly, no statistically significant effect
on the ERβ transcriptional activation was observed in the Mastic essential oil. Likewise,
no effect on the E2-induced ERα transcriptional activation was observed in the essential
oils from lavender, oregano and Melissa officinalis (Supplementary Figure S1). Thus, the
involvement of the essential oils’ effect on ERs signaling was not further evaluated.
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Figure 1. Evaluation of the cytotoxic effects of the essential oils from (A) Chios Mastic, (B) Oregano,
(C) Melissa officinalis and (D) Lavender on HEK-293 cells. Cytotoxicity was assessed by applying MTT
assay to HEK-293 cells subjected to essential oils treatment for 48 h. Viability of control vehicle-treated
cells was considered 100%. Relative cell viability (Cell viability, %) is expressed as the viability of the
cells treated with various concentrations of the respective essential oil compared to the viability of
the control cells. Data were analyzed by t-test and are expressed as mean ± SD (n = 5), * p < 0.05,
*** p < 0.001 compared to the respective control.

3.3. Chios Mastic, Oregano, Melissa officinalis and Lavender Essential Oils Regulate the
DEX-Induced Transcriptional Activation of GR

Since we did not observe a significant effect of essential oils on ER activity, the pos-
sible effect of the essential oils on the transcriptional regulation of GR was assessed by
applying a GRE-dependent luciferase reporter gene and β-galactosidase reporter gene
assay to the HEK-293 cells. Thus, HEK-293 cells grown in hormone-depleted medium for
48 h were subsequently co-transfected with the respective constructs, as described in the
experimental section. Then, cells were subjected to treatment with the essential oils at no
cytotoxic concentrations, as indicated by the cytotoxicity assessment upon 24 h treatment
(Supplementary Figure S2), in the presence or absence of 1 μM DEX for 6 h (Figure 3). As
shown in Figure 3, DEX induced 3.5–5 fold increases in GR transcriptional activity, as was
expected, while neither the induction nor suppression of GR transcriptional activation was
observed in terms of the essential oils. Interestingly, oregano (Figure 3B) and Melissa offici-
nalis (Figure 3C) essential oils suppressed the DEX-induced GR transcriptional activation.
Specifically, the oregano essential oil caused approximately 15% and 25% suppression of
the DEX-induced GR transcriptional activation at the concentrations of 47 μg/mL and
94 μg/mL, respectively. Essential oil from Melissa officinalis exhibited the highest suppres-
sive effect, causing a 60% reduction in the DEX-induced GR transcriptional activation at
a concentration of 94 μg/mL. On the contrary, a synergistic effect on the DEX-induced
GR transcriptional activation was observed in the essential oil from lavender, leading to
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a statistically significant increase in DEX-induced GR transcriptional activation, by 25%,
at a concentration of 184 μg/mL (Figure 3D). A similar effect (increase by 30%) was also
observed in the Chios Mastic essential oil at the low concentration of 21 μg/mL (Figure 3A).

Figure 2. Chios Mastic essential oil caused moderate reduction in the E2-induced ERα transcriptional
activation. Cells grown in hormone-free medium for 48 h were transiently co-transfected with an
ERE-dependent Luciferase reporter gene construct, a PEGFPC2ERα and a β-galactosidase reporter
construct. Subsequently, cells were treated with the indicated amounts of the Chios Mastic essential
oil, in the presence or absence of E2, for 6 h. Then, cells were harvested and lysed. Assessment of the
luciferase and β-galactosidase activity was followed in cell extracts. Relative luciferase activity was
expressed as normalized against the β-galactosidase activity. Relative luciferase activity in control
cells was set as 1. Data were analyzed by two-way ANOVA and are expressed as mean ± SD, (n = 6),
** p < 0.01.

3.4. Effect of Essential Oils from Chios Mastic, Oregano, Melissa officinalis and Lavender on GR
and PEPCK Protein Levels

To further analyze the potential effects of the essential oils on GR signaling and to
investigate the possible dissociative activity of the essential oils on GR transactivation
(and thus GR gluconeogenic activities) and transrepression (suppression of the TNF-α-
induced NF-κB activation, and thus GR anti-inflammatory activities), comparative studies
of essentials oils effect on the regulation of GR and PEPCK protein levels was performed,
applying Western blot analysis. Interestingly, as it is shown in Figure 4, essential oils
induced a decrease in GR protein levels. More specifically, Chios Mastic and oregano essen-
tial oils caused a 30% reduction in GR protein levels at a concentration of approximately
45 μg/mL. A reduction in GR protein levels by 20% was also observed in the Chios Mastic
oil at the lower concentration of 21 μg/mL (Figure 4A). Similarly, essential oil from Melissa
officinalis caused a 40% reduction in GR protein levels at the concentration range from
23 μg/mL to 47 μg/mL. Reduction in GR protein levels by the oregano essential oil and the
Melissa officinalis essential oil may be associated with the respective essential oils’ observed
suppression of the DEX-induced GR transcriptional activation. Moreover, a 20% reduction
in GR protein levels was also induced by the lavender essential oil at a concentration of
47 μg/mL (Figure 4B). A further decrease, by 30%, in GR protein levels was observed in
the presence of DEX.

105



Life 2023, 13, 1534

Figure 3. Regulation of the DEX-induced GR transcriptional activation by the essential oils from
(A) Chios Mastic, (B) Oregano, (C) Melissa officinalis, and (D) Lavender in HEK-293 cells. Cells grown
in hormone-free medium were transiently co-transfected with a GRE-Luc reporter gene construct and
a β-galactosidase reporter construct. Subsequently, cells were treated with the indicated amounts
of the essential oils, in the presence or absence of 1 μM DEX, for 6 h. Then, cells were harvested
and lysed. Assessment of the luciferase and β-galactosidase activity in cell extracts was followed.
Relative luciferase activity was expressed as normalized against β-galactosidase activity. Relative
luciferase activity in control cells was set as 1. Data were analyzed by two-way ANOVA and are
expressed as mean ± SD, (n = 6), ** p < 0.01; *** p < 0.001.

Figure 4. Regulation of GR and PEPCK protein levels by the essential oils from (A) Chios Mastic and
Oregano, (B) Melissa officinalis and Lavender. Cells grown in hormone-free medium were incubated
with the essential oils in the absence or presence of DEX 10−8 M, for 48 h in a hormone-free medium.
Data were expressed as the ratios of bands intensity of GR and PEPCK normalized against the
respective band’s intensity of β-actin. Relative band intensity of control cells was set as 1. The
uncropped blots are shown in Figure S4.

106



Life 2023, 13, 1534

In the same context, the potential role of essential oils in the regulation of PEPCK,
which constitutes a GR target and a key gluconeogenic enzyme [42,43], was assessed. In
accordance with the essential oils-induced reduction in GR protein levels, Melissa officinalis
and lavender essential oils caused a reduction in PEPCK protein levels. Specifically, Melissa
officinalis essential oil caused 30% and 40% reductions in PEPCK protein levels at the
concentrations of 23 μg/mL and 47 μg/mL, respectively (Figure 4B). Lavender essential
oil caused a 30% reduction in PEPCK protein levels at the concentration of 47 μg/mL
(Figure 4B). Co-administration with DEX reversed the suppressive effect of Melissa officinalis
essential oil on the PEPCK protein level, causing a 30% increase compared to the control,
(70% increase compared to the Melissa officinalis-induced reduction) at a concentration
of 47 μg/mL. A similar effect was observed during the co-administration of lavender
essential oil with DEX. Thus, an increase in PEPCK protein levels was observed to be
approximately 20–30% at a concentration range of 23–47 μg/mL of lavender essential oil
(Figure 4B) when administered with DEX compared to controls (60% increase compared
to the lavender-induced reduction). A similar effect on the induction of PEPCK protein
expression was observed upon co-administration of Chios Mastic essential oil with DEX
(Figure 4A), supporting the observed strengthening effect of the lavender (Figure 4B) and
Chios Mastic (Figure 4A) essential oils on the DEX-induced GR transcriptional activation.
At both concentrations examined, essential oil from Chios Mastic did not cause any effect on
PEPCK protein levels, whereas essential oil from oregano caused a 20% increase compared
to controls (Figure 4A).

3.5. Anti-Inflammatory Activities of Essential Oils from Chios Mastic, Oregano and Melissa
officinalis via Suppression of NF-κB Transcriptional Activation

To evaluate the possible anti-inflammatory activities of the essential oils from Chios
Mastic, oregano and Melissa officinalis, an NF-κB-associated luciferase/β-galactosidase
reporter gene assay was applied. Thus, the effect of the essential oils on the TNF-α-induced
NF-κB transcriptional activation was assessed. Results from the study revealed the sup-
pressive effect of the essential oils on the TNF-α-induced NF-κB transcriptional activation,
uncovering their potential anti-inflammatory activities. Specifically, essential oil from
Chios Mastic caused approximately 40% and 60% statistically significant inhibition of
the TNF-α-induced NF-κB transcriptional activation at the concentrations of 42 μg/mL
and 85 μg/mL, respectively (Figure 5A). Similarly, statistically significant suppression
of the TNF-α-induced NF-κB transcriptional activation, by approximately 50% and 70%
(Figure 5B), by oregano essential oil at concentrations of 47 μg/mL and 94 μg/mL, respec-
tively, was observed. Essential oil from Melissa officinalis also exhibited suppression of
the TNF-α-induced NF-κB transcriptional activation, although to a lower extent. Thus,
essential oil from Melissa officinalis caused approximately 15% and 30% reduction in the
NF-κB transcriptional activation at concentrations of 47 μg/mL and 94 μg/mL, respectively
(Figure 5C). No anti-inflammatory activity was observed in the Lavender essential oil at a
concentration range of 23 to 94 μg/mL (Supplementary Figure S3).

To evaluate whether the EOs-induced suppression of the NF-κB transcriptional activity
was associated with the regulation of the protein levels of the p65 subunit of NF-κB, Western
blot analysis of p65 was performed in protein extracts from HEK-293 cells treated with
essential oils at a concentration range indicated in Figure 6, in the absence or presence of
DEX for 48 h. As shown in Figure 6, a reduction in p65 protein levels was observed in the
essential oils from Mastiha resin, oregano and lavender by 20–40% at a concentration range
of approximately 22 to 45 μg/mL. Essential oil from Melissa officinalis showed an increase in
p65 protein levels, which is in accordance with its just moderate activity on the suppression
of the NF-κB activity.
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Figure 5. Anti-inflammatory activities of the essential oils from the Chios Mastic, Oregano and Melissa
officinalis. Suppression of the TNF-α induced NF-κB transcriptional activation by the essential oils
from the (A) Chios Mastic, (B) Oregano and (C) Melissa officinalis. HEK-293 cells were co-transfected
with the NF-κB-luciferase reporter and the β-galactosidase reporter constructs and subsequently
were treated with the indicated concentrations of the essential oils, or with 1 μM DEX, for 6 h, in
the presence or absence of 20 ng/mL TNF-α, at hormone-free medium. Assessment of the luciferase
and the β-galactosidase activity was followed. Results were expressed as relative luciferase activity
normalized against β-galactosidase activity. Relative luciferase activity in control cells was set as 1.
Data were analyzed by two-way ANOVA and are expressed as mean ± SD, (n = 6), *** p < 0.001.

3.6. Regulation of the Mitochondrial-Dependent Apoptosis by the Essential Oils

Furthermore, to assess the possible pro-apoptotic activities of the essential oils, Western
blot analysis of procaspase-3 and procaspase-9 protein levels was performed in extracts
from HEK-293 cells treated with essential oils, at the indicated concentrations (Figure 7),
and/or 10 nM DEX for 48 h, in hormone-free medium. As shown in Figure 7B, 47 μg/mL of
essential oils from lavender and Melissa officinalis showed a 30% reduction in procaspase-9
protein levels. This effect was also accompanied by a reduction in procaspase-3 protein
levels. More specifically, 47 μg/mL of essential oil from lavender caused a 20% reduction in
procaspase-3 protein compared to the control. Melissa officinalis essential oil also exhibited
20% to 50% reductions in procaspase-3 protein levels. Essential oils from Chios Mastic
and oregano showed no remarkable effects on the procaspase-9 protein levels. In contrast,
42 and 47 μg/mL of the essential oils of Chios Mastic and Oregano caused 20% and 30%
reduction in caspase-3 levels, respectively (Figure 7A).
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Figure 6. Regulation of the p65 protein levels by essential oils. Representative images from Western
blot analysis of the p65 subunit of NF-κB in HEK-293 cells treated for 48 h in a hormone-free medium
with the essential oils from (A) Chios Mastic, at concentrations of 21 μg/mL and 42 μg/mL, and with
the essential oil from oregano, and (B) Melissa officinalis and lavender, at concentrations of 23 μg/mL
and 47 μg/mL. Results were expressed as the ratios of the p65 bands intensity normalized against
the respective band intensity of the β-actin. Relative band intensity of control cells was set as 1. (C,D)
Quantification of the results in A and B, respectively. Data are expressed as means of the ratios ± SD,
(n = 3), * p < 0.05; ** p < 0.01; *** p < 0.001, compared to control vehicle-treated cells. The uncropped
blots are shown in Figure S4.
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Figure 7. Evaluation of pro-apoptotic actions of the essential oils in HEK-293 cells. Western blot
analysis of procaspase-9 and procaspase-3 in extracts from HEK-293 cells treated with essential oils
((A), Chios Mastic and Oregano; (B), Melissa Officinalis and Lavender), at the indicated concentrations,
in the absence or presence of DEX for 48 h. Data are expressed as ratios of the levels of the apoptosis-
associated molecules against the respective levels of β-actin. Relative band intensity of control
vehicle-treated cells was set as 1. The uncropped blots are shown in Figure S4.

4. Discussion

In recent years, scientific studies that demonstrate the therapeutic benefits of chem-
ical compounds of plant origin and particularly of essential oils from plants have been
constantly growing [1,32,44–47]. In this study, four Greek essential oils were assessed
for their biological actions in the HEK-293 cell line. Specifically, Chios Mastic, Melissa
officinalis, oregano and lavender essential oils have been investigated with respect to their
anti-proliferative and anti-inflammatory actions and their possible interference with es-
trogen and glucocorticoid receptors signaling. GRs and ERs are crucial regulators of cell
physiology, affecting many cellular functions, including growth and development, cellular
metabolism, and apoptosis [14,48,49]. In addition, those receptors are well-known for their
anti-inflammatory actions via interference with NF-κB signaling and the control of the
expression of many inflammation-related genes. Moreover, glucose homeostasis and lipid
and protein metabolism are highly affected by glucocorticoids and estrogens [50,51]. Con-
sidering the high use of glucocorticoids for pharmaceutical purposes, due to their strong
anti-inflammatory actions, which are accompanied by increased glucose synthesis, the
possible interference of essential oils with the steroid hormone receptors signaling may un-
cover novel plant-derived steroids-like compounds as lead molecules for the development
of selective steroid receptor regulators with increased desired anti-inflammatory activities
but with reduced adverse side effects, such as increased glucose synthesis, myopathy,
osteoporosis and hypothalamus–pituitary–adrenal axis dysregulation [10,52].

In this frame, comparative studies on the anti-inflammatory activities and interference
with the glucocorticoid signaling of essential oils from Chios Mastic, Melissa officinalis,
oregano and lavender were performed.

Applying luciferase assay and Western blot analysis, the effect of essential oils on the
TNF-α-induced NF-κB activation and the regulation of the protein levels of the p65 subunit
of NF-κB were evaluated. Our results showed a suppressive effect on the TNF-α-induced
NF-κB activation by the essential oils from Chios mastic, oregano and Melissa officinalis.
Specifically, essential oils from Chios mastic and oregano were the most active ones, whereas
essential oil from Melissa officinalis exhibited lower activity. The anti-inflammatory activity
of the essential oils could be attributed to essential oils compounds, such as α-thujone,
β-thujone, camphor, caryophyllene and terpenoids that have been reported to exert suppres-
sion of NF-κB activity [53,54]. Interestingly, essential oils from oregano and Chios mastic,
which were the most active ones, are also the most enriched in thujene and camphene,

110



Life 2023, 13, 1534

respectively (Supplementary Data S1, Essential oils chemical composition). Moreover, the
reduction in NF-κB activity by the Chios mastic and oregano essential oils was accompanied
by a reduction in the p65 subunit of NF-κB. Thus, the suppressive effect of the essential
oils from Chios mastic and oregano on the NF-κB activity could be attributed to essential
oils’ suppressive effect both on NF-κB transcriptional activation and protein levels. In the
same frame, Melissa officinalis, which showed limited anti-inflammatory action, caused an
increase in p65 protein levels.

As regards the interference of essential oils with glucocorticoid signaling, and thus
the regulation of NF-κB signaling and glucose synthesis, our results showed that essential
oils did not induce GR transactivation. For the first time, our study revealed that essential
oils from Chios Mastic and Lavender caused a moderate increase in DEX-induced GR
transcriptional activation. However, essential oils from oregano and Melissa officinalis
suppressed the DEX-induced GR transcriptional activation, in accordance with previous
observation [55,56]. The enhancement of DEX-induced GR transcriptional activation by
Chios mastic oil may lead to the glucocorticoid-induced regulation of inflammatory and pro-
inflammatory molecules expression, which is also responsible for the anti-inflammatory
actions of GR [57]. Moreover, for the first time, we showed a reduction in GR protein
levels by the essential oils. Considering that GR is involved in the regulation of NF-κB
activity, reduction in GR protein levels may also affect essential oils’ anti-inflammatory
actions. As regards the interference of essential oils with glucocorticoids and thus glucose
synthesis, our results revealed the regulation of GR and its target PEPCK protein levels
by the essential oils. Particularly, a reduction in GR protein levels was observed in all
the essential oils examined, indicating that this action may constitute a common action of
essential oils. Chios mastic oil’s suppressive effect on GR protein levels may compensate
for its promoting effect on GR transcriptional activation, resulting in no effect of Chios
mastic essential oil on PEPCK protein levels, and thus no induction of glucose synthesis.
A decrease in GR protein levels by essential oils from oregano, Melissa officinalis, and
lavender was followed by a decrease in PEPCK protein levels, highlighting essential oils’
potential anti-gluconeogenic actions. An antagonistic effect of the synthetic glucocorticoid
dexamethasone on this action was uncovered, as regards Melissa officinalis and lavender
essential oil. Thus, the reversal of the essential oils-induced decrease in PEPCK was
observed when administered with DEX, corroborating the possible interference of the
essential oils with glucocorticoids signaling. A reduction in GR protein levels by the oregano
and Melissa officinalis essential oils may be responsible for the suppressive effect of the oils
on the DEX-induced GR transcriptional activation. The interference of essential oils with
glucocorticoids signaling is also in accordance with data from the literature demonstrating
that essential oils’ compounds such as α-Pinene, limonene, α-thujene, myrcene, sabinene,
and para-cymene, are responsible for the calming effect of essentials oils via the interference
and suppression of the HPA axis [53,58,59]. In this context, lavender essential oil is shown
to cause a reduction in the stress hormone cortisol [60–62]. Thus, the effect of essential oils
on GR signaling could be exerted both via the regulation of glucocorticoid levels and GR
transcriptional activation and/or protein levels. A similar antagonistic action of essential
oils compounds on steroid signaling has been observed using germacrene analogs, which
have been proposed to exert anti-androgenic activities [63]. Lavender essential oil is also
proposed to be involved in prepubertal gynecomastia via its anti-androgenic and estrogenic
activities [64,65]. The interference of lavender essential oil with estrogen signaling is
proposed to be beneficial for perimenopausal women by inducing an increase in estrogen
levels and relieving perimenopausal symptoms [66]. Docking analysis verified the ability
of thymol and carvacrol, compounds of essential oils, to bind to estrogen receptors [67].
Nevertheless, the estrogenic activity of lavender was not confirmed in a rat model [68] and
in hormone-dependent (MCF-7) and -independent (MDA-MB-231) cell lines [69]. In the
same frame, in this study, no interference of Chios Mastic, Melissa officinalis, oregano and
lavender essential oils with estrogen signaling, either by ERα or ERβ, was found.
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Essential oils are also well-known for their anti-proliferative and apoptotic activities.
In this study, the MTT assay revealed cytotoxic activities of essential oils from Melissa
officinalis and lavender, whereas essential oils from Chios Mastic and oregano showed
no cytotoxicity at a concentration range from approximately 20 μg/mL to 85 μg/mL.
Similarly, caspase-3 activation was not observed in the Chios Mastic and oregano essential
oil. However, in accordance with the evaluation of the essential oils’ cytotoxic effects,
caspase-3 activation was observed in HEK-293 cells treated with Melissa officinalis and
lavender at a concentration range from 47 to 187 μg/mL, indicating apoptosis activation.
Most importantly, caspase-3 activation was accompanied by caspase-9 activation, revealing
mitochondrial-dependent apoptosis activation. The lavender essential oil-induced caspase-
9 activation supports previously reported observations applying annexin staining [31].
Chios Mastic and oregano essential oils also induced caspase-9 activation. Glucocorticoids
are well known to induce mitochondrial-dependent apoptosis in a tissue-specific manner,
including epithelial cells of the digestive system [16]. Thus, the apoptotic activities of the
essential oils from lavender, Chios Mastic and oregano might be exerted, among others, via
interference with glucocorticoid signaling and could have application in glucocorticoid-
based cancer treatment. Anti-proliferative activities of essential oils from oregano are
also reported in the literature [34,70,71] and may be associated with their effect on the
induction of apoptosis via the intrinsic and/or extrinsic pathway. Moreover, there is
supporting evidence for essential oils’ compounds like carvacrol, limonene, citral, thymol
and terpenoid analogues, such as Terpinen-4-olto are involved in the apoptotic mechanism
in many cell types. Characteristic examples are murine mesothelioma (AE17), melanoma
cells (B16-F10), and fibroblasts (L929), colon cancer (LS174T) cells, breast cancer (MCF-7)
cell line, human metastatic breast cancer (MDA-MB 231) cell line and human promyelocytic
leukemia (HL-60) cells [70,72].

To conclude, in this comparative study, the anti-inflammatory and apoptotic activities
of the Greek Oregano, Melissa officinalis, Lavender and Chios Mastic essential oils were
evaluated in relation to steroid hormones signaling interference. Estrogenic activity of the
essential oils was not detected, whereas interference with glucocorticoid signaling was
observed, affecting both glucocorticoid receptor activity and protein levels. This action
also came with the regulation of the GR target gene expression, uncovering potential anti-
gluconeogenic activities of the essential oils via possible interference with glucocorticoid
signaling. The suppression of TNF-α-induced NF-κB activation that was not accompanied
by the activation of GR transcriptional activation may possibly indicate essential oils’
potential applications to the treatment of immune system disorders, minimizing the adverse
side effects of glucocorticoids. Moreover, the anti-inflammatory activities of essential oils
are revealed to be exerted both by suppression of the NF-κB activity and NF-κB protein
levels. Similar to glucocorticoids, the apoptotic activities of the essential oils are exerted,
at least in part, via activation of the mitochondrial-dependent apoptosis. Interestingly, a
comparative evaluation of the biological actions of EOs revealed that Chios Mastic (Mastiha)
and oregano EOs exhibited considerable anti-inflammatory activities. The former showed
a reduction both in NF-κB activity and protein levels. Mastic oil also caused a reduction
in GR protein levels that may compensate for its boosting effect on the DEX-induced GR
transcriptional activation, ending up in no induction of the gluconeogenic PEPCK protein
levels that constitute a GR target. Oregano, Melissa officinalis and lavender EOs suppressed
the transcriptional activation of the GR. Furthermore, the most active, Melissa officinalis EO,
showed a reduction both in GR and PEPCK protein levels. Thus, the anti-inflammatory
and anti-gluconeogenic activities of the EOs were uncovered, possibly via the regulation of
GR signaling. Moreover, the cytotoxic actions of Melissa officinalis and lavender essential
oils via the induction of mitochondrial-dependent apoptosis were revealed. Our results
highlight these essentials oils’ anti-inflammatory, anti-gluconeogenic and apoptotic actions
in relation to their implication on the regulation of steroid hormones actions, uncovering
their use in steroid therapy with many potential applications in pharmaceutical and health
industries as anti-cancer, anti-hyperglycemic and anti-inflammatory supplements.
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blot analysis.

Author Contributions: Conceptualization, A.-M.G.P.; methodology, A.-M.G.P.; validation, A.G., A.V.,
F.D.K. and I.T.; formal analysis, A.G. and A.V.; investigation, A.G. and A.V.; data curation, A.G. and
A.-M.G.P.; writing, original draft preparation, A.G. and A.-M.G.P.; writing, review and editing, A.G.
and A.-M.G.P.; visualization, A.G.; supervision, A.-M.G.P.; project administration A.-M.G.P.; funding
acquisition, A.-M.G.P. All authors have read and agreed to the published version of the manuscript.

Funding: The research was supported by the Hellenic Foundation for Research and Innovation (HFRI)
under the HFRI PhD Fellowship grant (Fellowship Number: 466 to F.D.K., Fellowship Number:
1434 to I.T.) and the project “Synthetic Biology: From omics technologies to genomic engineering”
(OMIC-ENGINE) (MIS 5002636) which is implemented under the action “reinforcement of the
Research and Innovation Infrastructure” funded by the Operational Programme “Competitiveness,
Enterpreneurship and Innovation” (NSRF 2014-2020) and co-financed by Greece and the European
Union (European Regional Development Fund) (Fellowship to A.G). This research was also funded by
two Postgraduate Programs, “Application of Molecular Biology-Genetics-Diagnostic Biomarkers” and
“Biotechnology-Quality assessment in Nutrition and the Environment”, Department of Biochemistry
and Biotechnology, University of Thessaly (to A.-M.G.P.).

Data Availability Statement: All data, tables, and figures are original. Details on data analysis are
available from the corresponding author upon reasonable request.

Acknowledgments: Authors would like to thank the “Chios Gum Mastic Growers Association” and
the “mastihashop” for their kind donation of Chios Mastic oil and Tharros Company Aromatic Plants
Products, Larissa Greece, for Oregano, Melissa officinalis and Lavender essential oils donation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

ATCC American type culture collection
DEX Dexamethasone
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl Sulfoxide
E2 Estradiol
EOs Essential Oils
ER Estrogen receptor
ERE Estrogen Response Elements
ERα Estrogen receptor alpha
ERβ Estrogen receptor beta
FBS Fetal Bovine Serum
G6Pase Glucose 6-phosphatase
GR Glucocorticoids Receptor
GREs -Luc Glucocorticoid Response Elements-luciferase
HEK-293 Human Embryonic Kidney-293
HIF-1α Hypoxia inducible factor 1 alpha
HPA Hypothalamus-Pituitary-Adrenal
IL-6 Interleukin-6
NF-κB Nuclear Factor Kappa B
NF-κB-REs-Luc NF-κB Response Elements-luciferase
OD Optical Density
PEPCK Phoshoenolpyruvate carboxykinase
ROS Reactive Oxygen Species
TNF-α Tumor Necrosis factor alpha
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Abstract: Exposure to sun radiation leads to higher risk of sunburn, pigmentation, immunosuppres-
sion, photoaging and skin cancer. In addition to ultraviolet radiation (UVR), recent research indicates
that infrared radiation (IR) and visible light (VIS) can play an important role in the pathogenesis of
some of these processes. Detrimental effects associated with sun exposure are well known, but new
studies have shown that DNA damage continues to occur long after exposure to solar radiation has
ended. Regarding photoprotection strategies, natural substances are emerging for topical and oral
photoprotection. In this sense, Fernblock®, a standardized aqueous extract of the fern Polypodium
Leucotomos (PLE), has been widely administered both topically and orally with a strong safety profile.
Thus, this extract has been used extensively in clinical practice, including as a complement to photo-
dynamic therapy (PDT) for treating actinic keratoses (AKs) and field cancerization. It has also been
used to treat skin diseases such as photodermatoses, photoaggravated inflammatory conditions and
pigmentary disorders. This review examines the most recent developments in the clinical application
of Fernblock® and assesses how newly investigated action mechanisms may influence its clinical use.

Keywords: Polypodium leucotomos; Fernblock®; photoprotection; photodermatoses; photoaging;
hyperpigmentation

1. Introduction

Photoprotection is the first-line prevention strategy to avoid the development of skin
cancer and premature aging. Ultraviolet radiation (UVR) promotes skin cancer by inducing
DNA damage, triggering inflammatory processes and causing immunosuppression and
plays part in premature aging through alterations in extracellular matrix network and
remodeling. Most of these detrimental effects are mainly mediated by generation of reactive
oxygen species (ROS) and the consequent oxidative stress. Adoption of specific behaviors
(such as wearing protective clothes, hats and sunglasses, and avoiding excessive sun
exposure) and the use of topical sunscreens are the most common measures to counteract
the harmful effects of UVR. Although traditional sunscreens are a critical component in
all photoprotective regimens, they have limitations (inadequate application and need for
frequent reapplication, short half-life, lack of photostability and insufficient protection
against all wavelengths, among others) and have also increasingly been questioned for
their safety and their impact on the environment [1,2]. In this sense, photoprotection can
be provided not only by topical sunscreens but also by oral administration of substances
(such as polyphenols, carotenoids and other antioxidants) that are being identified as
systemic photoprotection agents in humans [2]. A well-known photoprotective agent is
the standardized aqueous extract from the leaves of the fern Polypodium leucotomos (PLE or
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Fernblock® (trademark name)). Polypodium leucotomos (PL) is a fern of the Polypodiaceae
family, genus Phlebodium, native to Central and South America, where it has had a
historical role in traditional medicine, especially for the treatment of skin diseases. A
standardized aqueous extract from the leaves of the fern PL (PLE), rich in polyphenols and
specifically in phenolic acids, has been developed to exploit the photoprotective properties
of the plant and to provide a steady phenolic content. This extract was introduced as
Fernblock® in Europe in the year 2000, both in topical and oral forms, and is currently
available in more than 26 countries, including the U.S., as a dietary supplement, since 2006.

Phenolic compounds identified in PLE are 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic
acid (protocatechuic acid), 4-hydroxy-3-methoxybenzoic acid (vanillic acid), 3,4-dihydroxyc-
innamic acid (caffeic acid), 4-hydroxycinnamic acid (p-coumaric),3-methoxy-4-hydroxycin-
namic acid (ferulic acid), 4-hydroxycinnamoylquinic acid and five chlorogenic acid iso-
mers [3]. Of these, ferulic and caffeic acids are the most potent antioxidants. However, it
is important to note that González et al. demonstrated in 2018 that there were significant
differences between different PL extracts which could be attributed to the specific plant
part used, the method of extraction and the plant’s origin and growth conditions. Generally,
extracts from the leaves are more potent and yield more meaningful outcomes. Nonethe-
less, this research also suggested that other moieties, whether antioxidant or not, may
have a critical role in the function of these extracts as dietary supplements with antiaging
and antioxidant properties [4,5]. As mentioned earlier, this extract is rich in polyphenols
and specifically in phenolic acids and has been developed to exploit the photoprotective
properties of the PL fern and to provide a steady phenolic content. Its solid mechanism of
action, its success in clinical trials, and the increased social interest in natural substances,
such as polyphenols, have placed PLE as an interesting photoprotective, antioxidant and
anti-inflammatory option (Figure 1). In this regard, numerous studies have been carried
out to prove the role of the aqueous PLE in photoprotection, which have been summarized
by many authors [6,7].

 

Figure 1. The graphical summary highlights the latest relevant studies concerning Fernblock®,
represented by the image of the fern, and examines their implications for its clinical application.
The image includes abbreviations such as MAPK (mitogen-activated protein kinase), AK (actinic
keratosis), NRF2 (nuclear factor erythroid-2-related factor 2), and CPDs (cyclobutane pyrimidine
dimers), which correspond to specific molecular pathways or biomarkers related to Fernblock® and
its effects. Created with BioRender.com.
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The aim of this review is to establish the current state of the art regarding the uses
of PLE and provide an interpretive synthesis that describes how recent advances may
influence its clinical applications. In certain cases, referencing older studies considered
fundamental in the study area can also provide valuable insights and improve our under-
standing of newly obtained findings. Additionally, we aim to determine the potential future
directions of PLE research, with special emphasis on the role of Fernblock® as an adjuvant
in photoprotection. Finally, we will explore the newly researched action mechanisms that
may impact its clinical management.

2. Materials and Methods

This state-of-the-art narrative review was developed in accordance with the guidelines
published by Barry et al. (2022) [8]. The first step in our search process was to build
an initial pool of articles, for which we searched Pubmed, Scopus and Google Scholar
databases, though we prioritized Pubmed Central to be the National Library of Medicine of
reference. The main criterion to select articles was the inclusion of PLE, using the following
keywords: Polypodium leucotomos, Fernblock®, photoprotection, photodermatosis, skin
pigmentation and skin cancer. In all searches, keyword combinations included either the
term “Polypodium leucotomos” or the term “Fernblock®”. We limited our search to articles
published between 2019 and 2023 and written in English. From the 224 collected articles,
53 were excluded due to various reasons, such as duplication, erratum, being outside the
scope, or unavailability of full-text copies. Among the 171 selected articles that met the
specified criteria, 34 were eliminated due to their brief mention of PLE without providing
significant relevance. The remaining articles, totaling 120, were included in the tables, while
17 articles are cited throughout the text as they contained more comprehensive information
regarding PLE.

3. Results and Discussion

3.1. PLE Photoprotective Activity

Numerous compounds have been demonstrated to have a protective effect against
various harmful effects of UV radiation, including photocarcinogenesis, sunburn, pho-
toaging, and UVB-mediated phototoxicity. These effects result from the modulation of
different pathways as demonstrated in different in vitro and in vivo models [9]. Briefly,
we can affirm that PLE’s activity has been widely studied, and it has been attributed to
several action mechanisms. PLE improves the skin’s endogenous antioxidant system by
reducing lipid peroxides and neutralizing ROS and free radicals, especially superoxide
anions and hydroxyl radicals generated after exposure to UV and VIS radiation, unlike
traditional antioxidants such as vitamin C, E, or carotenoids, which are mainly effective
against singlet oxygen. Moreover, Fernblock® increases the activity of the nuclear factor
erythroid-2-related factor 2 (NRF2) transcription factor and its associated antioxidant tar-
gets, which is linked to its capacity to decrease inflammation, melanin production, and
overall cell damage [10].

In the context of UVR-induced inflammation, the basis of its anti-inflammatory prop-
erties is its ability to inhibit the expression of the tumor necrosis factor α (TNF-α), iNOS,
redox-sensitive transcriptional factors, activator protein 1 (AP-1) and nuclear factor kB
(NF-kB) [11]. PLE also decreases the expression of COX-2 and PGE2 [12]. Over the years,
many indicators have been examined which provide essential information for verifying the
photoprotective effect that has been demonstrated through clinical and preclinical studies.
However, the effect of PLE on AP-1 and NF-kB expression after exposure to solar simulated
radiation (SSR) cannot be explained only by the antioxidant action of PLE since treatment
with a bona fide antioxidant does not decrease AP-1 and NF-kB expression in human
keratinocytes subjected to SSR [11].
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3.2. Clinical Applications

The successful results of Fernblock® in clinical trials, together with its action mecha-
nisms and growing interest in natural substances like polyphenols, have positioned PLE
as a promising option for photoprotection, antioxidant and anti-inflammatory treatment
and as an adjuvant therapy for various pathologies [2,6]. In the upcoming sections, we will
examine the research progress supporting its application in these conditions, and we will
suggest a future scenario based on evidence.

3.2.1. Oncodermatology

In the field of oncology, a recent review by Calzari et al. (2023) elucidates the ways
in which PLE functions and assesses its applications in oncodermatology, with reference
to both in vitro and in vivo research [13]. However, this review is not the only one, as
the trend in recent years has been to publish literature reviews demonstrating the pho-
toprotective effects of PLE, thereby confirming its therapeutic potential against various
types of cancerous growths. Alongside these reviews, there have been seven experimental
studies, four of which were clinical and three preclinical, which can be found summarized
in Table 1.

Accordingly, a wide range of earlier studies are recognized as crucial references
that have significantly advanced our understanding of the potential of Fernblock® in the
field of cancer prevention in both mice and humans. PLE inhibited UVR-mediated DNA
damage and mutagenesis through a double mechanism that consisted of prevention of
cyclobutane pyrimidine dimer (CPDs) accumulation and reduction of 8-OH-dG and H2Ax,
thus preventing oxidative damage [4]. Also, PLE decreased UVA-dependent mitochondrial
DNA damage by reducing common deletions (CD) [14]. In vitro and in vivo studies
suggest that PLE may have a role in the treatment of UV-induced skin inflammation and
cancer, probably due to its antioxidant and p53-activating properties [15]. It is important to
note that the extracellular matrix (ECM) provides structural integrity to the tissue and is
remodeled during skin aging/photoaging and cancer. In vitro experiments showed that
PLE directly inhibited the enzymatic activity and expression of MMPs in melanoma cells
and fibroblasts and stimulated the expression of tissue inhibitors of metalloproteinases
(TIMPs) in melanoma cells, reducing melanoma cell growth and ECM remodeling [16,17].
Also, clinical studies shown that PLE reduces epidermal cell proliferation and the number
of cyclin D1- and PCNA-positive epidermal cells caused by UVR exposure [18,19]. In
relation to the process of cancerization, previous research has shown that taking oral PLE
supplements following PDT can improve AK clearance and reduce recurrence as compared
to PDT alone [20].

However, three recent studies have been conducted to determine the effectiveness
of PLE in the context of cancerization not only by oral administration but also by topical
administration. The first of them investigated the effectiveness of a new medical device
(NMD) in treating the field cancerization in 30 patients with Aks after PDT. The NMD
contained a complex of DNA-repair enzymes, UV-filters and Fernblock®, while the con-
trol group received a standard sunscreen (SS). The study utilized clinical, dermoscopic,
reflectance confocal microscopy (RCM) and histological evaluations to assess the outcomes
and found that after six and twelve months of treatment, the SS group showed a significant
increase in the number of AKs compared to the NMD group. The NMD group also showed
a significant reduction in the extension and grade of atypia compared to the SS group.
Histopathological evaluation showed an improvement in keratinocyte atypia grade in all
groups after six months of PDT, but p53 expression was significantly lower in the NMD
group at twelve months compared to the SS group. Overall, the NMD was well-tolerated
with no serious adverse events reported [21]. Another recent prospective clinical study
evaluated the effectiveness of the same formulation in individuals with AK who underwent
cryotherapy. The evaluation involved measuring changes in the AKASI score (Actinic
Keratosis Area and Severity Index) and utilized non-invasive line-field confocal-optical
coherence tomography (LC-OCT) analysis. The findings revealed that the use of the sun-
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screen containing DNA-repairing enzymes and PLE significantly reduced the AKASI score
after 3 and 12 months treatment compared to the control group. Consequently, the study
concluded that the PLE-based sunscreen considerably improved AKASI score among in-
dividuals receiving cryotherapy treatment [22]. Finally, a recent prospective, multicenter,
randomized controlled trial was conducted to compare not only the effectiveness of a
sunscreen with Fernblock® vs. one without but also the impact of oral photoprotection for
managing AKs in elderly individuals with severe actinic damage. The group that received
both topical sunscreen with Fernblock® and Fernblock® oral supplementation showed the
most significant improvements in AK and field cancerization parameters compared to con-
trol group (which used a standard topical sunscreen). These results suggest that combining
oral and topical photoprotection leads to superior clinical and anatomical outcomes [23]. In
summary, these studies provide evidence to suggest that both oral and topical PLE could be
utilized as an adjuvant treatment option for field cancerization. However, it is necessary to
conduct further research in order to validate its effectiveness when compared to established
and widely accepted medications considered to be the gold standard.

Regarding melanoma, Aguilera et al. (2013) also investigated the protective role of oral
administration of PLE in patients at risk of malignant melanoma (MM) and in the interaction
between MC1R polymorphisms and the cyclin-dependent kinase (CDK) inhibitor 2A gene
(CDKN2A) status with MED 25–50%. Among patients with familial MM, those individuals
with mutations in CDKN2A and/or MC1R had greater differences regarding the response
to treatment with PLE [24]. According to these results, the authors indicated that patients
with higher UVR sensitivity (lower basal MED) would benefit the most from oral PLE
treatment. These results are intriguing, and thus studies with long-term PLE administration
in patients with a high risk of developing MM would be important to expand and confirm
these data. No recent clinical studies have been reported in this field that confirm the
effectiveness of PLE in preventing melanoma. However, there are new pre-clinical studies
which help uncover new mechanisms of action in relation to this matter (Table 1). Within
the scope of the latest in vitro studies, three principal works have been incorporated to the
scientific approach. The first one explores the potential of a dietary supplement containing
sulforaphane (SFN) and Fernblock® extract, in terms of its antioxidant, antineoplastic and
antiaging properties. The study analyzed the impact of SFN/FB combination on MMPs,
ROS production, and IL-1β secretion in human normal keratinocytes. The combination of
these actives was found to be more effective than each on its own in inhibiting melanoma
cell migration in vitro, MMP-1, -2, -3 and -9 production, inflammasome activation and
IL-1β secretion. Moreover, when used in normal keratinocytes with a pro-inflammatory
stimulus like TNF-α, SFN/FB was more efficient in inhibiting MMP-1 and -3 production
and IL-1β secretion than SFN or FB alone. Based on these results, the authors suggested
that SFN/FB-based supplements could be used as potential preventive measures against
skin aging and as adjuvants in the treatment of advanced melanoma [25].

The second work represents an important step forward with respect to understanding
the mechanisms involved in DNA damage, and in particular the formation of dark CPDs.
Initially discovered by Premi el al (2015), this recent work performed by Portillo-Esnaola
et al. (2021) confirms that UVA radiation triggers DNA damage in melanocytes even
hours after sun exposure has ended due to increased production of nitrogen reactive
species (NO•, O2− and ONOO−), which is linked with the increased formation of CPDs
and dark-CPDs. UVA-induced significant dark-CPD formation was observed as soon
as 3 h after exposure and the highest peak of dark-CPD formation was obtained 24 h
after exposure. However, pre-treatment with Fernblock® (0.3–0.75 mg/mL) was found
to reduce the production of these reactive species and the formation of dark-CPDs due
to its antioxidant and scavenging properties. We now understand that PLE not only
prevents sunlight-induced DNA damage but also offers protection against it even after
exposure to solar irradiation. This suggests that Fernblock® could be a promising candidate
to complement traditional sunscreens in providing long-lasting skin protection against
dark-CPD formation formed after irradiation [26,27].
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The third study, performed by Gallego-Rentero et al. (2022) is related to DNA dam-
age induced by photopollution. The interaction of UVA radiation with environmental
pollutants, specifically those of a polycyclic aromatic hydrocarbon (PAH) nature such as
benzo[a]pyrene (BaP), produces what is known as photopollution. BaP acts as a photosen-
sitizer and upon absorption of UVA radiation it causes increased cell damage in vitro and
tumorigenicity in mice even at non-toxic concentrations. Thus, the study evaluated the
protective effect of Fernblock® against the combination of pollution and UVA radiation in
human keratinocyte and mouse melanocyte cell lines. This preclinical study demonstrated
the efficacy of Fernblock® in preventing changes in cellular structure, viability, oxidative
stress, and DNA damage. These findings provide strong evidence that Fernblock® induces
the priming of cells, rapidly promoting the activation of repair mechanisms and efficient
elimination of oxidized derivatives that appear in the nuclear DNA as a result of sequential
exposure to BaP and UVA light [28].

In order to enhance photoprotection, it is crucial to explore innovative methods that
move beyond conventional measurements of minimal erythema dose (MED). The first
evaluation focuses on demonstrating the clinical impact of assessing the immunomod-
ulatory and preventive effects of DNA damage through in vivo studies. Thus, Schalka
and Donato (2019) clinically evaluated the efficacy of an SPF 90 sunscreen with PLE in
protecting against sun-induced skin damage vs. the same formulation without PLE. The
presence of PLE provided additional protection, further reducing erythema, pigmentation,
DNA damage, collagen breakdown and immunosuppression vs. placebo [29]. One of
the most significant findings from this study is the marked reduction of p53 in skin areas
protected with SPF 90 sunscreen containing Fernblock® indicating reduced DNA alteration.
These findings were completed by Aguilera et al. (2021), who conducted an in vitro study
that analyzed the impact of Fernblock® as a part of topical sunscreen in protecting the
skin from photoimmunosuppression and other detrimental biological effects caused by
exposure to UV radiation. In addition to the biological activity demonstrated in previous
studies, the UV absorption properties of PLE provide an additional booster effect to topical
sunscreens, increasing SPF and UVAPF and enhancing protection against not only erythema
and permanent pigment darkening reaction but also against immunosuppression [30].

Regarding xeroderma pigmentosum (XP), data has shown that PLE reduces UVR-
induced COX-2 levels, at least in part through activation of p53, and decreased epidermal
cell proliferation induced by UVR in a mouse model [15]. A case report on XP treatment
demonstrated the efficacy of a topical film-forming medical device containing a DNA-repair
enzyme, photolyase (Repairsomes®) and very high protection UV filters in preventing the
growth of skin cancer lesions in patients with XP [31].

Finally, it is worth highlighting the recent findings of Lacerda et al. (2023) in the field
of oral cancer prevention. Their study demonstrated that PLE has the ability to suppress
oral cancer cell growth in vitro in SCC-9, SCC-15 and SCC-25 cell lines and prevent tumor
development in vivo in mice with induced oral carcinogenesis. A decrease in the expression
of Ki67 and PCNA proliferating markers as well as in N-cad (Cdh2), Vim and Twist markers
related to migration was observed in tongue tissues. Therefore, PLE may have a beneficial
effect on immune and inflammatory responses related to oral tumors and could be a
promising natural therapeutic approach for preventing and treating oral cancer due its
immunomodulatory activity [32].
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Table 1. This table provides a summary of the scientific articles published in the last five years
in the field of oncodermatology, specifically highlighting the references to, and conclusions about,
PLE treatment.

Oncodermatology

Design Pathology/Focus Summary/Outcome
Study
Reference

Review General oncodermatology

This review reports the mechanisms through which
Polypodium leucotomos acts to evaluate its uses in
oncodermatology with references to in vitro and
in vivo studies.

[13]

Review and
book chapter

Continuing medical education
about skin cancer and sunscreen
use

These reviews provide evidence-based
recommendations for the use of sunscreen as a
preventive strategy against skin cancer while also
considering potential risks and environmental
impacts associated with the use of some chemical
sunscreen filters. PLE is included as a reference oral
sunscreen technology for prevention of
photodamage.

[33–37]

Reviews and book
chapter

Botanical interventions for
photoprotection and skin cancer

These works review the main actives derived from
plants with scientific evidence as treatment in
photoprotection and offer an overview of cancer and
phytotherapy. Specifically, they review the existing
literature on the properties of PLE and its potential
therapeutic effects in preventing skin damage. These
reviews include studies conducted in vitro, in vivo
and clinical trials.

[38–42]

Review Preventive interventions for
keratinocyte carcinoma

This manuscript examines the potential of
pharmaceuticals, plant-derived phytochemicals and
vitamins for preventing keratinocyte carcinoma.
One such reference photoprotectant is PLE, which
has been shown to inhibit the development of
tumors and acute UV-induced damage in humans.

[43]

Clinical study Field cancerization

This clinical study suggests that a new medical
device treatment containing Fernblock® (NMD) is a
useful treatment method for improving the
precancerous field and preventing the development
of new AKs.

[21]

Clinical study Oral cancer

The findings indicate that PLE has the ability to
suppress oral cancer cell growth in vitro and prevent
tumor development in vivo. Thus, PLE could be a
promising natural therapeutic approach for
preventing and treating oral cancer.

[32]

Preclinical study Skin cancer markers

This in vitro study suggests that FB could be a
promising candidate to complement traditional
sunscreens in providing long-lasting skin protection
against dark-CPDs formation after irradiation.

[26]

Preclinical study Melanoma

This in vitro research suggests that supplements
containing sulforaphane/FB could be used to
prevent skin aging and help treat advanced
melanoma.

[25]

Preclinical study Skin cancer induced by
photopollution

This preclinical study demonstrates the efficacy of
PLE in preventing changes in cellular structure,
viability, oxidative stress and activation of the
melanogenic signaling pathway caused by exposure
to both BaP and UVA light.

[28]
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Table 1. Cont.

Oncodermatology

Design Pathology/Focus Summary/Outcome
Study
Reference

Actinic keratosis

Review Actinic keratosis

This review article examines in vitro experiments
and clinical trials that utilize evidence-based
therapeutic methods before or after photodynamic
therapy (PDT). Specifically, the effectiveness of
topical treatments and oral supplementation, such as
diclofenac, imiquimod and PLE, among others, as
well as mechanical-physical treatments, are
evaluated.

[44]

Review Actinic keratosis

In this article, the authors offer expert opinions and
practical insights into the treatment of actinic
keratosis and field cancerization using monotherapy
or a combination of therapies among which PLE is
cited. The primary objective is to achieve improved,
quicker and more tolerable clinical outcomes.

[45]

Review Actinic keratosis

This review discusses various physical ablative
techniques and drug preparations available for
treatment. It emphasizes the need for careful
evaluation of efficacy, toxicity and tolerability data,
as well as practical considerations such as treatment
protocols and patient preferences, to achieve
maximal adherence and prevent treatment failure. It
includes PLE as a chemopreventive treatment tool
against the development of AK.

[46]

Xeroderma pigmentosum

Review Xeroderma pigmentosum

The purpose of this review is to present the
symptoms, diagnosis, and treatment of XP. It also
includes oral PLE as a treatment adjuvant due to its
chemoprotective, antioxidative, anti-inflammatory
and immunomodulatory properties. All these effects
have the potential to lessen the phototoxic effects of
UVR and thus reduce UVR-induced skin damage
and cancer.

[47]

3.2.2. Photodermatoses and Photoaggravated Skin Diseases

Photosensitivity occurs when there is an abnormal reaction between a specific com-
ponent of the sun’s electromagnetic spectrum such as UVR (UVA, UVB) or VIS, and
chromophores in the skin. UVA is the most common type of sunlight that leads to photo-
sensitivity, while exposure to VIS may trigger a condition called porphyria. The causes of
photodermatosis can be varied: some types are caused by autoimmune reactions, while
others are triggered by drugs or connective tissue disease. Additionally, certain types of
photodermatosis can be caused by abnormal inherited biochemical pathways [48]. It is
widely recognized that exposure to UV radiation can cause changes to both the skin and
overall immune system. Regulatory T (Treg) cells play a crucial role in maintaining immune
homeostasis by suppressing immune responses to both self- and non-self antigens [49].

Regarding photo-immunosuppression, a multitude of older studies represent essen-
tial references that have greatly enhanced our comprehension of the potential of PLE in
treating photodermatoses. PLE is endowed with immunomodulatory properties acting
as a photoimmunoprotective agent through different mechanisms. PLE prevents UCA
isomerization from trans to cis isomer which is a triggering event of skin immunosup-
pression [50]. PLE also prevents epidermal Langerhans cells (eLC) depletion caused by
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UV irradiation in vivo [51]. Multiple molecular mechanisms may underlie the increase
in survival of dendritic cells, including inhibition of UCA isomerization as mentioned
above, inhibition of iNOS expression [11] and improvement of endogenous systemic antiox-
idant systems [52]. Consequently, PLE is able to reduce the infiltration of neutrophils and
macrophages [12] and decrease inflammatory molecules in humans [19] and mice [51], thus
inhibiting mast cells and leukocyte extravasation in the irradiated area. The immunomodu-
lation of these markers has a significant clinical impact because reducing the infiltration of
neutrophils and macrophages can directly affect the inflammatory response of the skin to
UV or visible light radiation. This exaggerated response is observed in immunologically
mediated photodermatoses (previously referred to as idiopathic), and controlling the re-
lease of these markers can directly impact these skin disorders, as they are aggravated by
greater inflammatory responses.

Concerning photodermatoses and photoaggravated diseases, there is a need to increase
clinical research on various conditions such as lupus erythematosus, polymorphous light
eruption (PMLE), rosacea, solar urticaria, different forms of dermatitis, and psoriasis,
among others. Given the known action mechanisms of PLE and its demonstrated beneficial
effects in the prevention of photodermatoses, expanding the existing clinical evidence on
the impact of PLE in these pathologies would be worthwhile, especially considering their
high prevalence [53]. Another important area to continue research is photodermatosis
induced by chemical agents, as it is one of the primary issues faced by society. There are over
300 drugs classified as phototoxic, which undergo a photochemical reaction when the skin
is exposed to radiation and become chemically excited. This leads to a reaction with other
molecules in the skin environment, such as free radicals, proteins and enzymes, causing
phototoxicity and cell damage. This can result in photodermatosis and may also lead to
DNA damage and skin cancer. Moreover, these drugs can generate inflammatory reactions
known as photoallergy. Phototoxic drugs are widely used and are taken by a significant
proportion of the population. Among the phototoxic drugs are antihypertensive drugs,
antidiabetic drugs, NSAIDs, antibacterial drugs and others [54]. On light of all this, this
review highlights the potential clinical effects of PLE on various types of photodermatosis,
providing a summary table with the most recent studies conducted on the topic (Table 2).

Polymorphous Light Eruption and Actinic Prurigo

Polymorphous light eruption (PMLE) is a frequently occurring skin condition caused
by an immune response triggered by exposure to UVR from sunlight, which can lead to a
range of alterations due to the breakdown in the body’s ability to suppress the immune
response. It has been found that the combination of Fernblock®, nicotinamide, vitamin D
and zinc can reduce the intensity of pruritus and the severity of flare-ups in 87% of PMLE
patients [55].

Although less common than other photodermatoses, actinic prurigo is also character-
ized as a condition where exposure to sunlight triggers an immune response. As in the
case of PMLE, the treatment of actinic prurigo with PLE leads to a significant improvement
in this disease: duration and severity of skin eruptions are reduced [56]. Recent research
suggests that Th1 cells and TNF-α are significant contributors to the development of actinic
prurigo. As a result, PLE may have a vital role in reducing actinic prurigo by regulating the
immune response [57].

Solar Urticaria and Photosensitive Lupus

Solar urticaria (SU) is a rare chronic acquired photosensitivity disorder that causes
recurrent episodes of urticaria rash on skin areas exposed to sunlight. Although usually a
benign condition, it may be extremely disabling and limiting for patients. Its pathogenesis
has not yet been adequately understood and it can be difficult to diagnose. In 2019, Photiou
et al. performed a retrospective review of 83 patients identified as having SU. Of the total
number of patients who underwent the monochromator test, SU was confirmed in 58%,
and most of them reacted to VIS and UVA or UVA alone. Among the treatment strategies
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for SU, antihistamines and sun avoidance are the most prescribed. In difficult-to-treat SU
patients who do not respond to these strategies, other options such as the monoclonal
anti-immunoglobulin E antibody omalizumab have been shown to be effective. Also, PLE
is suggested as a safe treatment option in SU [58].

The findings of this study are consistent with prior research conducted by Caccialanza
et al., reflected in two clinical studies in 2007 and 2011. These studies assessed the effec-
tiveness of orally administered PLE in the treatment of SU. The first study involved two
patients diagnosed with SU: the intake of PLE at a dose of 480 mg/day significantly reduced
the skin reaction to sunlight and improved the related symptoms such as prurito [59,60]. In
the second study, the four SU patients enrolled were also treated with 480 mg/day of oral
PLE and the same benefits were observed, without side effects or tolerance problems [59,60].
All this makes PLE an effective and safe treatment for photoprotection in this idiophatic
photodermatosis [59,60].

Photosensitive lupus is another form of photo-exacerbated dermatosis. It consists of a
multifactorial inflammatory and autoimmune disease with a variety of clinical manifesta-
tions of differing severity. In 2022, Malara et al. conducted a review of the effects of the
anti-inflammatory drug thalidomide in patients with discoid lupus erythematosus (DLE)
who were refractory to different medications. In two of the patients included in this study
who present painful erythematous lesions, 50 mg daily of thalidomide was administered
along with PLE capsules and sunscreen with remarkable clinical results. Patients who
received PLE experienced a longer-lasting clearance of symptoms. As incorporating this
natural active helped to reduce the side effects associated with thalidomide treatment, PLE
could serve as a safety measure to lower thalidomide dosage [61].

Additionally, Segars et al. hypothesized the use of PLE as an immunomodulatory
agent to adjunct the treatment of subacute cutaneous lupus erythematosus (SCLE), another
type of photosensitive lupus [62]. Previous data from a case report by Breithaupt et al. (2012)
presented new evidence of a beneficial clinical effect of PLE in a patient with moderately
controlled subacute cutaneous lupus erythematosus on hydroxychloroquine. This patient
achieved near total remission with the addition of PLE to her treatment regimen, suggesting
it might have future applications in photosensitizing dermatoses, including other forms of
cutaneous lupus erythematosus [63].

The clinical findings of these studies align with the mechanisms discussed in a recent
review by McCarty et al., indicating that PLE, with its high content of phenolic compounds
and antioxidant activity, has the potential to suppress superoxide anions, lipoperoxides,
and hydroxyl radicals. Additionally, PLE shows promise as an anti-inflammatory agent
and an immune modulator with therapeutic applications [9].

Table 2. This table provides a summary of the scientific articles published in the last five years in the
field of photodermatosis, specifically including references to, and conclusions about, PLE treatment.

Photodermatoses and Photoaggravated Skin Diseases

Design Pathology/Focus Summary/Outcome Study Reference

Review UVB phototoxicity

The objective of the text is to explore and discuss the potential
of various nutraceuticals in preventing or mitigating the effects
of phototoxicity caused by UVB radiation. The text provides the
mechanisms by which these nutraceuticals, including spirulina,
soy isoflavones and PLE, among others, may offer protection
against UVB-induced sunburn, photoaging and NMSC.

[9]

Review Photodermatoses

This chapter outlines various topical and systemic agents that
can trigger phototoxic and photoallergic reactions. In terms of
treatment, the chapter mentions that PLE can be used as a
systemic antioxidant in conjunction with PUVA to manage
cases of PMLE.

[64]
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Table 2. Cont.

Photodermatoses and Photoaggravated Skin Diseases

Design Pathology/Focus Summary/Outcome Study Reference

Review Idiopathic photodermatoses

This chapter provides a clinical approach to managing
idiopathic photodermatoses, including conditions such as
PMLE, actinic prurigo and idiopathic solar urticaria, among
others. Preventing and managing these conditions involves
implementing photoprotective measures and increasing the
skin’s tolerance to sunlight through the use of narrow-band
UVB therapy and other forms of phototherapy or
photochemotherapy when necessary. In addition, topical or
systemic antioxidants like PLE may be helpful in certain cases.

[65]

Review Diet and Photodermatoses

Prior studies have explored the connection between diet and
several skin conditions, including rosacea, hidradenitis
suppurativa, herpes labialis and vitiligo. The authors
consolidate the findings from existing literature to create clear
and concise guidance regarding dietary supplements that could
be beneficial or harmful. By doing so, they provide healthcare
professionals with evidence-based recommendations to assist
their patients, including PLE as a recommended supplement in
the treatment of vitiligo.

[66]

Case report Photodermatoses

The case study involves a 55-year-old man who experienced a
severe and painful skin eruption with erythema and blisters in
sun-exposed areas one month after starting vandetanib
treatment. Despite treatment with steroids and avoiding sun
exposure, the condition did not improve until the patient began
taking oral supplements of PLE. This case highlights the
potential of PLE as a safe and effective photoprotective agent
for treating refractory phototoxic reactions.

[67]

Polymorphous light eruption and actinic prurigo

Review PMLE

The purpose of the review is to provide a better understanding
of the molecular pathogenesis of PMLE by examining the
immunological disturbances associated with the disease. The
authors emphasize the potential of PLE as an
immunomodulatory and antioxidant agent and suggest it could
be used as a preventive therapeutic approach for PMLE
treatment.

[53]

Review PMLE

The goal of this article is to provide readers with the latest
information on PMLE with regards to its epidemiology, clinical
presentation, underlying pathophysiology, available treatments
and prognosis. PLE is presented as a potential treatment for
PMLE, and the review cites open-label studies showing that
this supplement can reduce the severity, frequency and rapidity
of onset of PMLE reactions.

[68]

Review Actinic prurigo

The aim of this study is to provide a summary of current
knowledge related to two types of photodermatoses—actinic
prurigo (AP) and hydroa vacciniforme (HV), both of which
typically develop during childhood. Among suggested
treatment, botanical agents such as PLE may be beneficial in
reducing photosensitivity in certain skin conditions like PMLE
and solar urticaria. However, further studies are needed to
suggest their usefulness in treating AP.

[57]
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Table 2. Cont.

Photodermatoses and Photoaggravated Skin Diseases

Design Pathology/Focus Summary/Outcome Study Reference

Case report Actinic prurigo

In this report, the authors describe the successful use of PLE in
an 11-year-old girl with AP. PLE treatment led to a significant
reduction in her symptoms and no negative side effects were
observed. PLE has a wide-ranging impact on the immune
system and acts as an antioxidant by promoting an
anti-inflammatory environment.

[56]

Solar Urticaria and Photosensitive Lupus

Restrospective
analysis Solar urticaria (SU)

The authors conducted a retrospective analysis in 83 patients
with SU. Among the 60 patients who underwent
monochromator testing, 35 were confirmed to have SU, with
most reacting to VIS and UVA, or UVA alone. The mainstay of
treatment for SU is antihistamines and sun avoidance.
However, for patients who do not respond to these treatments,
other options such as omalizumab may be of potential interest.
Also, PLE is sugested as a treatment option for SU, without side
effects.

[58]

Review Lupus

This review analyses natural actives traditionally used to treat
rheumatological conditions, including antimalarials, which
could also be beneficially indicated for cutaneous lupus
eryhtematosus (CLE). It also suggests their combination with
PLE as a photoprotective supplement to control
photosensitivity.

[69]

Review Lupus

This text reviews the available evidence regarding local and
systemic therapies for CLE and provides healthcare
professionals with alternative treatment options for patients
who were previously treated with quinacrine, which is currently
unavailable in the USA. Among these options, PLE is proposed
with a level of evidence of 5 in accordance to the levels adapted
from the Oxford Centre for Evidence-Based Medicine.

[70]

Clinical
cases Lupus

This article examines the use of thalidomide in the treatment of
discoid lupus erythematosus (DLE) and discusses four case
studies that demonstrate its success. Two of the case studies
included the addition of PLE. Patients who received PLE
experienced a longer duration for complete clearance of
symptoms; moreover, incorporating PLE helped to lower the
thalidomide dosage and thus reduce its side effects.

[61]

Clinical
study PMLE

In this prospective study, a standardized extract of P. leucotomos,
along with nicotinamide, vitamin D and zinc was orally
administered to 15 patients suffering PMLE. These patients had
not achieved symptom control through the use of only topical
photoprotection. Administering a standardized extract of P.
leucotomos, nicotinamide, vitamin D and zinc orally in
conjunction with appropriate topical photoprotection offers a
safe and effective alternative for preventing and minimizing the
frequency and severity of outbreaks in individuals with PMLE.

[55]

Other photodermatoses: Chronic Actinic Dermatitis
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Table 2. Cont.

Photodermatoses and Photoaggravated Skin Diseases

Design Pathology/Focus Summary/Outcome Study Reference

Case report Chronic actinic dermatitis

In this study, a case of a patient with chronic actinic dermatitis
(CAD) who showed only partial improvement with dupilumab
is described. Initial management included sun avoidance and
photoprotective therapy, which included topical Fernblock®,
among others. The CAD did not improve, and the treatment
continued with topical corticosteroids, immunomodulators,
and systemic immunosuppressive agents. The continued
implementation of photoprotection measures such as oral
supplements, including oral and topical PLE, is recommended
due to their proven efficacy as adjuvants to the
above-mentioned pharmacological treatments.

[71]

Other studies with PL extracts in photodermatoses: non- Fernblock® PL extracts

Review Rosacea

The purpose of this study is to explain the origin of rosacea,
with a particular focus on the influence of UV radiation and
exposome on the development of this skin condition.
Additionally, this review highlights the importance of
non-pharmacological approaches, with specific emphasis on
photoprotection strategies in managing rosacea, using, for
example, an extract of P. leucotomos.

[72]

3.2.3. Pigmentary Disorders

The color of skin is determined by several pigments, one of which is the melanin
produced by melanocytes, whose primary function is to protect from UVR. Pigmentary
skin disorders are frequently encountered in the practice of adult medicine and include both
hypopigmentation and hyperpigmentation alterations. Although most of these disorders
are rarely associated with health risks or systemic diseases, they can sometimes lead to
severe of life-threatening pathologies such as melanoma. Moreover, they can lead to
negative effects on quality of life and become a source of discomfort and emotional stress
for patients. Despite their frequency, these disorders remain challenging to treat [73].

Among these skin disorders, vitiligo and melasma are two of the most frequent. Both
affect the skin’s appearance and can have notably adverse effects on an individual’s health-
related quality of life. Melasma is in fact the skin pigmentary disorder with the highest
incidence [74].

Vitiligo

Vitiligo is a common depigmenting skin disorder characterized by the selective loss
of melanocytes. It has recently been reported that the combination of NB-UVB and oral
administration of PLE accelerates repigmentation and increases total repigmented area.
Also, PLE can improve the efficacy of photo(chemo)therapy for vitiligo by reducing negative
side effects and improving tolerance. PLE does this by preventing sunburn and phototoxic
reactions, as shown in both in vitro and in vivo studies involving human and animal
models [75]. A recent review suggests that innovative drug delivery methods have the
potential to enhance the delivery of topical medications by improving their localization
within the epidermis and increasing their effectiveness, providing an interesting possibility
for future improvements in PLE’s efficacy [76].

Moreover, a recent review discussed the role of NRF2-ARE (antioxidant response
element) pathway in the pathogenesis of vitiligo, since this pathway is involved in cellular
defense against oxidative stress. The review listed several agents known as NRF2 activators
that included PLE and may represent a potential therapeutic strategy for this pigmentary
disorder [77]. In this sense, recent studies have demonstrated the ability of PLE to modulate
NRF2 pathway, which could potentially help explain the positive clinical effects of PLE
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treatment in patients with vitiligo [10] (Table 3). Although further research is required to
validate this hypothesis, this rationale could prove valuable not only in the treatment of
vitiligo but also in other photodermatoses [78].

Hyperpigmentation Disorders

Hyperpigmentation is a term used to describe a skin condition in which an excess
of pigment production occurs, resulting in dark spots or areas of the skin that appear
darker than the rest. Hyperpigmentation can be caused by exposure to environmental
pollution, hormonal therapies, cosmetics, contraceptive pills, pregnancy, photosensitizing
agents and genetic susceptibility [79]. Some common forms of hyperpigmentation include
melasma, environmental lentigo and post-inflammatory hyperpigmentation [80]. In recent
studies on PLE and its ability to prevent hyperpigmentation, primary emphasis has been
on melasma and the various factors that contribute to increased pigmentation (Table 3).
This section will delve into the discussion of these studies and the factors involved in
promoting hyperpigmentation.

Pigmentation resulting from exposure to VIS is a significant concern and thus a promi-
nent area of research. VIS has been demonstrated to have various biological impacts on
the skin, including DNA damage caused by the generation of ROS, the activation of pro-
inflammatory cytokines, exacerbation of photo-induced conditions, and the promotion of
pigmentation in melano-competent individuals. Thus, Mohammad et al., (2019) conducted
a clinical study to assess the effectiveness of oral PLE treatment in preventing the adverse
effects induced by VIS. The study involved twenty-two participants with Fitzpatrick skin
phototypes IV–VI. On day 0, the subjects were exposed to VIS radiation. Immediately, as
well as 24 h and 7 days after radiation, clinical evaluations using the Investigator’s Global
Assessment (IGA) scoring system and spectroscopic assessments were conducted. The par-
ticipants were then given a 28-day supply of PLE (480 mg daily). All subjects experienced
immediate pigment darkening, persistent pigment darkening, and delayed tanning both
before and after taking PLE, but instrumental assessments showed a statistically significant
decrease in pigment darkening and delayed tanning in the PLE group. Results of this
research indicate that PLE has an impact on VIS-induced effects. Therefore, PLE could be
utilized as a supplementary approach to conventional photoprotection methods in order
to safeguard against the detrimental effects of VIS [81]. These clinical findings can be
explained by in vitro studies that have explored the potential mechanisms by which PLE
prevents pigmentation caused by VIS. These studies have specifically examined the role of
VIS, particularly blue light, in activating pathways associated with melanogenesis. A recent
in vitro study conducted by Portillo et al. (2021) examined the effectiveness of Fernblock®

in mitigating pigmentation induced by blue light emitted by digital devices. The study
revealed that Fernblock® acts through multiple mechanisms, including the modulation
of the p38 melanogenic signaling pathway, inhibition of photooxidation of melanin pre-
cursors and reduction of opsin 3 expression. These findings underscore the potential of
Fernblock® as a protective agent against the detrimental effects of visible light, particularly
blue light [82]. While multiple in vitro studies have also shown that blue light can activate
mechanisms associated with melanogenesis [83,84], further research is necessary to gain
a better understanding of how chronic exposure and the prevalence of electronic devices
in modern life can potentially impact melanogenesis. The controversy surrounding this
topic remains significant, highlighting the need for more studies to provide comprehensive
information about the clinical implications of long-term exposure to blue light and its effects
on melanin production, particularly in heavily pigmented individuals who are especially
prone to skin hyperpigmentation [85–88].

Recent studies have also focused on investigating the role of pollution in melanin
production. Observations have revealed that the prevalence of pigmentation is higher in
animals residing in polluted areas, particularly in urban-industrial sites. As an increasing
number of individuals are exposed to elevated levels of air pollution, there is a possibility
that environmental pollutants can influence melanogenesis in human skin. Epidemiological
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studies have indicated that exposure to air pollutants associated with traffic, such as diesel
exhaust particles, is correlated with an increased occurrence of clinical manifestations of
hyperpigmentation [89]. Ahn et al. observed that RNA-sequencing data from melanocytes
exposed to particulate matter (PM) revealed an increase in the expression of molecules
associated with the unfolded protein response. Notably, the IRE1α signaling pathway
consistently showed upregulation and was found to be involved in PM-induced melano-
genesis [90]. Similarly, the already mentioned study conducted by Gallego-Rentero et al.
(2022) in skin cancer prevention demonstrated that skin exposure to photopollution not
only results in DNA damage and oxidative stress but also triggers the activation of the
melanogenesis pathway. This study provided compelling evidence of significant upreg-
ulation of opsin-3 in cells treated with BaP and subsequently exposed to UVA. However,
when cells were pre-treated with Fernblock® before irradiation, the expression of opsin-3
remained similar to basal level. This study revealed the capacity of Fernblock® to prevent
the activation of melanogenesis through the modulation of opsin-3 expression, specifically
in response to photopollution [29].

With respect to melasma, the considerable quantity of existing evidence of PLE’s
efficacy in preventing and reducing this disorder has meant that no new specific studies
have been conducted over the past few years. The most recent studies have been narrative
reviews that emphasize the use of PLE as an effective oral treatment for this pathology
based on the evaluation of various measures such as the MASI (Melasma Area and Severity
Index), MI (Melasma Index), melasma area and pigmentary intensity, among others. These
reviews encompass a wide range of research in this area, including a notable reference
study conducted by Goh et al. (2018). The study specifically validated the safety and
effectiveness of oral PLE treatment as an adjuvant in the management of melasma. It was
found to be particularly effective when used in combination with topical hydroquinone
and sunscreen [91]. However, it is important to note that other recent studies have been
conducted in this field using different PL extracts than Fernblock®. This is the case of the
study conducted by Piquero-Casals et al. (2020) that examined the clinical outcomes of
a combination of trichloroacetic acid, phytic acid and ascorbic acid peel as well as oral
antioxidant supplements (including a non-detailed extract from PL) and topical treatments,
for individuals with difficult-to-treat melasma. The findings indicate that this approach
could be an effective solution for managing this patient group [92]. Research in the field
of new active ingredients with antioxidant and antimelanogenic properties is ongoing
on a daily basis, with the goal of discovering novel compounds for use in the cosmetics
industry. As evidence of this, a recent article compared and assessed the protective potential
of various extracts from Spanish ferns, using the standardized PLE as a reference. The
research concluded that all fern extracts exhibit antioxidant activity and have the potential
to inhibit hyperpigmentation through their anti-tyrosinase activity. Moreover, it concluded
that hydrophilic extracts are more potent and effective than lipophilic extracts [93].

Recent studies are also beginning to investigating other fields, including the effects
of agents like pollution, photopollution and blue light on pigmentation [86,89]. There
is growing interest in exploring the potential of PLE in offering protection against these
factors as they are closely associated with the development of pigmentary disorders and
photoaging. As a result, the focus has expanded to explore novel areas that can contribute
to a deeper understanding of pigmentation-related mechanisms and the potential benefits
of PLE in this context.
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Table 3. This table provides a summary of the scientific articles published in the last five years
in the field of pigmentary disorders, specifically including references to, and conclusions about,
PLE treatment.

Pigmentary Disorders

Design Pathology/Focus Summary/Outcome Study Reference

Reviews and
book chapters Pigmentary disorders

Pigmentary disorders (melasma, vitiligo, periocular
hyperpigmentation, pigmented contact dermatitis
and lichen planus pigmentosus) are
over-represented in women in most societies. Their
mechanisms and future therapies, including PLE,
are reviewed.

[94,95]

Review
Pathways and ingredients
involved in pigmentary
disorders

The text provides an overview of the role oxidative
stress plays in melanogenesis, particularly in
response to skin exposure to UVR and VIS. It also
discusses various pathways involved in pigmentary
disorders. Additionally, the text offers guidance on
effective approaches to modulate melanogenesis,
including the use of vitamins, PLE, niacinamide and
other options, such as lightening agents, that can aid
in the better management of pigmentary disorders.

[80,96–100]

Review Visible light and
hyperpigmentation

These reviews focus on the role of VIS in
hyperpigmentation disorders (melasma and PIH)
and analyze the direct and indirect effects of blue
light emitted by digital devices reported on in vitro
and in vivo studies. Recent advances in
understanding the protective role of PLE against
UVA and VIS have led to it being cited as a reference
agent in preclinical and clinical studies.

[95,101]

Review
Management of
hyperpigmentation:
dermatological procedures

This review focuses on the medical and
dermoaesthetic procedures for hyperpigmentation
and on challenges (resistance, recurrence, adverse
effects) in the management of pigmentary disorders
such as melasma and PIH. PLE is included as a
reference compound due to studies that suggest its
beneficial activity in treating dyschromias.

[102–104]

Review Management of
hyperpigmentation: topical

The review presents alternative ways to manage
hyperpigmentation, including PLE, glutathione and
thiamidol. It also provides a table summarizing the
scientific evidence supporting their effectiveness.

[105]

Review Management of
hyperpigmentation: oral

The texts provide a review of literature on oral
treatments for hyperpigmentation, with a specific
focus on examining the clinical evidence that
supports the use of several oral treatments,
including PLE and others.

[106,107]

Review Management of PIH

These reviews describe the first-line treatments for
epidermal PIH (based on topical or oral skin
lightening agents) and the available adjunctive
therapies for patients refractory to first-line
treatment or for dermal PIH (peels, laser, etc.). They
also analyze the use of sunscreens for the treatment
of melasma and PIH. PLE is included as a systemic
skin-lightening agent, among others. It is noted that
PLE is the only ingredient listed that does not have
any reported adverse effects.

[108–110]
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Table 3. Cont.

Pigmentary Disorders

Design Pathology/Focus Summary/Outcome Study Reference

Clinical study Skin pigmentation induced
by VIS + UVA light

This study evaluates the role of topical antioxidants
in protecting against VIS + UVA-induced effects in
skin phototypes I–VI. Topical antioxidants inhibit
erythema in phototypes I–III and reduce
pigmentation in phototypes IV–VI. PLE is used as a
reference compound to compare its antioxidant
properties with those of other compounds.

[111]

Melasma

Reviews and
book chapters

Management of melasma:
focus on topical and oral
treatments

These articles discuss various techniques for treating
melasma and evaluate the effectiveness and safety of
ingredients like hydroquinone and tranexamic acid,
as well as delivery systems that improve the
depigmentation activity of certain agents.
Additionally, all these reviews place PLE among the
most effective oral agents recommended for
melasma.

[79,112–119]
Sistematic review and
metanalysis:
[120–122]
Book chapters:
[123,124]

Review
Management of melasma:
focus on dermatological
procedures

The main objective of these reviews was to analyze
the available evidence on the efficacy and safety of
microneedling alone or in combination with topical
agents in reducing pigmentation and improving the
quality of life for adult patients with melasma. Oral
PLE treatment was included as a therapeutic option
for melasma, suggesting that combined therapies
tend to produce better results compared to
monotherapy.

[125–127]

Review Melasma

The review aims to provide a comprehensive
understanding of the role of oxidative stress in
melasma and the potential therapeutic benefits of
various antioxidants for individuals with this
condition. Here, PLE is considered a principal
antioxidant for treating melasma, and a summary of
clinical studies is included in these documents.

[117,128]

Review Melasma pathways

The manuscript provides a review of the processes
and pathways responsible for skin pigmentation,
specifically the changes in melanogenesis that lead
to melasma and resulting hyperpigmentation. The
paper also discusses current treatments and
therapies, including those administered topically,
orally and through phototherapy, with a particular
focus on the effects of cosmetics. PLE is included as
a plant-based oral treatment.

[129]

Clinical study Pigmentation disorders

This study aims to assess the effectiveness of PLE in
preventing VIS-induced effects in human skin. PLE
treatment induces a significant decrease in persistent
pigment darkening and delayed tanning and
reduces expression of several damage markers. The
study provides scientific evidence to position PLE as
a treatment for pigmentation disorders.

[81]

Vitiligo
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Table 3. Cont.

Pigmentary Disorders

Design Pathology/Focus Summary/Outcome Study Reference

Review Vitiligo treatments

These reviews discuss the pathogenesis of vitiligo
and focus on treatment options for the disease
including standard drug treatments, phototherapy
(NB-UVB and PUVA) and the effectiveness of
antioxidant therapies. Moreover, in the majority of
cases, antioxidant therapies on their own are not
capable of producing significant clinical
improvements, except perhaps in mild cases, and
they must be used alongside standard drug
treatments in order to achieve noticeable outcomes,
such as PLE in concomitance with NB-UVB or
PUVA.

[76,130–138]
Focused on PUVA:
[139–141]

Review Safety in vitiligo treatments

These reviews concentrate on the potential harm
related to the use of medicinal plants, including PLE,
and offer a summary of adverse drug reactions
(ADRs) that have been reported in national and
global individual case safety report databases.

[142,143]

Review The role of NRF2-ARE in
vitiligo

This paper examines the role of NRF2 in vitiligo and
reviews several agents known as NRF2 activators,
including PLE. It suggests that PLE’s efficacy in the
treatment of vitiligo is the results of its activation of
the NRF2 pathway.

[77]

Clinical study PLE in vitiligo

This study involved 44 patients with generalized
vitiligo who received either combined treatment of
NB-UVB phototherapy and oral PLE or NB-UVB
phototherapy and placebo. The results showed that
oral PLE combined with NB-UVB improved
repigmentation and increased response rate as
compared to NB-UVB alone.

[75]

Other studies with PL extracts in melasma: non- Fernblock® PL extracts

Case report Melasma

The aim of this research was to examine the practical
outcomes of a treatment plan that combined
multiple interventions: one conducted at home and
the other performed in a clinical setting. The
protocol consisted of using a peel containing
trichloroacetic acid, phytic acid and ascorbic acid, in
combination with oral antioxidant supplements
containing an extract from PL. Additionally, topical
products were provided to individuals with
persistent melasma. The findings of the study
suggest that this treatment protocol could represent
an effective approach for managing melasma.

[92]

Chemical assay
with different PL
extracts

Photoaging,
hyperpigmentation

This study evaluates the antioxidant capacity of
different hydrophilic and lipophilic fern extracts. All
ferns present antioxidant activity and potential to
inhibit hyperpigmentation (antityrosinase activity).
This report concluded that hydrophilic extracts are
more potent and effective.

[93]

3.2.4. Extrinsic Aging

Over the years, researchers have studied how factors such as sun exposure, air pol-
lution, hormonal changes, diet and psychological factors can affect the skin by causing
hyperpigmentation, worsening photodermatosis, promoting wrinkles or leading to the
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development of cancerous lesions [144]. While pollution can exacerbate certain skin con-
ditions like atopy or eczema, a correlation has been demonstrated between pollution and
the premature appearance of aging signs [145]. In recent years, there has been a grow-
ing interest in evaluating the potential preventive effects of PLE against pollution and
solar-radiation-induced photoaging, resulting in an increase in the number of studies in
this area (Table 4). In an in vitro study, human keratinocytes were treated with PLE and
subsequently exposed to UVB radiation or fine particulate pollutants (PM2.5). The results
showed that PLE promoted the NRF2 pathway and its downstream targets, counteracting
oxidative stress and thus inducing an increase in cell viability. Additionally, PLE was
found to decrease IL6, IL8 and melanin production induced by UVB exposure. These
findings suggest that PLE may protect against photooxidative stress and other environmen-
tal pollutants [10]. Also, chronic exposure to UVR from sun is well-known to contribute
to photoaging, inducing alterations which include clinical and histological changes and
increased inflammation and oxidative stress. With respect to photoaging and activation of
the melanogenic signaling pathway by photopollution, Fernblock® was found to prevent
morphological changes in mitochondria when exposed to a combination of BaP and UVA.
It also inhibits the overproduction of ROS generated by the exposure to photopollution in
both melanocyte and keratinocyte cell lines. These findings suggest that Fernblock® has the
potential to mitigate oxidative stress-induced damage and mitochondrial injury resulting
from the combined effect of these harmful agents [28].

Although not as well-researched as UVR, VIS (and more concretely its blue component)
and IR radiation have also been shown to cause skin alterations that lead to photoaging.
In this last 5 years, research in this area has been directed towards investigating PLE’s
action mechanisms against VIS, with a particular focus on its protective effects against blue
light (Table 4). Not only recently, but beginning in 2018, Zamarrón et al. performed an
in vitro study to assess the protective potential of PLE against harmful effects induced by
VIS and infrared A (IRA) radiation. PLE mitigates VIS/IRA-induced alterations in different
ECM components (MMP-1, CTSK, fibrillins 1 and 2 and elastin) and prevents damage
induced by both radiations on cell morphology and viability. All this places PLE as a
potential preventive strategy against damage caused by exposure to VIS and IR light [146].
Related to these findings, in 2019 a pilot research was conducted to evaluate the potential
effect of oral Fernblock® on photodamage induced by IR and VIS in human volunteers.
After oral administration of Fernblock®, the participants were exposed to the combination
of IR/VIS, and the expression of MMP1 from skin biopsies was analyzed. The results
showed that Fernblock® significantly reduced the overexpression of MMP1 induced by
IR/VIS, indicating its potential antiphotoaging effect [147]. In another study previously
mentioned in the pigmentation disorders section, 22 participants were exposed to VIS and
then observed for 7 days to establish a baseline response. They then received a 28-day
supply of PLE (480 mg daily) after the month was up, and VIS was radiated on the other side
of the participants’ backs. Immunohistochemistry results indicated that PLE also attenuates
VIS-induced damages such as inflammation (reduction of COX-2), alteration on structural
integrity (MMP-1,2,9, which are responsible for the initial degradation of collagen) and
alterations in pigmentation (MART-1) [81]. Results of these two studies reflect PLE’s ability
to mitigate photoaging-related ECM degradation associated with VIS/IR exposure.

Concerning blue light from the VIS spectrum, excessive exposure blue light from
digital devices could also play a role in premature aging. In this sense, the results from
the already-mentioned in vitro work performed by Portillo et al. (2021) demonstrated
that a dose of blue light simulating our usual exposure to digital devices causes damage
to cell morphology and viability, even inducing alterations to mitochondrial membrane
potential. The study demonstrated that preventive treatment with PLE reversed these
effects, mitigating oxidative stress and promoting reversal to mitochondrial membrane
potential basal status. [89].

Another study carried out with a different extract of P. leucotomos evaluated the
photoprotective properties of an oral food supplement containing: vitamins A, C, D3,
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E, selenium, lycopene, lutein, green tea, P. leucotomos and grape extracts. Oral intake
of this supplement increases MED and ferric reducing antioxidant power (FRAP). In
general, it improves antioxidant status of skin and exerts photoprotective effects against
photoaging [148].

In conclusion, research on the role of PLE in extrinsic aging has experienced the most
significant growth compared to its other clinical applications. In addition, numerous studies
have been dedicated to investigating mechanisms by which PLE exerts its protective effects
against novel agents involved in aging such as pollution or VIS/blue/IR radiation (Table 4).

Table 4. This table provides a summary of the scientific articles published in the last five years in the
field of extrinsic aging, specifically including references to, and conclusions about, PLE treatment.

Extrinsic Aging

Design Pathology/Focus Summary/Outcome Study Reference

Review Skin aging

The present study reviews the literature on the
underlying causes and pathophysiological processes
of skin aging, healthy skin aging, and basic protective
antiaging approaches. PLE is regarded as a reference
antioxidant due to its phenolic content and it can be
used orally or topically to counteract skin aging due to
its capacity to reduce the harmful effects of UVR and
its photoprotective, antioxidant, anti-inflammatory
and antiaging properties.

[149]

Review Photoaging

These reviews evaluate the ability of sunscreens to
protect against photoaging and analyze the ideal
characteristics of sunscreen, taking into account the
impact of VIS and IR on skin aging (apart from UVR).
This document includes PLE as a reference compound
for oral photoprotection and its role in the prevention
of photoaging.

[7,150,151]

Review Photoaging pathway

This article discusses the mechanisms of photoaging,
specifically in human dermal fibroblasts. PLE is
included for its role in preventing photoaging caused
by VIS and IR radiation by decreasing MMP-1 and Cat
K levels and preventing changes in the expression of
fibrillin 1, fibrillin 2, and elastin.

[152]

Review Ingredients and photoaging

These reviews provide a summary of the pathways
involved in skin aging and explore various therapeutic
approaches that utilize natural actives. The reviews
cite PLE as one of the main natural actives, extensively
researched and with robust scientific evidence
supporting its use and its role as a reference product.

[153–163]

Clinical study Sunburn/photoaging/skin cancer

This study compares the efficacy of two identical
sunscreens, one containing PLE and the other not. The
presence of PLE in the formulation provided a
significantly greater reduction in skin damage
triggered by solar radiation (reduction of erythema,
pigmentation, DNA damage, collagen breakdown and
immunosuppression).

[29]

Clinical study Photoaging induced by IR and VIS

This pilot study evaluates the effect of oral PLE against
the IR and VIS-induced photodamage. PLE attenuates
IR/VIS-induced MMP1 overexpression. This study
reinforces the anti-photoaging potential of PLE.

[147]
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Table 4. Cont.

Extrinsic Aging

Design Pathology/Focus Summary/Outcome Study Reference

Clinical study Photoaging induced by VIS

Twenty-two participants were exposed to VIS before
taking PLE and then observed for 7 days to establish a
baseline response. After 28 days of taking PLE, VIS
was administered to the opposite side of the
participant’s back. Instrumental assessments showed
a statistically significant decrease in persistent
pigment darkening and delayed tanning in patients
after PLE administration.

[81]

In vitro study Photoaging induced by blue light

This study assesses the capacity of PLE to reduce
pigmentation induced by blue light from digital
devices. PLE prevents cell death, alteration of
mitochondrial morphology and phosphorylation of
p38 triggered by blue light. PLE also prevents melanin
photodegradation through regulation of opsin-3 in
melanocytes.

[82]

In vitro study Pollution and aging

This study evaluates the potential of PLE to protect
against xenotoxic stress related to exposure to fine
particulate pollutants. PLE can reduce
pollution-induced stress through modulation of NRF2
pathway.

[10]

Other studies with PL extracts in photoaging: non- Fernblock® PL extracts

Clinical study Photoaging

This study evaluates the photoprotective properties of
an oral food supplement containing: vitamins A, C,
D3, E, selenium, lycopene, lutein, green tea, P.
leucotomos and grape extracts. Oral intake of this
supplement increases MED and FRAP. In general, it
improves antioxidant status of skin and exerts
photoprotective effects.

[148]

4. Conclusions and Future Perspectives

Strong scientific evidence supports the photoprotective properties of Fernblock® in the
prevention, attenuation and even reversal of phototoxic effects caused by solar radiation in
the skin. In recent years, the pivotal role of the NRF2 in skin health has garnered significant
attention. Its involvement in processes related to photoprotection, cancer prevention, and
mitigation of photoaging has led to the exploration of its pharmacological modulation
as a novel research approach [164]. Of particular interest is thus the recent findings
regarding Fernblock®’s ability to modulate NRF2 [10]. A recent study by Tabolacci et al.
(2023) demonstrated that UVA radiation upsets the redox balance, resulting in a notable
decrease in the concentration of GSH. This decrease in GSH is believed to be closely
associated with the modulation of the NRF2 pathway [165]. Based on these findings, the
suggested crucial role of Fernblock® in modulating the endogenous antioxidant systems of
the skin (including CAT, GSH and GSSR) [166] may be directly linked to the modulation of
NRF2. This connection could potentially explain Fernblock®’s efficacy in protecting against
damage induced by solar radiation and other harmful agents. Also, the NRF2 signaling
pathway exerts a negative regulatory effect on pro-inflammatory cytokines, chemokine
releasing factors, MMPs and other inflammatory mediators such as COX-2 and iNOS. These
mediators, either directly or indirectly, impact the relevant NF-kB and MAPK pathways as
well as other networks involved in inflammation [167]. Fernblock®’s NRF2-modulatory
mechanism can also be observed through its ability to inhibit transcriptional activation of
NF-kB [11]. This underlines the extract’s role in modulating the interaction between these
signaling mechanisms. These findings not only suggest the prevention of inflammation
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and oxidative stress, but there is also evidence that directly associates the modulation of
DNA damage response by NRF2 through MAPK signaling [168]. In addition to discovering
the role of NRF2 in DNA repair associated with the MAPK mechanism, another recent
study revealed that the antioxidant and DNA protective effects are achieved through the
modulation of the PI3K-AKT-NRF2 pathway. As a result of this modulation, a reduction
in UVB-induced CPD formation was observed, leading to an enhancement in the activity
and efficiency of the nucleotide excision repair (NER) pathway involved in DNA repair
in irradiated skin cells [169]. In this regard, strong data have demonstrated that there are
numerous mechanisms that may be involved in the regulation of NER pathway, with NRF2
being one of the key players [170]. Considering all these evidences, we can hypothesize that
the effect of Fernblock® on NRF2 modulation may be closely linked to its ability to repair
DNA, potentially establishing a direct relationship with the reduction of CPDs not only at
the time of irradiation but also after exposure (dark-CPDs) [28]. Perhaps both mechanisms
could provide an explanation for Fernblock®’s modulator role over markers such as H2AX
or p53, facilitating promoting DNA repair. Thus, the observed functions can be directly
linked to the abundant polyphenols content found in the Fernblock® extract. This family
of chemical compounds has substantial evidence supporting its ability to mitigate the
impact of UV radiation on various aspects, including DNA repair, reduction of cellular
antioxidant levels, modulation of antioxidant signal transduction pathways, control of
immunological response and protection of the extracellular matrix [171]. Understanding the
rationale behind these action mechanisms may also help elucidate the effect of Fernblock®

in conditions such as XP or AK, where deficient NER mechanisms exist.
Additionally, there is a growing interest in investigating the potential of NRF2 modu-

lation in mitigating skin aging, both in relation to chronological aging and as a response to
photodamage. The research on Fernblock® thus appears particularly relevant as it increases
cellular antioxidant defenses, promotes DNA damage repair, reduces inflammation and
stimulates skin repair [172]. NRF2 has been also associated with cutaneous pigmentation
disorders that arise from redox imbalances, particularly in vitiligo as well as chronological
hair greying. The dysregulation of NRF2 signaling has been implicated in these conditions,
suggesting that oxidative stress and altered redox processes contribute to the loss of pigmen-
tation in the skin and hair and promotes collagen degeneration [173]. Understanding the
role of NRF2 in these disorders can provide insights into potential therapeutic approaches
aimed at restoring normal pigmentation and collagen production in the management of
these conditions [174].

An increasing amount of evidence suggests that the NRF2 signaling pathway is also
dysregulated in many types of cancer, leading to abnormal expression of NRF2-dependent
genes. Additionally, inflammation plays a crucial role in diseases associated with oxidative
stress, particularly in cancer [167]. Therefore, we strongly believe that further investigation
into the role of Fernblock® in the NRF2 pathway would be highly compelling, as well as
assessing its impact on the development of AKs and its potential progression to skin cancer.

The primary prevention strategy for these skin alterations typically involves the use of
specific UVA and UVB filters for photoprotection. It is obvious, however, that Fernblock®

can improve photoprotection: not only does it counteract oxidative stress caused by solar
radiation and aging, but it has also shown efficacy in reducing inflammation, melanogenesis
and overall cellular damage in cultured keratinocytes exposed to pollutant particles in
experimental models [28]. Furthermore, immunoprotection emerges as an additional
marker of protection. Consequently, incorporating compounds that can modulate the
immune response becomes crucial in preventing abnormal reactions that patients with
dermatoses may experience upon sunlight exposure. Conducting further clinical research
on Fernblock® in photodermatoses thus becomes essential to provide further evidence
supporting the potential immunomodulatory effects of this standardized extract.

In summary, there are several potential areas for future exploration regarding the
role of Fernblock®. One area of interest is further investigating the relationship between
Fernblock® and NRF2 and its impact on other mechanisms such as DNA repair and au-

138



Life 2023, 13, 1513

tophagy. Understanding how Fernblock® influences these processes can provide valuable
insights into its broader effects on cellular health and skin protection. Additionally, ex-
ploring the potential effect of Fernblock® in new pathologies, such as photodermatoses
or pigmentary disorders, could uncover novel therapeutic applications for this ingredient.
Continued research in these areas will contribute to a deeper understanding of Fernblock®’s
mechanisms and potential benefits in various skin-related conditions.
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Abstract: Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease characterized
by joint inflammation, swelling and pain. Although RA mainly affects the joints, the disease can
also have systemic implications. The presence of autoantibodies, such as anti-cyclic citrullinated
peptide antibodies and rheumatoid factors, is a hallmark of the disease. RA is a significant cause of
disability worldwide associated with advancing age, genetic predisposition, infectious agents, obesity
and smoking, among other risk factors. Currently, RA treatment depends on anti-inflammatory
and disease-modifying anti-rheumatic drugs intended to reduce joint inflammation and chronic
pain, preventing or slowing down joint damage and disease progression. However, these drugs are
associated with severe side effects upon long-term use, including immunosuppression and devel-
opment of opportunistic infections. Natural products, namely triterpenes with anti-inflammatory
properties, have shown relevant anti-arthritic activity in several animal models of RA without un-
desirable side effects. Therefore, this review covers the recent studies (2017–2022) on triterpenes
as safe and promising drug candidates for the treatment of RA. These bioactive compounds were
able to produce a reduction in several RA activity indices and immunological markers. Celastrol,
betulinic acid, nimbolide and some ginsenosides stand out as the most relevant drug candidates for
RA treatment.

Keywords: rheumatoid arthritis; inflammation; triterpenes; celastrol; betulinic acid; ginsenosides;
saponins

1. Introduction

Nature has always been the foundation for the discovery of folk medical treatments
and many drugs used in modern medicine. Currently, the use of natural products and
natural supplements is progressively increasing, and their scientific validation is a pri-
ority to guarantee the safe use of these products. In addition, natural products derived
from plants, marine organisms and microorganisms, as well as their synthetic derivatives
designed based on their distinctive pharmacophores, play a pivotal role in the process
of drug discovery and development. This contribution is reflected by the significant
number of drug molecules recently introduced to the market, as extensively empha-
sized in various reviews [1–4]. Notably, a considerable 41% of small-molecule anti-cancer
drugs approved between 1981 and 2019 possess structures derived from natural products
(e.g., paclitaxel, vincristine and etoposide). The impact of natural products extends beyond
cancer therapeutics and encompasses other therapeutic areas such as cardiovascular dis-
eases (e.g., statins, digoxin and warfarin), multiple sclerosis (e.g., fingolimod), protozoal
infections (e.g., quinine and artemisinin) and a plethora of other infectious diseases [1,5].

Earth’s biodiversity is still far from being fully explored in terms of discovering new
bioactive compounds. The structural diversity of secondary metabolites is a rich biogenetic
supply for the discovery of novel drugs when compared to synthetic molecules, offering
hit and lead compounds for rational drug design [6]. Among the diverse families of
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natural products (e.g., terpenoids, steroids, phenolic compounds and alkaloids), triterpenes
are an important group of phytochemicals, possessing a wide array of biological effects,
which have been extensively documented in the scientific literature [7–11]. Among these
effects, the anti-microbial [12,13], anti-tumor [14–16], anti-diabetic [10], anti-cholesterol [17],
anti-inflammatory [18] and immunomodulatory [19] activities have gathered considerable
attention within the pharmaceutical area [20,21]. Particularly, numerous scientific studies
have highlighted the potent anti-inflammatory properties of triterpenes, making them
potentially relevant in the treatment of inflammatory conditions such as arthritis and
related diseases [22].

Arthritis is an acute or chronic joint disease usually associated with joint stiffness,
pain, inflammation, swelling and decreased range of motion [23,24]. There are more than
100 different types of arthritis, the most common being non-inflammatory degenerative
arthritis known as osteoarthritis [23,24]. Rheumatoid arthritis (RA) is the most common
autoimmune inflammatory type of arthritis. Inflammatory arthritis can also be caused by
other factors, such as crystal deposition-induced inflammation (e.g., gout, pseudogout)
or infections (e.g., septic arthritis). Inflammatory arthritis has also been associated with
other autoimmune connective tissue diseases (e.g., systemic lupus erythematosus) and
extra-articular comorbidities [23,24].

RA is an important cause of disability and its prevalence varies globally (Table 1), with
higher rates in industrialized countries, which could possibly be explained by the higher
exposures to environmental factors. Nevertheless, other risk factors are also considered in
the development of RA, such as advancing age, female sex, smoking and stress, among
others (Table 2). RA most commonly affects the joints, but it is also considered a systemic
disease because it can also affect other organs, such as the cardiovascular or respiratory
system (Table 2) [23]. This chronic autoimmune condition represents a substantial health,
social and economic burden, resulting in chronic pain and disability, impacting work
performance and interfering with daily tasks, decreasing the patient’s quality of life and
contributing to anxiety and depression [23].

Table 1. Global prevalence, incidence and years lived with disability (YLDs) attributable to RA for
men, women and both genders in 2019 with percentage change (numbers in parentheses) between
2010 and 2019. Data from Global Burden of Disease Collaborative Network, 2020 [25].

Gender
Prevalence

Cases (Millions)
Incidence

Cases (Millions)
YLDs

Counts (Millions)

Male 5.39 (23.9%) 0.330 (20.1%) 0.716 (23.3%)
Female 13.2 (21.7%) 0.744 (17.3%) 1.72 (21.2%)
Overall 18.6 (22.3%) 1.07 (18.1%) 2.43 (21.8%)

Table 2. Summary of symptoms, risk factors and common comorbidities of RA.

Commonly affected joints
Hands, wrists, knees and feet, typically in symmetrical

pattern.

Symptoms
Pain, tenderness, early morning stiffness lasting 30 min or
longer and swelling involving multiple (peripheral) joints

bilaterally, low-grade fever, fatigue and weight loss.

Main risk factors

Advancing age, female sex, positive family history/genetics,
overweight/obesity, smoking, particulate matter exposure,

infectious agents, microbiome dysbiosis, stress and
pro-inflammatory diet (rich in fried foods, processed foods,

refined carbohydrates, sodas and red meat).

Common comorbidities

Cardiovascular disease, lymphoma, interstitial lung disease,
pulmonary fibrosis, vasculitis, metabolic syndrome,

type 2 diabetes, atherosclerosis, osteoporosis, anemia,
dry keratoconjunctivitis and depression.
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Currently, RA treatment is based on anti-inflammatory drugs and disease-modifying
anti-rheumatic drugs, aiming at reducing joint inflammation and pain, protecting joints and
other tissues from permanent damage and slowing the progression of RA. The sustained
use of these drugs is associated with severe side effects such as stomach upset, heartburn,
internal bleeding, osteoporosis, adrenal suppression or development of opportunistic
infections. Furthermore, some drugs are very expensive and non-effective in a percentage
of RA patients [26,27]. Therefore, the discovery of new drugs with fewer side effects is
essential and should embrace several approaches, including the study of natural products
and/or their synthetic derivatives. In recent years, several reviews have reported the
anti-RA effects of natural compounds and herbal drugs [28–32]. However, the information
is scattered amongst the diverse compound families and plant sources. As far as we know,
a comprehensive review gathering the most recent studies on triterpenoids with RA-related
effects is still missing. This review covers and discusses the latest results on triterpenes,
natural products with anti-inflammatory properties, which have been shown to be effective
against RA both in vitro and in vivo in several animal models. For a better comprehension
several aspects of RA will firstly be addressed, including the etiology, pathogenesis, current
treatment and a summary of the different animal models used in the in vivo studies.

2. Materials and Methods

The literature search was carried out during January 2023 using PubMed, Web of
Science and ScienceDirect, and an appropriate combination of keywords and truncations
adapted for each database was used (for example, combinations of triterpenes with arthritis,
rheumatoid arthritis, inflammation and treatment). Only peer-reviewed research articles in
the English language and published in a six-year timespan (2017–2022) were considered.
The studies were individually screened by the authors based on quality, accuracy and
relevance to the aim of the review. Mendeley reference manager software (2020) was used
to manage the references and eliminate duplicates.

3. Rheumatoid Arthritis

RA is a systemic autoimmune and chronic inflammatory disease that primarily affects
the joints, causing inflammation and swelling of the synovium with subsequent destruction
of articular structures, pain and disability [24,33]. Typically, RA symmetrically affects
small peripheral joints (hands, wrists and feet) but may progress to involve proximal joints
if not treated [24,33]. The acute-phase response to inflammation is signaled by raised
serum levels of C-reactive protein and increased erythrocyte sedimentation rate, which
are relevant disease assessment biomarkers. Systemic inflammation associated with RA is
responsible for extra-articular comorbidities, including cardiovascular disease, lymphoma,
interstitial lung disease, pulmonary fibrosis, vasculitis, metabolic syndrome, type 2 diabetes,
atherosclerosis, osteoporosis, anemia, dry keratoconjunctivitis and depression, resulting in
increased morbidity and mortality in RA patients [24,33,34].

The presence of autoantibodies against post-translational modified proteins, namely
anti-citrullinated protein antibodies (ACPAs), usually measured as anti-cyclic citrullinated
peptide antibodies, is a hallmark of the disease, along with less specific autoantibodies
that bind the Fc region of immunoglobulin G (IgG), known as rheumatoid factors (RFs),
of various isotypes (e.g., IgM, IgG and IgA) [33,35,36]. These antibodies can be found in
50–70% of RA patients [33,37] and are currently used as biomarkers for diagnostic purposes.
Based on the presence or absence of these antibodies in serum, RA can be subdivided in
seropositive or seronegative, respectively [33]. Furthermore, RF is a predictive factor for
occurrence of rheumatoid nodules, which are the most common extra-articular feature of
RA [34]. The presence of this autoantibody has been detected in approximately 90% of RA
patients with nodular disease [34]. Autoantibodies can already be detected decades before
disease onset [37] and seropositivity is associated with a more aggressive RA phenotype
and increased mortality [36,37].
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3.1. Etiology

RA prevalence increases with population aging, peaking in the 60–64 and 65–69 age
groups for women and men, respectively, according to 2019 data [38]. Women are
2–3 times more likely to develop RA than men (Table 1). Sex hormones may play a role
in disease development since susceptibility to RA increases in post-menopausal women
while breastfeeding has been associated with a decreased risk of developing RA [39].

Although the etiology of RA is still unknown, disease onset and progression are
likely the result of an interplay between (epi)genetic and environmental factors and the
presence or absence of autoantibodies. The heritability of RA is around 50% for seroposi-
tive RA and about 20% for seronegative RA [40]. Genetic predisposition for developing
RA has been mainly associated with human leukocyte antigen (HLA) class II genotypes,
namely HLA-DRB1 alleles of the major histocompatibility complex (MHC), which share
a conserved amino acid sequence in their peptide-binding groove, known as the “shared
epitope” [41,42]. Shared epitope-positive HLA-DRB1 alleles are associated with ACPA pro-
duction and an increased risk of developing severe seropositive RA [36,41,42]. Several non-
HLA-related genetic associations in RA have also been detected, such as polymorphisms in
PTPN22, a shared autoimmunity gene also associated with systemic lupus erythematosus,
type 1 diabetes mellitus, juvenile idiopathic arthritis and vasculitides involved in the regu-
lation of both T cells and B cells, which is linked to an increased risk of severe seropositive
RA, especially in Caucasians and Africans [43]. Similarly, single-nucleotide polymorphisms
in the TNFAIP3 gene locus are related to both inflammatory and autoimmune diseases and
have been associated with RA susceptibility [41]. TNFAIP3 encodes the (de)ubiquitinating
enzyme A20 that inhibits tumor necrosis factor (TNF)-induced activation of nuclear factor
kappa-B (NF-κB), and TNFAIP3 gene-deficient mice develop spontaneous arthritis [41].
Epigenetic factors are also relevant contributors to the disease pathogenesis, for instance,
the unique DNA methylome pattern of RA fibroblast-like synoviocytes (FLSs) is different
from that of osteoarthritic FLSs, and this persistent differential methylation contributes to
the aggressive proliferative phenotype of RA FLSs [44].

Smoking, fine particulate matter exposure and periodontal disease are known en-
vironmental risk factors for developing RA [24,33,45]. Lung exposure to smoke, silica
dust and other particulate air pollutants can induce the expression of calcium-dependent
peptidyl-arginine deiminases (PADs), which convert arginine to citrulline, thus increas-
ing protein citrullination and triggering ACPA production in genetically susceptible
individuals [42,45,46]. Similarly, aberrant citrullination of endogenous peptides by Por-
phyromonas gingivalis PAD, a major causative agent of periodontitis, may be involved in
breach of tolerance to citrullinated proteins in RA [47,48]. Other infectious agents, such as
mycobacteria or Epstein–Barr virus, can trigger RA via molecular mimicry [33,42]. Recently,
gut microbiome dysbiosis has been implicated in early RA [49], corroborating data from
animal models of arthritis [50]. Furthermore, alterations in common oral, gastrointestinal
and pulmonary microbial populations have been associated with ACPA status [51].

3.2. Pathogenesis

Both adaptative and innate immune systems are involved in the pathogenesis of RA.
A pre-RA phase comprises early generation of ACPAs that bind citrullinated residues
on many self-proteins, including collagen type II (CII), vimentin, α-enolase, fibronectin,
fibrinogen and histones [35,36,42,47].

Mucosal surfaces, especially the lung, are potential trigger sites [35,36,47], consistent
with mucosal microbiota disturbance and smoking as environmental risk factors for de-
veloping RA [36,51]. Therefore, a systemic break in tolerance occurs prior to onset of joint
pathophysiology. Expansion of T cell-mediated autoimmunity through epitope spreading
to additional self-antigens present in joints can then lead to onset of synovitis while forma-
tion of immune complexes between ACPAs and citrulline-containing antigens that further
bind RF leads to abundant complement activation, thus potentiating the inflammatory
response [33,35,36,42].
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The primary manifestation of RA is autoimmune-mediated synovitis characterized
by large-scale infiltration of leukocytes into the synovium, including autoreactive T cells
(especially T helper (Th) cells Th1 and Th17) and B cells, macrophages, mast cells and
neutrophils (the latter largely resident in the synovial fluid), accompanied by substantial
release of inflammatory mediators, including cytokines, chemokines, eicosanoids, growth
factors, vasoactive amines, matrix metalloproteinases (MMPs) and reactive oxygen species
(ROS) [35,36,52]. Pro-inflammatory cytokines, particularly interleukin (IL)-6, induce the
synthesis of acute-phase proteins (including C-reactive protein) involved in the acute-phase
response. IL-6 as well as TNF-α, IL-17, IL-1 and transforming growth factor beta (TGF-
β) can also induce osteoclastogenesis by enhancing the expression of receptor activator
of nuclear factor kappa-B ligand (RANKL) in osteoblasts, FLSs, activated T cells and
mature B cells. Binding of RANKL to its receptor, RANK, on monocytes and macrophages
triggers differentiation to bone-resorbing osteoclasts, leading to bone erosion observed
in RA [35,36,52].

In the inflamed RA synovium, activated FLSs adopt an apoptosis-resistant and ag-
gressive proliferative phenotype leading to pannus formation with production of pro-
inflammatory cytokines (e.g., TNF-α, IL-6 and IL-1β) and chemokines (e.g., IL-8, CCL2,
CCL5 and CXCL10), extracellular matrix-degrading enzymes and pro-angiogenic factors
resulting in chondrocyte apoptosis, cartilage matrix degradation and activation of endothe-
lial cells [35,36,52]. Vascular endothelial growth factor (VEGF)-mediated angiogenesis and
increase in vascular permeability promote further infiltration of leukocytes into the hypoxic
synovium milieu, leading to synovial hyperplasia, joint swelling and systemic chronic
pain [36]. Moreover, the invasive RA FLSs can migrate and infiltrate distant joints, resulting
in symmetrical joint damage typical in RA [52].

Immune cells including CD4+ T, CD8+ T, NK and B cells are also involved in the com-
plex pathogenesis of RA. Among them, CD4+ T cells stand out in relieving the pathological
process of the disease. CD4+CD25+ regulatory T (Treg) cells, which have immunosuppres-
sive functions, are part of the CD4+ T cell subset [53]. Expression of the specific nuclear
transcription factor Foxp3 in CD4+CD25+ Treg cells is a pivotal element for preserving
inhibitory activity [53].

3.3. Treatment

Nowadays, RA can be effectively managed with different medication modalities. In ad-
dition, the adoption of a healthy lifestyle, including regular exercise, no smoking, reduced
stress and an anti-inflammatory diet, such as the Mediterranean diet, rich in fruits, vegeta-
bles, whole grains, nuts, fish and olive oil, can also help in the treatment of disease [45].
Early diagnosis and treatment are essential to achieve remission or low disease activity.
Initial treatment involves the use of disease-modifying anti-rheumatic drugs (DMARDs)
able to delay or even halt disease progression, preventing radiographic progression and
improving function and quality of life [26,33]. These are often used in combination with
non-steroidal anti-inflammatory drugs (NSAIDs) or low-dose glucocorticoids (e.g., pred-
nisone, prednisolone, dexamethasone, betamethasone and triamcinolone) to reduce pain
and inflammation while the disease remains active. Glucocorticoids, although providing
rapid symptomatic relief and useful in episodes of high disease activity (“flares”), are
associated with serious long-term adverse events, including adrenal suppression [26,33].
DMARDs are immunosuppressive and immunomodulatory agents classified as either
synthetic or biologic (Table 3). The former includes conventional synthetic DMARDs, like
methotrexate (MTX), and targeted synthetic DMARDs, which are Janus kinase (JAK) in-
hibitors, for oral administration [26]. The Janus kinase inhibitors (JAKis) are orally available
tsDMARDs that antagonize the activation of the intracellular cytoplasmatic enzymes JAKs,
which control various biological functions, such as triggering the inflammatory cascade in
immune cells. As a new type of DMARD, the JAKi targets a specific and critical pathway
regarding the pattern of RA development and progress [54].
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Table 3. Major classes of disease-modifying anti-rheumatic drugs (DMARDs) currently in the market.

Synthetic DMARDs Biologic DMARDs

Conventional DMARDs
Targeted synthetic

DMARDs
(JAK inhibitors)

TNF inhibitors
IL-6R

inhibitors

T cell
co-stimulation

inhibitors

B cell-depleting
agents

Methotrexate
leflunomide sulfasalazine

hydroxy-chloroquine

Tofacitinib, baricitinib,
filgotinib, upadacitinib,

peficitinib

Etanercept,
infliximab,

adalimumab and
biosimilars
golimumab,

certolizumab, pegol

Tocilizumab,
sarilumab Abatacept Rituximab and

biosimilars

IL-6R, interleukin-6 receptor; JAK, Janus kinase; TNF, tumor necrosis factor.

MTX is the most often used DMARD due to its efficacy to achieve remission or
slow disease activity, and MTX plus a glucocorticoid is recommended as first-line RA
therapy [26,33]. Insufficient response to this treatment within 3–6 months requires addition
of a targeted synthetic DMARD or a biologic one [26]. Although JAKis have the maxi-
mum therapeutic effect when administered concomitantly with MTX, in patients where
csDMARDs cannot be used as co-medication or in cases of poor prognostic condition,
JAKis have shown a marked efficacy when used as monotherapy [55]. The recent trend
is to start JAKis combined with MTX, followed by MTX reduction/discontinuation after
achieving a sufficient therapeutic effect [55]. Following current therapeutic guidelines in
the 2020 updated European League Against Rheumatism (EULAR) and the 2015 American
College of Rheumatology guidelines, the combination of bDMARDs and tsDMARDs with
conventional synthetic DMARDs (csDMARDs) is the most effective therapeutic approach
for RA [55].

Biologic DMARDs are highly specialized genetically engineered proteins for par-
enteral administration that target specific soluble inflammatory mediators, immune cells
or signaling pathways involved in RA pathogenesis [26,33,47]. These biological response
modifiers include TNF inhibitors, IL-6 receptor (IL-6R) inhibitors, T cell co-stimulation
inhibitors (abatacept, binds to CD80/CD86 on antigen-presenting cells, modulating T cell
activation) and B cell-depleting agents (rituximab, anti-CD20 monoclonal antibody), being
an effective second-line treatment for pathogenesis [26,33,47]. IL-1 inhibitors, such as the
IL-1 receptor antagonist (IL-1Ra) anakinra, have also been licensed for RA treatment. How-
ever, lower efficacy compared with other biologic DMARDs and a dose schedule requiring
daily subcutaneous injections do not recommend its use [26,33,47].

DMARDs are associated with several adverse events, including malignancies, major
adverse cardiovascular events, venous thromboembolism and increased risk of serious
infections (more frequent with biologics), including tuberculosis reactivation [26,33]. Safety
aspects, patient clinical history and cost of therapy must be considered in DMARD selection,
though the introduction of biosimilar DMARDs contributed to a reduction in the price of
biologics [26]. DMARDs may be tapered (by reducing the dose or increasing the interval
between doses) during sustained remission but should not be stopped [26,33].

4. Animal Models of Rheumatoid Arthritis

Animal models of RA are valuable resources for studying the disease pathogenesis
and testing novel anti-RA drug candidates. Both spontaneous and induced experimental
models have been used in RA research. Spontaneous RA can be modeled using geneti-
cally modified mice, such as human TNF transgenic mice, IL-1Ra knockout mice, double
transgenic K/BxN (showing cross-reactive autoantibodies against glucose-6-phosphate
isomerase) and SKG transgenic mice [56,57]. The latter develop T cell-mediated chronic
and progressive autoimmune polyarthritis, spontaneously and upon stimulation with
intraperitoneal zymosan injection [56,57].
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Antibodies, antigens and adjuvants are usually used to induce RA in animal models [57].
The first established animal model of RA was adjuvant arthritis (AA) induced in rats
by a single subcutaneous injection of complete Freund’s adjuvant (CFA), consisting of a
suspension of heat-killed Mycobacterium tuberculosis in mineral oil injected into the rat’s
hindfoot or tail root [56,57]. CFA induces polyarthritis 10–45 days after immunization
due to T cell response to the mycobacterial heat shock protein Hsp65. Additionally, some
adjuvants without immunogenic properties can also induce arthritis in susceptible animal
strains, including incomplete Freund’s adjuvant (IFA), which lacks mycobacteria [56,57].

In the antigen-induced arthritis (AIA) model, an antigen, such as ovalbumin or bovine
serum albumin, is intra-articularly injected into the knee joint of animals (mice, rats or
rabbits) after previous sensitization by subcutaneous injection of the protein emulsified in
CFA [56,57]. Boosting of the immune response is achieved by concomitant intraperitoneal
administration of heat-inactivated Bordetella pertussis. AIA is a T cell-dependent monoarthri-
tis model and T cell-mediated flares can be induced by local or systemic rechallenge with
low-dose antigen [57]. Modified antigens, e.g., methylated proteins, are used to induce
chronic arthritis [56,57].

Collagen-induced arthritis (CIA) is the gold standard in vivo model of RA, mainly
characterized by breach of tolerance and production of autoantibodies against self-collagen,
resembling human RA [56–58]. Typically, susceptible mice strains are immunized with
bovine, murine or chicken CII emulsified in CFA and injected intradermally into the
mouse’s tail [58]. Rats are generally susceptible to adjuvant-induced arthritis, after being
immunized with an emulsion of CII in IFA subcutaneously injected at the base of the
tail [58]. The development of CIA is associated with both B cell and T cell responses with
production of anti-CII antibodies and collagen-specific T cells [56]. A booster immunization
with an emulsion of CII in IFA is frequently applied following primary immunization (on
the 14th or 21st day for mice and the 7th day for rats) to ensure high CIA incidence [58].
Clinical signs of polyarthritis appear 21–28 days (mice) or 2–3 weeks (rats) after the first
immunization, depending on the strain [58]. This model has also been expanded to non-
human primates [57].

On the other hand, in the collagen antibody-induced arthritis (CAIA) model, a simple
mouse model of RA, arthritis is induced by tail vein administration of a cocktail of anti-CII
monoclonal antibodies, usually followed by intraperitoneal injection of lipopolysaccharide
(LPS) to enhance the incidence and severity of the disease [57]. The CAIA model has several
advantages over the classic CIA model, such as rapid disease onset (24–48 h after LPS
injection), synchronicity and the capacity to use genetically modified mice, including gene
knockout and transgenic mice [57].

Other experimentally induced inflammatory models of RA include streptococcal cell
wall-, proteoglycan- and zymosan-induced arthritis. A single intraperitoneal injection of
streptococcal cell wall peptidoglycan–polysaccharide polymers induces a cycle of exacerba-
tion and remission of inflammatory arthritis in the peripheral joints of rodents [56,57]. Mice
immunized with intraperitoneal injection of human proteoglycans isolated from cartilage
of RA patients submitted to joint replacement surgery develop autoantibodies and inflam-
matory polyarthritis [57]. Intra-articular injection of zymosan, a polysaccharide from the
cell wall of Saccharomyces cerevisiae, induces chronic proliferative inflammatory monoarthri-
tis following complement activation via the alternative pathway [56,57]. Although none
of the developed experimental models can perfectly reproduce the pathophysiology of
human RA, they are useful tools for identification of new targets and development of novel
therapies, as exemplified by cytokine inhibitors [56].

5. Triterpenes and Some Biosynthetic Considerations

Triterpenes are a large and structurally diverse group of natural compounds, widely
distributed through the plant kingdom [59]. They can be classified as primary metabolites,
e.g., phytosterols that are structural constituents of the cell membranes and ubiquitous
in all plant organisms, and secondary metabolites that are generally restricted to some

152



Life 2023, 13, 1514

plant families and genera [21,60]. According to the isoprene biogenetic rule, triterpenes
derive from an all-trans squalene C30 precursor [21]. Squalene is derived from two far-
nesyl diphosphate units (C15) by a tail-to-tail coupling catalyzed by squalene synthase.
Cyclization of squalene proceeds in the vast majority of cases, by its oxidation to squa-
lene 2,3-epoxide catalyzed by squalene epoxidase. The polycyclic structure adopted from
squalene depends on the conformation in which the squalene chain can be folded on the
oxidosqualene cyclase enzyme surface, into chair or boat conformations, or with a part
remaining unfolded. The formation of the polycyclic triterpenic scaffold can be rational-
ized by a sequence of cyclizations, usually initiated by acid-catalyzed ring opening of the
squalene epoxide and through a series of carbocation intermediates in a stepwise sequence,
giving rise to more than 200 distinct triterpene skeletons [21,61,62]. A deeper explanation
of triterpene biosynthesis is beyond the scope of this work and further details, including
genes and enzymes regulating the biosynthetic pathways, can be found in several excellent
reviews [20,59–62].

Most triterpenes have tetracyclic (C6-C6-C6-C5; e.g., dammarane, cucurbitane, lanos-
tane and cycloartane types), and pentacyclic (C6-C6-C6-C6-C5 or C6-C6-C6-C6-C6;
e.g., oleanane, ursane, lupane, friedelane, hopane and taraxastane types) scaffolds
(Figure 1), but acyclic, monocyclic, bicyclic and hexacyclic structures have also been iso-
lated [21]. Triterpenes may have a variety of oxygenated functional groups and unsatu-
rations, giving rise to a high number of structurally diverse compounds. They can also
be found in either free or glycosidic form (saponins), where one or more sugar residues
are covalently linked to the triterpenic nucleus. Saponins are amphiphilic compounds
due to the lipophilic sapogenin and the hydrophilic sugar side chain(s), forming stable
soap-like foams in solution [21]. Even though saponins are highly toxic when injected
in the bloodstream, causing hemolysis of the red cells by increasing the permeability of
the plasma membrane, they are relatively harmless when taken orally. The toxicity is
minimized after ingestion by low absorption and by the acid-catalyzed hydrolysis that
releases the aglycone and the molecules of sugar [21].

Figure 1. Cont.

153



Life 2023, 13, 1514

 
Figure 1. Structures of the main tetracyclic and pentacyclic triterpene skeletons.

6. Triterpenes with Rheumatoid Arthritis-Related Effects

Herein, 36 triterpenic compounds with RA-related in vitro and/or in vivo effects re-
ported in the literature from 2017 to 2022 are presented (Figures 2–5 and Tables 4–6). The
triterpenes are divided into three major classes: pentacyclic triterpenes (Figure 2 and
Table 4), tetracyclic and rearranged triterpenes (Figure 3 and Table 5) and triterpenic
saponins (Figures 4 and 5 and Table 6).

6.1. Pentacyclic Triterpenes

Celastrol (1), also known as tripterine, is a nor-triterpene quinone methide with
the friedelane skeleton found in Tripterygium wilfordii, known as “Thunder God Vine”,
a vine commonly grown is southeast China and used in traditional Chinese medicine
for the treatment of RA and other autoimmune and inflammatory diseases [63]. Recent
studies suggest that NLRP3 inflammasome-induced inflammation is involved in the patho-
genesis of RA [47]. Celastrol (1) treatment significantly reduced the secretion of IL-1β
and IL-18 in the serum of CFA-induced rats and in supernatants of human mononuclear
macrophages (THP-1 cells) due to inhibition of the NF-κB pathway and hindering of NLRP3
inflammasome activation [63]. 1 also suppressed ROS production induced by LPS and
adenosine triphosphate (ATP) in THP-1 cells [63] and prevented NLRP3 inflammasome
activation in vitro by inhibiting complex formation between NLRP3 and ASC adaptor pro-
tein [64], essential for recruitment of caspase-1 and maturation of IL-1β. 1 also inhibited
TNF-α-induced proliferation of FLSs, enhanced autophagosome levels and expression
of autophagy-related proteins (LC3, p62 and Beclin-1) and increased the LC3-II/LC3-I
ratio [65]. Furthermore, the autophagy inhibitor 3-methyladenine significantly reversed
effects of 1 on the expression of autophagy-related proteins [65]. In CIA mice, 1 attenuated
disease severity via upregulation of autophagy through inhibition of the PI3K/Akt/mTOR
axis [65]. Autophagy dysregulation has been implicated in several autoimmune diseases,
including RA. Enhanced autophagy contributes to RA FLS hyperplasia and apoptosis
resistance, production of citrullinated peptides, osteoclastogenesis and bone resorption,
resulting in severe bone and cartilage damage [66].
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Figure 2. Structures of pentacyclic triterpenes (1–13) with activity on RA.

The co-administration of 1 and diclofenac has been routinely used in Chinese medicine
for the treatment of RA. In order to shed light on the possible interaction potential of the
two drugs, Wang et al. studied the in vivo effects of diclofenac on the pharmacokinetic
profiles of 1 in rats [67]. When co-administered, several pharmacokinetic parameters signif-
icantly change, in particular, the Cmax and the AUC0 of 1 decreased from 66.93 ± 10.28 to
41.25 ± 8.06 μg/L and 765.84 ± 163.61 to 451.33 ± 110.88 (μg × h/L), respectively. On the
other hand, Tmax increased from 6.05 ± 1.12 to 7.82 ± 1.15 h, and oral clearance increased
from 1.29 ± 0.15 to 2.27 ± 0.31 L/h/kg. Moreover, it was found that the efflux ratio of
1 across the Caco-2 cell model increased when co-administered with diclofenac. In this way,
the authors concluded that diclofenac could decrease the exposure of 1 in rats. It was also
suggested that this effect could be carried out by decreasing the intestinal absorption of
celastrol (1) through induction of P-glycoprotein (P-gp) activity [67].

To evaluate the progression of the disease and the response of RA patients to treat-
ment, several biomarkers have been used, such as RF and ACPAs, although they can also
be found in other autoimmune diseases. In this way, Dudics et al. studied the micro-
RNA profile of immune (lymphoid) cells of arthritic Lewis rats and celastrol (1)-treated
arthritic rats, in order to evaluate its ability as a novel RA biomarker [68]. Using combined
miRNA–microarray technology and bioinformatics-based analysis, it was found that eight
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specific miRNAs (miR-22, miR-27a, miR-96, miR-142, miR-223, miR-296, miR-298 and
miR-451) and their target genes are crucially involved in functional pathways for RA patho-
genesis. In particular, miR-22, miR-27a, miR-96, miR-142, miR-223, miR-296, miR-298 and
miR-451 were modulated by celastrol (1) treatment. Through the quantitation of these
miRNAs in serum samples of control, arthritic and celastrol (1)-treated rats, in the peak
phase of adjuvant-induced arthritis, it was found that miR-142, miR-155, miR-212 and
miR-223 levels were higher in arthritic vs. control rats, further validating their value as
circulating biomarkers to assess arthritis progression and response to therapy [68].

Fang et al. aimed at studying the effect of 1 on activated RA FLSs obtained from
synovial biopsies of human RA patients [69]. Several assays were carried out in order to
assess proliferation, invasion and expression of pro-inflammatory cytokines and to screen
for differentially expressed genes. The authors found that 1 significantly modulated the
RA–FLS activation status by reducing the proliferation and invasion of the cells. Moreover,
a change in the expression of several chemokine genes, including CCL2, CXCL10, CXCL12,
CCR2 and CXCR4, was also observed. This finding could be useful for therapy since
chemokines could be responsible for the arthritis pain by promoting leukocyte infiltration
and synoviocyte proliferation and activation. In particular, the release of CCL2 and CXCL12
proteins from RA FLS cells was significantly downregulated by celastrol (1) treatment.
Celastrol (1) treatment also diminished the activation and translocation of NF-κB p65,
which is known to participate in the regulation of many cytokines, adhesion molecules,
chemokines, receptors and adaptive enzymes in arthritis [69].

Inhibition of oxidative stress underlies the improvement observed in CIA rats treated
with 1 (1 mg/kg) in a study carried out by Gao et al. [70]. 1 enhanced the superoxide
dismutase activity and significantly inhibited the levels of malondialdehyde, superoxide
anions and NADPH oxidase activity [70]. Reduction of arthritis scores and spleen and
thymus indexes was also observed, as well as the suppression of serum levels of TNF-α,
IL-1β, IL-6 and interferon gamma (IFN-γ), which could be attributed to the downregulation
of inflammatory mediators [70].

The mechanistic complexity of 1, due to its multiple targets, was analyzed by Song et al.
by employing a network pharmacological approach. The authors identified probable molec-
ular targets of the compound and the interaction pathways related to their roles, investi-
gating the networks formed by those pathways [71]. Using a web-based bioinformatics
application (ingenuity pathway analysis), pathways and networks were built grounded
in the functions of the human genes appertaining to RA and the selected potential targets.
The networks comprised cell movement, immune cell trafficking, hematological system
development and function, inflammatory response, connective tissue disorders, organismal
injury and abnormalities and cell-to-cell signaling and interactions. Results indicated that
MMP-9, COX-2, c-Myc, TGF-β, c-JUN, JAK-1, JAK-3, IKK-β, SYK, MMP-3, JNK and MEK1
were the direct targets of 1 in RA. Being high-degree nodes in RA-associated networks prob-
ably affected by 1, COX-2, IKK-β, JNK and MEK1 were selected for docking studies [71].
Results of the pathway analysis obtained by Song et al. suggested that 1 can regulate the
functions of Th1 and Th2 cells, fibroblasts, macrophages and endothelial cells, which would
explain its therapeutic effects against RA [71].

Pristimerin (2) is the celastrol methyl ester, a natural triterpene found in plants of
the Celastraceae and Hippocrateaceae families. In TNF-α-stimulated human RA FLSs,
treatment with 2 decreases cell viability and migration in a dose-dependent manner [72].
According to cell metabolomics analysis, the effects involved phospholipid and fatty acid
biosynthesis, glutathione metabolism and amino acid metabolic pathways [72]. In vivo, com-
pound 2 ameliorated arthritis symptoms and reduced serum levels of TNF-α and NO and
synovial expressions of p-Akt and p-ERK in the CFA-induced arthritis rat model. Network
pharmacology analysis showed that the effects were mediated through the MAPK/ERK1/2
and PI3K/Akt pathways and direct binding to TNF-α [72].
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The effects of betulinic acid (3) on the proliferation, migration and inflammatory
response of RA FLSs were studied by Wang and Zhao [73]. Compound 3 inhibited the
proliferation, migration and invasion of RA FLSs in a dose- and time-dependent manner at
non-cytotoxic concentrations (5–20 μM). It also decreased MMP expression and inhibited
the production of TNF-α-induced inflammatory cytokines, namely of IL-6 and IL-8. The
PI3K/Akt signaling pathway plays a significant role in regulating inflammation, prolifera-
tion and migration of RA FLSs and in signal activation of NF-κB, being highly expressed
in the synovial tissues of RA patients. Betulinic acid (3) also avoided activation of the
Akt/NF-κB pathway and can be considered a potential therapeutic agent for the treatment
of RA [73].

Huimin et al. explored the protective effects of 3 on CFA-induced rats, observing the
significant inhibition activity of the drug regarding the arthritis index, toe swelling, joint
pathology and hemorheology [74]. Serum and synovial levels of Il-6, IL-1β and TNF-α were
improved following treatment with 3. Since Rho and Rho-associated protein kinase (ROCK)
control the production of inflammatory cytokines, the anti-inflammatory mechanism of
3 was investigated through the Rho/ROCK/NF-κB activation by treating rats with fasudil
(a ROCK inhibitor). Protein levels of RhoA, ROCK1 and ROCK2 were downregulated,
leading to the blockage of phosphorylation of IKKα, IKKβ, lκB and NF-κB. The results
provided information about the mechanism of compound 3 on RA, which may be related
to the downregulation of ROCK/NF-κB signaling pathways [74].

Since RA FLSs display an aggressive phenotype, which is linked to cartilage and bone
destruction, Li et al. examined the effects of 3 on the migration and invasion of RA FLSs
(prepared from synovial tissue specimens of diagnosed RA patients), seeking a mechanistic
understanding of the therapeutic potential of 3 [75]. Treatment with 3 restrained the
migratory and invasion capacity of RA FLSs and decreased the formation of actin stress
fibers and actin cytoskeleton score [75]. Considering the TNF-α-induced RA FLSs, treatment
with 3 led to a significant decrease in the mRNA expression of IL-1β, IL-6, IL-8 and IL-17A,
as well as to a decrease in phosphorylated IKK, IκBα and NF-κB and to a reduction of the
NF-κB accumulation. These results suggest that the inhibition of NF-κB signaling pathways
by 3 causes the inhibition of migration, invasion, actin cytoskeleton reorganization and
interleukin expression of RA FLSs [75].

RA is highly associated with increased risk of cardiovascular disease, with RA pa-
tients being almost twice as likely to develop heart disease as compared with the general
population [76]. Besides the traditional risk factors, chronic inflammation associated with
RA appears to promote atherosclerosis, and in both diseases similar pathophysiologic
processes are recognized, including increased expression of cellular adhesion molecules,
pronounced infiltration by macrophages and Th1 cells, neovascularization and collagen
degradation mediated by MMPs [77]. Statins are HMG CoA reductase inhibitors widely
used for treatment of hyperlipidemia and prevention of cardiovascular disease, and their
anti-inflammatory properties have been proved to be associated with several molecular
mechanisms such as suppression of chemokine and pro-inflammatory cytokine synthesis,
MMP inhibition, reduced MHC-II expression induced by IFN-γ and reduced expression
of CD40 on macrophages and other smooth muscle cells [78,79]. The synergist effect of
oral co-administration of 3 (2 mg/kg) and fluvastatin (5 mg/kg) was studied in vivo using
a CIA rat model, and several physical, morphological and biochemical parameters were
collected [80]. Combined treatment with 3 and fluvastatin showed a decrease in the severity
of arthritic index values and inhibition of paw edema (89%) after 60 days when compared
with the single administration of the drugs (80% and 74%, respectively) or the control
group without treatment. A reduction of RF, C-reactive protein, total lipids and ACPAs, as
well as an increased activity of catalase, superoxide dismutase and glutathione peroxidase
enzymes, in the different tissues was also observed in the rats treated with a combination
of both drugs. Moreover, it was also found that the expression of the anti-inflammatory cy-
tokine IL-10 was increased in the co-treated group, while the expression of Toll-like receptor
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(TLR) 2 and TLR4, IL-1β, TNF-α, IFN-γ, cell adhesion molecules and nuclear translocation
of NF-κB in the aorta decreased, when compared to the single-treated groups [80].

Taking into consideration that betulinic acid (3) can be regarded as a lead compound
for further development of potential anti-inflammatory agents, several derivatives having
heterocyclic rings fused at C-2 and C-3 were synthesized and assayed as inhibitors of
osteoclast differentiation and bone resorption [81]. The most potent compound, pyrazole
derivative 4, exhibited potent inhibitory activity on RANKL-induced osteoclast formation
(IC50 = 0.09 μM), being 200-fold more active than the parent triterpene 3. In a later work,
Chen et al. studied the modulation activity of 4 on T cell differentiation and proliferation
and potential anti-rheumatic effects in a CIA mouse model [82]. When compared to the
control group that received no treatment, the severity of symptoms was significantly atten-
uated in treated mice, that showed a mean arthritis score of 2.63 on day 41 (control group:
6.88). Further radiological and histopathological analysis corroborated these findings, since
considerably less articular damage was observed and arthritis cartilage destruction and
inflammatory cell infiltration were highly decreased, possibly due to inhibition of Th1 and
Th17 differentiation, enhanced IL-4, IL-10, IL-13 expression and increased CD4+ Foxp3+

cells [82].
Lupeol (5), a lupane triterpenoid with antioxidant and anti-inflammatory properties

found in many edible fruits and vegetables, inhibited PI3K/Akt signaling in CIA rats [83].
Lupeol significantly reduced paw edema, reverted the high levels of biochemical markers
(RF, C-reactive protein and ceruloplasmin) and pro-inflammatory mediators (TNF-α, IL-6
and PGE2) in the rat serum and enhanced apoptosis by downregulating Bcl-2 protein
expression while upregulating Bax, caspase-3 and caspase-9 [83]. However, the overall
effects were inferior to those of indomethacin, the NSAID used as positive control [83].

β-amyrin (6) and polpunonic acid (7) are found in the root bark of Ziziphus abyssinica
(Hochst Ex A. Rich), a recognized medicinal plant widely distributed in the tropical regions
of the world, showing antioxidant, anti-bacterial and anti-plasmodial activities, among
others [84]. Henneh et al. were able to isolate them as pure chemical entities and determine
their absolute configuration, examining possible therapeutic effects in RA in a CFA-induced
arthritis rat model [84]. Compounds 6 and 7 (at equal doses) reversed the changes in-
duced in the RA model (considering body weight, paw thickness, erythema and arthritic
index). Histopathological examinations of rat hind paws showed a significant reduction of
cartilage erosion and subchondral cyst and Weichselbaum’s lacunae formation, with an
effect dependent on the type of compound and the doses of administration. There was
also evidence of bone remodeling and decreased bone cavitation after treatment with both
compounds, most pronounced for 6 [84].

Echinocystic acid (8) isolated from the bark of Albizia julibrissin Durazz was able to
ameliorate arthritic symptoms induced in transgenic SKG mice after a single intraperitoneal
injection of zymosan. The treatment with 8 reduced inflammatory cell infiltration, pro-
inflammatory cytokine levels, synovial hyperplasia and bone loss in mouse paw tissues [85].
These effects have been attributed to inhibition of both IL-6- and TGF-β-induced Th17 cell
differentiation, namely by suppression of phosphorylation of STAT3. In TNF-α-activated
human RA FLSs (MH7A cells), administration of 8 reduced both protein and mRNA
expression of inflammatory cytokines (IL-6 and IL-1β) by downregulating MAPK and
NF-κB signaling pathways [85].

Bone homeostasis depends on the balance between osteoclast-mediated bone resorp-
tion and osteoblast-mediated bone formation. Excessive osteoclast activity has been as-
sociated with RA, osteoarthritis, osteoporosis and other bone-related diseases [36,52,86].
23-Hydroxyursolic acid (9) isolated from Viburnum lutescens was found to inhibit RANKL-
induced osteoclastogenesis in vitro by decreasing the number of tartrate-resistant acid
phosphatase (TRAP)-positive osteoclasts and F-actin ring formation [87]. Actin ring forma-
tion is a characteristic marker of bone resorption activity of mature osteoclasts. Compound
9 also inhibited RANKL-induced phosphorylation of ERK and JNK, IκBα degradation,
c-Fos expression, activation of the nuclear factor NFATc1 and expression of its target
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genes [87]. Oral administration of 9 to mice conferred protection against LPS-induced
osteoclast formation and bone loss [87].

The study conducted by Lee et al. compared the in vitro and in vivo effects of ursolic
acid-3-acetate (10) and dexamethasone, using TNF-α-stimulated human FLSs and a murine
model of RA [88]. The treated rats showed a decrease in clinical symptoms, including clini-
cal arthritis score, disease incidence and paw thickness, which were confirmed by microPET
imaging. A decrease in serum IgG1 and IgG2a levels was also observed. Characteristic
RA histological and radiological changes, such as hyperplasia, pannus formation, cartilage
destruction and bone erosion in the joint, were improved, with results comparable to the
anti-inflammatory drug dexamethasone. On the other hand, the in vitro studies revealed
a reduction of Th1/Th17 phenotype CD4+ T lymphocyte expansion, pro-inflammatory
cytokines (IL-1β, IL-6, IFN-γ and IL-17) and MMP-1/3 production in the knee joint tissue
and RA synovial fibroblasts, through the downregulation of IKKα/β, IκBα and NF-κB [88].

Maslinic acid (11), a pentacyclic triterpenoid found in olive (Olea europaea) fruit, dis-
plays a vast number of therapeutic properties, including preventing and mitigating arthritis
in animals and humans, particularly in relation to knee joint arthritis symptoms [89]. Using
the CAIA mouse model of RA, Shimazu et al. clarified the molecular mechanisms impli-
cated in the anti-arthritic properties of 11. Arthritis symptoms were mitigated, and the gene
expression of inflammatory cytokines in synovial membranes was inhibited downstream
of NF-κB signaling, with 11 also inactivating the TLR signaling pathway. Treatment of
CAIA mice with 11 (200 mg/kg) downregulated the expression of the mRNA encoding
LTA4 hydrolase, which catalyzes the hydrolysis of LTA4 to LTB4, a chemotactic factor
whose overproduction is involved in RA. 11 suppressed the production of LTB4 by acting
through the glucocorticoid receptor, as expression levels of several genes controlled by
this receptor were altered by 11 [89]. Upregulation of the mRNAs encoding MMP-2 and
MMP-9 was observed, along with the upregulation of the expression levels of transcripts
encoding tissue inhibitor of metalloproteinases (TIMP)-1, TIMP-2 and TIMP-4, where the
proteinase/inhibitor imbalance can facilitate proteolysis in the cartilage of arthritis [89].
The anti-arthritis efficacy of compound 11 thus appears to be grounded in the suppres-
sion of synovial inflammation through the inactivation of TLRs, the downregulation of
leukotrienes via the glucocorticoid receptor and the promotion of tissue formation with the
repair of damaged cartilage [89].

Taraxasterol (12) is a taraxastane-type triterpenoid mostly isolated from Chinese
medicinal Taraxacum officinale, exhibiting anti-inflammatory and antioxidant activities in
several disorders [90]. Literature reports have been pointing to its ability to lower pro-
inflammatory cytokines and mediators in LPS-induced RAW 264.7 cells in vitro and in
the ovalbumin-induced asthma mouse model [90]. In vitro and in vivo studies of 12 in
IL-1β-stimulated human RA FLSs and CIA mice, respectively, allowed Chen et al. to
investigate the anti-inflammatory effects and subjacent mechanisms of 12 on RA [90]. Since
the inflammatory responses in RA FLSs are mostly modulated by NF-κB and the NLRP3
inflammasome [90], the inhibition of NF-κB/NLRP3 pathways is therefore a potential
therapeutic approach in RA management. In fact, 12 suppressed NF-κB activation in
human RA FLSs, inhibiting the IL-1β-induced IκB degradation and nuclear translocation
of p65 in the studied cell line. Results showed that 12 can modulate TGF-β-activated
kinase 1 (TAK1) activation (which in turn regulates NF-κB activation), probably exerting
its anti-inflammatory activity by modulating the TAK1/IκB/IKK pathway in human RA
FLSs [90]. Compound 12 suppressed the expression of NLRP3 inflammasome (reported
to be well associated with NF-κB signal transduction) and its modulators, such as TXNIP
and ACS, both in human RA FLSs and CIA mice, thereby decreasing cleaved caspase-1
levels; thus, anti-inflammatory effects of 12 could be related to the inhibition of NLRP3
inflammasome signaling. Treatment of CIA mice with 12 mitigated joint destruction and
other clinical RA manifestations, downregulated NF-κB and reduced the IL-1β-induced
expressions of TNF-α, IL-6, IL-8, MMP-1 and MMP-3 [90].
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Macrophage plasticity produces different functional phenotypes in reaction to specific
stimuli. Macrophages can be polarized into the classical M1 or the alternative M2 pheno-
types. Classically activated (M1) macrophages, induced by LPS or Th1 cytokines IFN-γ and
granulocyte–macrophage colony-stimulating factor (GM-CSF), express MHC-II, inducible
nitric oxide synthase (iNOS) and co-stimulation molecules like CD80 and CD86 for effective
T cell antigen presentation and secrete pro-inflammatory cytokines (e.g., TNF-α, IL-1β,
IL-6, IL-12 and IL-23) as well as NO and ROS which are essential for killing intracellular
pathogens [36,91]. Alternatively, activated (M2) macrophages, stimulated mainly by Th2
cytokines IL-4 and IL-13 and by macrophage colony-stimulating factor (M-CSF), express
mannose receptor CD206, IL-4 receptor, arginase 1 and peroxisome proliferator-activated
receptor gamma (PPARγ) and produce anti-inflammatory cytokines (e.g., IL-10 and TGF-
β) and trophic polyamines involved in tissue repair [36,91]. The M1/M2 polarization is
imbalanced in RA, with higher expression of M1 macrophages in the synovial fluid of RA
patients, which promotes osteoclastogenesis [86,91]. ACPAs in the RA synovial fluid can
induce interferon regulatory factor 5 (IRF5), leading to increased polarization of peripheral
blood monocytes into the M1-like phenotype and thus increasing the M1/M2 ratio [91].
Glucocorticoids and some DMARDs like MTX act by repolarizing M1-like macrophages of
RA patients into the M2-like state [86,91]. Wilforlide A (13), a pentacyclic triterpenoid from
Tripterygium wilfordii Hook F, delays the development of RA in CIA mice, inhibiting iNOS
production (an M1 surface marker), pro-inflammatory M1 cytokines and chemokines in
the mouse synovium [92]. Similarly, in vitro results showed that 13 hindered macrophage
chemotaxis and M1 polarization in LPS/IFN-γ-stimulated THP-1 cells presumably through
inactivation of the TLR4/NF-κB signaling pathway [92].
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6.2. Tetracyclic and Rearranged Triterpenes

Antcin K (14) is a tetracyclic ergostane-type triterpenoid isolated from Antrodia cin-
namomea, a mushroom endemic to Taiwan and used in folk medicine due to its antioxidant,
anti-inflammatory and immunomodulatory activities [93]. Antcin K (14) decreased pro-
inflammatory cytokine production in human RA FLSs by inhibiting the phosphorylation
of focal adhesion kinase (FAK), PI3K, Akt and NF-κB. Moreover, 14 also ameliorated paw
swelling, cartilage degeneration and bone erosion in the CIA mouse model [93].

Ganoderic acid A (15), a lanostane triterpenoid extracted from Ganoderma lucidum
(an edible mushroom), has been traditionally used in East Asia to treat inflammatory,
proliferative and immunological diseases without side effects, making it a potential ther-
apeutic agent for RA [94,95]. Cao et al. evaluated the protective effects of 15 in CIA rats
to explore its therapeutic role in RA [95]. A reduction in toe swelling and arthritis index
was observed, as well as an improvement in joint pathological changes and hemorheology.
Serum and synovium levels of IL-1β, IL-6 and TNF-α were markedly reduced in CIA rats,
and oxidative stress was regulated. 15 substantially reduced p-STAT3 and suppressor of
cytokine signaling 1 (SOCS1); these results indicate a downregulation of protein expression
of p-JAK3 and p-STAT3, which may lead to the regulation of the JAK/STAT signaling
pathway [95]. Furthermore, protein expression levels of p-NF-κB p65 and p-IκBα in joint
synovial tissue of CIA rats were reduced by 15. The therapeutic role may also be related to
the regulation of the NF-κB signaling pathway [95].

Gedunin (16), a limonoid-type triterpenoid isolated from several genera of the Meli-
aceae family, such as the Indian neem tree (Azadirachta indica), antagonized ROS production
and reduced pro-inflammatory cytokine levels and iNOS expression in LPS-stimulated
macrophages (RAW264.7 cells), TNF-α-stimulated FLSs (MH7A cells) and IL-1β-stimulated
primary RA FLSs [96]. Furthermore, 16 was able to reduce paw swelling, arthritis score
and cytokine production in CIA mice [96]. The in vitro and in vivo anti-inflammatory and
anti-arthritic effects of 16 were due to activation of the Nrf2 signaling through inhibition of
Keap1, a key oxidative stress sensor protein, by inducing p62 expression and upregulation
of anti-oxidative enzymes, including heme oxygenase (HO)-1 [96].

Other studies showed that 7-deacetyl-gedunin (17) isolated from the fruits of Toona
sinensis (A. Juss.) Roem suppressed ROS production and inhibited proliferation of hu-
man RA FLSs isolated from the joint synovium cave of RA patients submitted to knee
surgery [97]. Compound 17 also decreased pro-inflammatory cytokine release in human
FLSs (MH7A cells) but with significant inhibition of cell viability [97]. Mechanistic studies
revealed that 17 exerted anti-inflammatory effects by regulating antioxidative enzymes
through Nrf2 activation by inhibiting Keap1 via inducing p62 expression and antioxidant
response element (ARE)-driven gene transcription [97].

 

Figure 3. Structures of tetracyclic (14–15) and rearranged triterpenes (16–19) with activity on RA.
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Nimbolide (18), a major limonoid from Azadirachta indica, dose-dependently reduced
the expression of p38 MAPK and inhibited the phosphorylation of NF-κB in IL-β-stimulated
rabbit FLSs (HIG-82 cells) [98]. In a rat model of inflammatory arthritis, 18 significantly
reduced STAT3 phosphorylation, attenuating STAT3 signaling with simultaneous inhi-
bition of Notch-1 transmembrane protein receptors and NF-κB activation, thus reduc-
ing oxidative stress and pro-inflammatory cytokine levels in synovial tissue of arthritic
rats [98]. Furthermore, combination therapy with both 18 (3 mg/kg/day) and MTX
(2 mg/kg/week) potentiated the anti-arthritic effects of MTX while reducing its hepato-
renal toxicity in a rat model of RA, presumably through antioxidant and anti-inflammatory
effects [98]. The efficiency of nimbolide (18) was also examined by Cui et al. against
joint inflammation in CIA male albino rats [99]. Treatment with 18 (20 mg/kg) resulted
in a substantial increase in body weight and a pronounced reduction in arthritic index
score, thymus and spleen indices, hind paw volume and edema formation, comparable to
diclofenac [99]. Serum levels of IL-1β, IL-6, IL-10 and TNF-α showed a marked reduction
in arthritic rats, and the activities of antioxidant enzymes were significantly improved. Sup-
plementation with 18 downregulated the protein expression of iNOS, NF-κB, p-IκBα, IKKα

and COX-2, reinforcing the contribution of nimbolide to the therapeutic strategy against
RA [99].

Heilaohuacid G (19) is a new 3,4-seco-lanostane type triterpenoid isolated from the
roots of Kadsura coccinea, a medicinal plant distributed in South China and used in Tujia
ethnomedicine to treat RA [100]. Biological activity screening tests revealed that 19 inhibited
the proliferation of RA FLSs in a concentration-dependent manner, with IC50 values of
8.16 ± 0.47 μM [100]. Further studies showed that 19 induced RA FLS apoptosis and
suppressed inflammatory responses in LPS-induced RA FLSs and macrophages (RAW264.7
cells) by inhibiting NF-κB signaling [100].
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6.3. Triterpenic Saponins

Astragaloside (20), a saponin found in Astragalus membranaceus, suppressed excessive
FLS proliferation in the AA rat model of RA through the inhibition of the expression
of the long non-coding RNA (lncRNA) LOC100912373 and increased release of miR-17-
5p, which binds to 3-phosphoinositide-dependent protein kinase 1 (PDK1) and prevents
activation of the PDK1/Akt pathway [101]. Abnormal expression of non-coding RNAs,
such as miRNAs and lncRNAs, has been implicated in the pathogenesis of autoimmune
diseases, including RA [102]. lncRNAs are expressed by many immune system cells,
including T and B lymphocytes, monocytes, macrophages and dendritic cells, and lncRNA
dysregulation has been associated with autoimmunity onset [102]. Additionally, lncRNAs
can act as molecular sponges, sequestering miRNAs and RNA-binding proteins, hindering
interactions with their target RNAs [102]. The lncRNA LOC100912373 is a critical gene
involved in RA pathogenesis since it can induce FLS proliferation by competing with miR-
17-5p and thus promoting activation of the PDK1/Akt signaling pathway that contributes
to RA development [103].

 
Figure 4. Cont.
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Figure 4. Structures of triterpenic saponins (20–31) with activity on RA.

Chikusetsusaponin IVa (21), an oleanane-type saponin from Panax japonicus C.A. Mey,
alleviated RA symptoms in CIA mice [104]. Molecular docking and molecular dynamics
simulations revealed that 21 can bind to RA core targets IFN-γ and IL-1β. The study results
suggest that the in vivo anti-inflammatory and osteoprotective effects of 21 were due to
inhibition of the JAK/STAT signaling pathway [104].

Immunopathology in RA is driven by a predominance of arthritogenic Th1 cells
(secreting IFN-γ) and Th17 cells (secreting IL-17) over Treg cells [105]. Cytokine IL-6 is
critical for the differentiation of Th17 cells and the balance between pathogenic Th17 and
protective Treg [105]. Biologic DMARDs targeting the IL-6 receptor have been shown to
improve signs and symptoms of RA. Chikusetsusaponin IVa butyl ester (22) is a triterpenoid
saponin extracted from Acanthopanas gracilistylus and a small-molecule IL-6R inhibitor.
IL-6R blockade by 22 inhibited Th17 cell differentiation, IL-17A secretion and STAT3
phosphorylation in mouse CD4+ cells (under Th17 polarization conditions) in vitro and
ameliorated RA symptoms in the CIA mouse model [106]. Thus, saponin 22 represents a
promising agent for RA therapy.

Circular RNAs (circRNAs), which are endogenous non-coding RNAs forming stable
covalently closed-loop structures, act as miRNA sponges and participate in the regulation
of several cellular signaling pathways [102,107]. circRNAs are important epigenetic modu-
lators of gene expression in inflammation and autoimmune regulation, closely associated
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with RA pathogenesis [102,107]. Clematichinenoside AR (23) is a triterpenoid saponin
isolated from the roots of Clematis chinensis Osbeck. Saponin 23 inhibited proliferation and
inflammatory response in FLSs from RA patients in vitro and ameliorated RA pathology
in CIA mice by combining with frizzled class receptor 4 (FZD4) and blocking the circular
pleiotrophin (circPTN)/miR-145-5p/FZD4 signal axis [108]. The authors demonstrated
that circPTN promoted FZD4 expression through sponging miR-145-5p with subsequent
activation of the Wnt/β-catenin pathway [108]. Confocal microscopy showed that 23 down-
regulated the expression of β-catenin and its nuclear entry in FLSs by binding FZD4, thus
inhibiting the Wnt pathway [108]. Compound (23) was also the focus of Xiong et al., who
explored its protective action against human TNF-α-induced inflammation and cytotoxicity
based on the accumulated evidence about the correlation between RA therapeutic effects
and the antagonist effects against TNF-α in RA mouse models [109]. 23 markedly inhibited
IL-6 and IL-8 release from recombinant human (rh) TNF-α-stimulated MH7A cells. Car-
tilage and bone destruction were reversed, probably through downregulation of MMP-1
expression and downregulation of p38 and ERK MAPK signal activation by 23 in rhTNF-α-
induced MH7A cells [109]. Treatment of TNF-α-sensitive murine fibroblast L929 cells with
23 reduced the proliferation inhibition ratio caused by rhTNF-α/actinomycin D (ActD)
and antagonized rhTNF-α-induced cytotoxicity. Morphological changes in apoptosis (in-
cluding chromatin condensation, nuclear fragmentation and cell shrinkage) stimulated
by rhTNF-α/ActD in L929 cells were attenuated after pre-treatment with 23 [109]. The
antagonistic effect of 23 upon cytotoxicity might be ascribed to the degeneration of ROS and
the raising of mitochondrial membrane potential, together with the inhibition of prolonged
JNK activation following pre-treatment.

Entadaosides 24–28, oleanane-type triterpene saponins isolated from the stems of
Entada phaseolides (L.) Merr, possess anti-inflammatory properties and are used in traditional
Chinese medicine for the treatment of arthritis [110]. All entadaoside saponins 24–28

were able to prevent RA progression and ameliorate hyperalgesia, paw swelling and
joint destruction in CIA rats by reducing pro-inflammatory cytokine levels, upregulating
ubiquitin-editing enzyme A20 expression, inhibiting p38 and ERK1/2 in the periphery and
phosphorylation of p38 in the spinal cord [110].

Madecassoside (29) is a pentacyclic triterpenoid saponin present in Centella asiatica,
with previously reported anti-inflammatory and anti-arthritis potential, among other im-
portant biological activities. It was also found to induce apoptosis of keloid fibroblasts and
keratinocytes and to inhibit LPS-induced TNF-α production, as well as the migration of
keloid fibroblasts [111]. Yu et al. used IL-1β stimulation to induce the invasion of FLSs,
aiming at exploring the anti-arthritis mechanism of saponin 29 [112]. It was found that
oral administration of the triterpenoid exerted a significant therapeutic effect, reducing
the articular and bone tissue damage and decreasing hyperemia in the synovial tissue.
A dose-dependent in vitro inhibitory effect on FLS invasion mediated by IL-1β was also
observed, as well as a decrease in MMP-13 activity and mRNA level expression, possibly
by preventing NF-κB translocation and phosphorylation.

Qiao et al. compared the anti-arthritis effect of madecassoside (29) and its metabolite
madecassic acid in pseudo-germ-free CIA rats, discussing the influence of gut microbiota
and the mechanism of 29 to stimulate Treg cells [113]. Previous studies revealed the potential
of 29 to increase the number of Treg cells in the small intestine, improving the release of
IL-10 through the increase in Foxp3+ T lymphocytes in the intestinal lamina propria.
However, neither 29 nor its metabolite was able to foment the differentiation of Treg cells
and the expression of IL-10 in CD4+T cells of CIA rats [113]. In the comparison study, oral
administration of 29 was shown to mitigate the arthritis symptoms and the histological
alterations in CIA rats, unlike intestinal madecassic acid, suggesting its functionality in the
parent form. The increased number of Treg cells by oral administration of 29 was observed
mainly in the ileum but without a significant effect concerning Treg cell differentiation
and Foxp3 and IL-10 expression in vitro. The anti-arthritis effect of compound 29 was
strongly influenced by gut microbiota; the sequencing of the 16S rRNA gene indicated that
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29 antagonized the richness and diversity of gut microbiota in CIA rats, enhancing the level
of n-butyric acid (which increased the immunosuppressive function of Treg cells in vitro).
The co-administration of heptanoyl CoA (a competitive inhibitor of butyrate synthase)
confirmed the contribution of madecassoside-induced butyrate to the anti-arthritis action,
as it caused the downregulation of ileum Treg cell number and expression of Foxp3 and
IL-10 [113].

Mussaendoside O (30), a N-triterpene cycloartane saponin isolated from Mussaenda
pubescens, inhibits RANKL-induced osteoclastogenesis in vitro in a concentration-dependent
manner [114]. Moreover, 30 attenuates LPS-induced bone resorption and osteoclast forma-
tion in mice by repressing RANKL-induced activation of p38 MAPK and JNK, preventing
c-Fos activation and subsequent expression of NFATc1. Saponin 30 also diminished RANKL-
induced increase in mRNA expression of NFATc1 target genes, including OSCAR, TRAP,
DC-STAMP and cathepsin K [114].

Tubeimoside I (31) is a triterpenoid saponin previously isolated from Bolbostemma panic-
ulatum tubers and found in several Chinese medicine preparations, with anti-inflammatory,
anti-tumor and anti-viral activities [115]. The effect of this compound on RA was studied
in vivo using a CIA rat model and in vitro using cultured FLSs [116]. The treatment with
31 suppressed the synovial inflammation and bone destruction in CIA rats in a dose-
dependent manner, decreasing erythema and swelling at the doses of 5 and 10 mg/kg.
These results were further confirmed by histopathological assays. Moreover, when com-
pared with the control group, an important decrease in pro-inflammatory cytokine pro-
duction was observed in the joint tissues of tubeimoside I-treated rats, including IL-1β,
IL-6, IL-8 and TNF-α, and downregulation of MMP-9 expression. In vitro studies also
showed that the compound suppressed the proliferation and migration of FLS cells, which
are the main causes of synovial hyperplasia, contributing to the cartilage destruction
and exacerbating joint damage. The authors suggested that the observed effects may
be due to the inhibition of TNF-α-induced activation of NF-κB and MAPKs (p38 and
JNK) [116].

Ginsenosides are glycosylated dammarane-type triterpenoids unique to ginseng
species. Ginseng is a drug derived from the roots of Panax ginseng, used in traditional
medicine to treat several diseases, including anemia, diabetes, gastritis and insomnia. It
is also used as a general restorative, promoting health and longevity [21]. Based on the
location and number of glycoside residues, ginsenosides can be further subdivided into
protopanaxadiols (e.g., Rb1, Rb2, Rg3, Rg5 and Rh2), with glycoside residues attached to
C-3 and/or C-20 positions, or protopanaxatriols (e.g., Rg1, Rg2 and Rh1), with an additional
glycoside residue at C-6 (Figure 4).

Zhang et al. compared several ginsenosides (CK, Rg1, Rg3, Rg5 and Rb1; 32–36)
from Panax ginseng Meyer for their therapeutic effect on RA [117]. Ginsenoside CK (32)
is the major metabolite of natural diol ginsenosides in the intestinal tract [117]. Among
the tested ginsenosides, 32 was the most effective, showing strong anti-inflammatory
and immunomodulating properties [117]. Ginsenoside CK (32) significantly inhibited cell
proliferation and enhanced apoptosis of LPS-activated RAW264.7 and TNF-α-stimulated
human umbilical vein endothelial cells (HUVECs) [117]. In vivo, 32 ameliorated swelling
and joint functional impairment in CIA mice [117]. Moreover, 32 was able to increase CD8+

T cells to downregulate the immune response and decrease the number of activated CD4+

T cells and M1 macrophages, thus inhibiting pro-inflammatory cytokine secretion [117].
In an attempt to explore the mechanism of macrophage polarization and phagocytosis by
compound 32, Wang et al. concluded that, through β-arrestin2 regulation in peritoneal
macrophages, the compound inhibited TLR4 coupling with Gαi and stimulated TLR4-Gαs
coupling [118]. Due to the significant decrease in colocalization of β-arrestin2 and Gαi,
owing to 32 treatment, their combined interaction foments the regulation of immune in-
flammation and the polarization of macrophages to M1. Potential therapeutic properties of
32 for RA therapy seem to be related to the reduction of M1 polarization and secretion of in-
flammatory cytokines, while overexpressing M2 and IL-10 levels to alleviate inflammation
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and repair bone tissue in CIA mice. Compound 32 also appears to restore B cell function, in
addition to alleviating clinical manifestations of RA (such as the polyarthritis index, spleen
and joint pathological scores and spleen index) and the level of serum antibodies in CIA
mice [119]. Although IgD B cell receptor (BCR) endocytosis was promoted, it should be
noted that the expression level of IgD-BCR did not change. 32 facilitated the co-localization
between β-arrestin1 and IgD and between adaptor protein 2 (AP2) and IgD. Mechanis-
tically, the IgD-BCR internalization, in a β-arrestin-AP2-dependent manner, led to the
inhibition of B cell activation, which may explain the improvement observed in CIA model
mice [119].

 
Figure 5. Structures of ginsenosides (32–36) with activity on RA.
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Ginsenoside CK (32) is thus a potential candidate for RA therapy and is currently being
tested as an anti-RA drug in China. Phase 1 clinical trials in healthy Chinese volunteers to
evaluate the pharmacokinetics and safety of 32 showed that a single oral dose of a 200 mg
tablet was well tolerated, reaching a maximum plasma concentration (Cmax) of 796.8 ng/mL
in 3.6 h (Tmax) with a terminal half-life (t1/2) of 27.7 h [120]. High-fat food was found to
accelerate and increase absorption of 32 while plasma levels were slightly higher in women
compared to men [120]. A double-blind, phase 2 study (NCT03755258) to evaluate the
safety, efficacy and pharmacokinetics of ginsenoside CK (32) tablets in RA patients started
in China in March 2017. RA patients (n = 128) were randomly assigned ginsenoside CK
tablets (100, 200 or 300 mg) or placebo once daily, orally, for 12 weeks. However, the study
was suspended after two years due to the high cost associated with manufacturing of 32,
essentially dependent on Panax plants, extraction and biotransformation of ginsenosides.
Therefore, development of alternative production methods, such as microbial fermentation
processes suitable for scale-up, is an attractive solution.

Many studies on the anti-inflammatory effect of ginsenoside Rg3 (34) have been de-
scribed, emphasizing its ability to regulate NF-κB activity, causing the reduction of cytokine
levels, to promote M2 macrophage polarization and to inhibit the inflammation process in
the liver through the activation of the PI3K/AKT signaling pathway [53]. Considering the
lack of mechanistic robustness regarding the effect of ginsenoside Rg3 in RA, Zhang et al.
evaluated the anti-inflammatory effect of the compound 34 through a set of clinical features,
pathological alterations and cytokine levels observed in RA mice. CD4+CD25+Foxp3+ Treg
cell percentage was analyzed and a metabolomic analysis (GC-MS/MS) was performed,
aiming to provide information on immunosuppressive activity and related mechanisms [53].
Treatment with 34 (25 mg/kg) led to a decrease in IL-6 and TNF-α levels and an increase
in TGF-β and IL-10 levels, mirroring its anti-inflammatory potential. 34 regulated the
pathways of oxidative phosphorylation and maintained peripheral immune tolerance in
RA mice, enhancing the function of CD4+CD25+Foxp3+ Treg cells [53].
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7. Conclusions and Future Perspectives

Morbidity and mortality associated with RA justify the continuous interest in the quest
for new compounds with better efficacy and a mechanistic rationale, together with a deeper
understanding of the anti-arthritis effects of novel isolated compounds or those already
reported as therapeutic compounds in RA. Being a systemic autoimmune and chronic in-
flammatory disease, RA displays a significant increase in macrophages, chemokines, inflam-
mation cytokines, B cells, CD4+ T cells and autoantibodies. Current diagnostic biomarkers
for RA consist of ACPAs and less specific RFs, along with synovial inflammation, cartilage
and bone destruction and systemic disorders. Under inflammatory conditions, FLSs are
implicated in the production of pro-inflammatory cytokines and chemokines, extracellular
matrix-degrading enzymes and pro-angiogenic factors. These pro-inflammatory cytokines
and chemokines include IL-1, IL-2, IL-3, IL-4, IL-6, IL-8, IL-17, IL-18, IFN-α and IFN-β,
TNF-α, TGF-β, GM-CSF and macrophage inflammatory protein (MIP)-3α. The synovial
inflammation results from the activation of NF-κB, production of PGE2 and upregula-
tion of COX-2 expression, all of which are promoted by pro-inflammatory cytokines and
chemokines. TLR signaling and the NLRP3 inflammasome also appear to have potential
roles in the pathogenesis of RA. Current pharmacological approaches to managing RA
involve DMARDs alone or in combination with NSAIDs or low-dose glucocorticoids. How-
ever, probable and considerable toxicity related to DMARDs affects their ability to treat the
disease, fomenting the need to find new therapeutic options.

The use of medicinal plants to treat RA has a long-established tradition of efficacy. Yet,
few types of natural medicines for RA treatment are available, most of which are involved
in pre-clinical research. Celastrol, the principal active constituent of Tripterygium wilfordii,
has been demonstrating great therapeutic potential in the treatment of RA, although its
mechanism of action is far from being established. Nevertheless, its toxicity is a troublesome
issue, affecting the gastrointestinal tract, liver and reproductive system. Increasing the
number of bioactive compounds, with high quality and low toxicity, and identifying the
mechanism(s) of action of plant components are of extreme importance, while also exploring
new potential medicinal herbs. Natural compounds may be valuable alternative choices for
drugs in RA treatment, either as adjuvants to conventional drugs or as therapeutic agents.

Triterpenes are a large and structurally diverse group of natural compounds with
documented anti-inflammatory and immunomodulatory activities. In this review, thirty-
six triterpenoids were divided into pentacyclic triterpenes, tetracyclic and rearranged
triterpenes and triterpenic saponins and examined regarding their potential effects on RA,
as they target and revert a large number of signaling pathways and cytokines, both in vitro
and in vivo in several animal models of RA.

Anti-RA effects of the described triterpenoids mainly rely on their known anti-oxidative
and anti-inflammatory properties. Triterpenoids can reduce oxidative stress by enhancing
superoxide dismutase activity, inhibiting NADPH oxidase activity and decreasing malondi-
aldehyde and superoxide anions levels [70,80]. The reported upregulation of anti-oxidative
enzymes by triterpenoids has been attributed to activation of the Nrf2/ARE signaling path-
way [96,97]. Triterpenoids are also capable of inhibiting COX-2 and 5-LOX enzymes [83],
thus inhibiting the biosynthesis of prostaglandins and leukotrienes, respectively, which are
important mediators of the inflammation process.

Among the different modes of action that have been described for anti-arthritic triter-
penoids (Figure 6), inhibition of NF-κB signaling is the major one [63,74,75,80,85,87,88,90,92,
95,98–100,112,116]. Deregulated NF-κB activation is characteristic of chronic inflammatory
diseases, such as RA [122]. The transcription factor NF-κB is known to play a pivotal role
in the regulation of both innate and adaptive immune responses and it is a key mediator of
the inflammatory process. NF-κB can induce the expression of several pro-inflammatory
genes, including those encoding pro-inflammatory cytokines and chemokines, and is in-
volved in the activation and differentiation of innate immune cells and inflammatory T
cells [122]. Furthermore, triterpenoid inhibition of RANKL-induced osteoclastogenesis
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strongly contributes to the prevention of bone damage and disease progression in animal
models of RA [87,114].

Figure 6. Main modes of action of anti-RA triterpenoids. Created with BioRender.com (accessed on
14 June 2023).

Other modes of action of anti-arthritic triterpenoids include inhibition of
PI3K/Akt [53,65,72,83,93] and MAPK/ERK [72,85,109,110,116] signaling pathways,
hindering of NLRP3 inflammasome activation [63,90] and modulation of miRNAs and
their target genes involved in functional pathways relevant for RA pathogenesis [68]. Triter-
penoid inactivation of TLR signaling [80,89,92,118], which hinders macrophage chemotaxis
and M1 polarization, is another mechanism responsible for the anti-arthritic effects of
this class of compounds. Suppression of both protein and mRNA expression of pro-
inflammatory cytokines, such as IL-6 and IL-1β, through inhibition of the JAK/STAT
signaling pathway has also been reported [85,95,98,99,104,106], with subsequent suppres-
sion of IL-6 and TGF-β-induced Th17 differentiation. The production of TNF-α-induced
pro-inflammatory cytokines (IL-6 and IL-8) has also been inhibited by direct binding of the
triterpenoid to TNF-α [72].

Additionally, these bioactive triterpenoids were able, in general, to produce a reduc-
tion in several RA activity indices, including paw edema, arthritis scores, body weight and
hematological, biochemical and immunological markers. In the considered timespan of this
review, pentacyclic triterpenes from Tripterygium wilfordii, such as celastrol, and betulinic
acid, stand out as the most studied compounds with a deep investigation of their molec-
ular mechanism. Nimbolide, a limonoid triterpene, has also been considered a potential
therapeutic strategy against RA, and its contribution has been well addressed. Several
ginsenoside compounds have been described as being effective in the treatment of RA, with
ginsenoside CK appearing to have stronger anti-inflammation and immunomodulatory
properties among them.

This review highlights the significant progress in the research concerning triterpenoids
as potential agents in the management of RA. In the future, continued contributions from
basic research, more comprehensive and in-depth research and well-controlled clinical trials
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are required. Knowledge gaps in triterpene mechanisms of action need to be addressed
in future research. Cell and serum metabolomics profiling of the effects of some of the
above triterpenoids has already been successfully established, paving the way for analytical
profiling approaches such as metabolomics, proteomics or transcriptomics to provide
mechanistic clarifications. Since gut microbiota plays a crucial role in health and disease,
and some triterpenoids were shown to be affected by gut microbiome composition, this
field could be further explored. Despite their numerous and/or potential pharmacological
properties in the treatment of RA, triterpenoids show low bioavailability and toxicity.
Toxicity evaluations have been lacking, which is expected to be handled in the future.
On the other hand, investing more in the development of targeted drug delivery systems
containing triterpenoids could overcome these significant drawbacks.
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Abstract: Phytochemicals from various medicinal plants are well known for their antioxidant proper-
ties and anti-cancer effects. Many of these bioactive compounds or natural products have demon-
strated effects against inflammation, while some showed a role that is only approximately described
as anti-inflammatory. In particular, naphthoquinones are naturally-occurring compounds with dif-
ferent pharmacological activities and allow easy scaffold modification for drug design approaches.
Among this class of compounds, Plumbagin, a plant-derived product, has shown interesting coun-
teracting effects in many inflammation models. However, scientific knowledge about the beneficial
effect of Plumbagin should be comprehensively reported before candidating this natural molecule
into a future drug against specific human diseases. In this review, the most relevant mechanisms
in which Plumbagin plays a role in the process of inflammation were summarized. Other relevant
bioactive effects were reviewed to provide a complete and compact scenario of Plumbagin’s potential
therapeutic significance.

Keywords: plumbagin; plumbaginaceae; natural compound; inflammation; anti-inflammatory;
antioxidant; antibacterial; antiparasitic; anti-senescence; stem cells

1. Introduction

Over the years, a plethora of biocompounds derived from plants have been used for hu-
man healthcare owing to their antimicrobial, antioxidant, anticancer, and anti-inflammatory
effects. Many biocompounds are usually plant secondary metabolites, whose biological
features make them interesting for human supplementation and the development of new
drugs. Among the plant secondary metabolites, naphthoquinones are the largest group [1].
Naphthoquinones are aromatic cyclic compounds that exert important pharmacological
activities, such as anticancer [2] and antifertility [3], as well as broad antimicrobial [4],
antibacterial [5], and anti-inflammatory effects [6]. The mechanism of action of naphtho-
quinones is mainly dependent on the redox state of the cells. In fact, these biocompounds
inhibit the electron transport during oxidative phosphorylation and generate reactive oxy-
gen radicals in aerobic conditions. At the molecular level, naphthoquinones act also as
alkylating and intercalating agents in the DNA double helix [7].

Plumbagin (PB) is a naphthoquinone obtained from the roots of different medicinal
plant families, such as Plumbaginaceae, Droseraceae, and Ebenaceae. Plumbago zeylanica L.
has been considered the most known medicinal plant that contains PB [8,9]. Chemically,
PB is structurally similar to vitamin K, while its half-life is rather short [10]. As for most
plant-derived molecules, PB shows low solubility in water and, critically, limited oral
bioavailability [11] as well as moderate toxicity [12]. Despite that, it still appears to be

Life 2023, 13, 1303. https://doi.org/10.3390/life13061303 https://www.mdpi.com/journal/life188



Life 2023, 13, 1303

an intriguing candidate for the development of new therapeutic agents [13,14]. Several
studies have shown the biological activities of this molecule, such as those antioxidant,
antibacterial, antifungal, analgesic, anti-inflammatory, and anticancer [7,15,16]. In literature,
the anticancer effect of PB has been deeply investigated [13,17], while there are no recent
reviews focused on the anti-inflammatory activity of this compound.

Inflammation is a process underlying all chronic diseases, such as cancer, autoimmune
disease, cardiovascular, and neurodegenerative ones. Over the years, several in vitro
and in vivo studies have been carried out on inflammatory models to understand the
mechanism underpinning the anti-inflammatory activity of PB. The studies showed how
PB can be implicated in inflammation signaling by blocking Nuclear factor-kB (Nf-kB) and
Mitogen-activated protein kinase (MAPK) pathways (throughout p38 and c-Jun N-terminal
kinase (JNK) cassettes) [18–20]. This review aimed to summarize the current knowledge on
the anti-inflammatory activity of PB, as well as on the cytoprotective and anti-senescent
actions, with the goal of providing a comprehensive overview of all potential therapeutic
applications of this biocompound, including in the regenerative medicine field.

2. The Cytoprotective Activity of PB

The cytoprotective activity of PB is strictly related to its antioxidant activity. In the
literature, there are many studies that show PB cytoprotective activity, both in vitro and
in vivo models. PB exerts its protective role against H2O2-induced damage in several
cell models [21,22]. Pre-treatment with PB for 24 h in neuronal cells [22] or chondro-
cytes [19] exposed to H2O2 promoted cell viability to 100%. The increase in cell viabil-
ity after PB pre-treatment was associated with an enhancement in antioxidant enzyme
activities (superoxide dismutase—SOD, catalase—CAT, glutathione S-transferase—GST,
glutathione peroxidase—GPx) and the expression of nuclear factor erythroid 2-related
factor 2 (Nrf-2) [21–23]. Importantly, Nrf-2 plays a pivotal role in cellular resistance to
oxidative agents. Those results have been replicated also in osteoblasts [24]. Indeed, PB
pre-treatment increased cell viability (around 90%) and downregulated the expression
of caspases 3, 8, and 9 in association with an increase in Nrf-2 expression [24]. The cyto-
protective activity of PB occurred not only when it was administrated as pre-treatment,
but also after the administration of H2O2, as demonstrated by Chu and co-workers, on
rat nucleus pulposus cells [25]. Among the cytoprotective activities, PB exerts the an-
tiapoptotic one. This is also related to a downregulation of the pro-apoptotic protein
Bcl-2-Associated X-protein (Bax) and an upregulation of the anti-apoptotic protein B-cell
lymphoma 2 (Bcl-2) [26]. The pathways implied in the anti-apoptotic effect of PB have
also been validated in an ischemia mouse model [27]. It is well-known that apoptosis is
strictly related to mitochondrial membrane potential, since a marked reduction of this
potential leads to cell apoptosis. It has been shown that dexamethasone induced apoptosis
in osteoblasts by reducing mitochondrial membrane potential and that this effect was
restored by treatment with PB [24]. Similar results have been obtained on oxygen-glucose
deprivation/reoxygenation (OGDR)-induced neuroinjury in human SH-SY5Y 2D [28] and
a 3D culture model [29]. In vivo experiments, in addition to the neuroprotective [27] role of
PB, showed hepatoprotective potential [30]. By using a murine model of acute liver injury,
Wang and colleagues found enhanced liver regeneration after PB administration. This
was related to an increase in hepatocyte proliferation and reduced apoptosis levels [30].
Autophagy as a protective mechanism induced by PB was reported by Pan and colleagues
in rat hepatic tissue of bile duct ligation (BDL)-induced cholestatic liver injury [31].

Recently, researchers have shown interest in the potential cardioprotective role of
PB. Cardiovascular disease is the world’s leading cause of death [32]. Among the sev-
eral causes, this disease is triggered by chemotherapeutic agents, such as doxorubicin.
Doxorubicin-mediated cardiovascular toxicity is a restricting factor that limits the wide
usage of this chemotherapy drug [33]. Recently, Li and co-workers showed an inter-
esting protective role of PB against doxorubicin-stimulated cardiotoxicity in rats [34].
PB treatment reduced the circulant levels of cardiac damage markers (lactate—LDH,
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aspartate aminotransferase—AST, and creatine kinase—CK) in serum of PB-supplemented
animals. Moreover, in rats, PB enhanced the expression of phosphatase and tensin ho-
molog (pTEN) protein and inhibited the phosphoinositide-3-kinase/protein kinase B or
Akt (PI3K/Akt) signaling pathway that was able to activate the apoptosis cascade [34].
The inhibition of apoptosis and ROS levels following PB treatment in cardiomyocytes was
also investigated by Zhang and co-workers [35] by using H9c2 cardiomyocytes. In this
study, the cytoprotective effect of PB was investigated in a model of oxidative stress induced
by tertiary butyl hydrogen peroxide (THBP). Pre-treatment with PB increased cell viability,
and decreased both ROS levels and apoptotic cell rate, according to the data of previous
works [21,22,24]. The novelty of this work was the identification of a new mechanism of
action whereby PB reduces apoptosis. In fact, the authors demonstrated an increase in
the autophagic process in their in vitro model. In particular, the autophagic activity was
stimulated by the inhibition of the p38 MAPK pathway, increasing microtubule-associated
protein light chain 3 (LC3)II/LC3I ratio [35].

So far, the data obtained are encouraging. However, more in vivo studies must be
carried out in order to ensure PB as a cytoprotective molecule in therapeutic applications.

3. The Anti-Inflammatory Activity of PB

As mentioned above, over the years the anti-inflammatory role of PB has gained inter-
est due to a putative implication in the therapeutic field. Inflammation can be characterized
by an imbalance of both reactive oxygen/nitric species (ROS/RNS) and pro-inflammatory
cytokines. The equilibrium between pro-oxidant ROS or RNS and antioxidant agents
(such as CAT, GPx, and SOD), cellular metabolism, and respiration determines the redox
homeostasis of the cells. Redox status is also represented by the endogenous antioxidant
glutathione GSH/GSSG ratio, which is central also for the immune system function [36].
Here, glutathione level plays a pivotal role in the activation, proliferation, and survival
of cells. Checker and collaborators suggested that PB may induce a change in the redox
status of murine lymphocytes [37]. In this cellular model, PB determined an increase in
ROS levels and free thiols and altered the glutathionylation state of the proteins by binding
the GSH. Moreover, after the PB treatment, the Nf-kB factor resulted in a glutathionylated
form that prevented its nuclear translocation and the following activation of the survival
cascade in the lymphocytes [37]. The same mechanism of action was described by Wang
and colleagues in 2014 by using a RAW264.7 cellular model [19] and by Checker and
co-worker in a mouse model of endotoxic shock [20]. In this model, the administration of
endotoxins usually caused lethality in 80–90% of cases, while treatment with PB 2 h prior
to lipopolysaccharides (LPS) administration increased the survival rate to approximately
90%. PB treatment reduced the circulating levels of pro-inflammatory cytokines such as
tumor necrosis factor (TNF) α, interleukin (IL) 6, and IL1 β, as well as nitric oxide (NO).
Moreover, the histopathological analysis showed an improvement in granulocyte and lym-
phocyte infiltration in the liver and lungs, respectively [20]. PB protection against sepsis
and endotoxic shock was also validated by Zhang and colleagues [38]. The researchers
investigated the protective effect during inflammation of PB on bone marrow-derived
macrophages: PB inhibited the activation of pyruvate kinase M2 (PKM2) enzyme, neces-
sary for the metabolic switch from oxidative phosphorylation to glycolysis, which usually
occurs in the activated macrophages. In the sepsis mouse model, after PB treatment, a
reduction of IL1 β levels, but also high mobility group box 1 (HMGB1) (late intermediate
of inflammation) [38], was observed. All things considered, the anti-inflammatory action of
PB seems to be related to its pro-oxidant role. By reducing free GSH levels, PB increased
the production of ROS and Nf-kB oxidation, preventing its binding to DNA [20]. The nu-
clear translocation of Nf-kB is also related to the absence of NF-kappa-B inhibitor alpha
(IkBa) protein. During the inflammatory response, IkBa is degraded. PB stabilized IkBa,
preventing Nf-kB nuclear translocation [18,20]. Arruri and collaborators showed that PB
treatment on a rat model of neuropathic pain led to a decrease of NO levels, as previously
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described [18,20], and of pro-inflammatory cytokines by inhibiting the Nf-kB pathway and
activating Nrf-2 [39].

PB counteracts inflammation consequences not only by acting as a pro-oxidant effector.
In fact, several works showed the antioxidant effect of this natural molecule in the context
of inflammation models. Research on the anti-inflammatory effect of PB was performed
on microglia [40], and it is known to stimulate an excessive amount of pro-inflammatory
cytokines if activated for a long time, leading to the development of neurodegenerative
disorders [41]. LPS-activated microglia showed an increased expression of inducible nitric
oxide synthase (iNOS) [42] and of cytokines like IL1 α, granulocyte-colony stimulating
factors (G-CSF), IL12, monocyte chemoattractant protein (MCP) 1, and MCP5 [40]: all
these effects were reverted by PB treatment [40]. In human SH-SY5Y exposed to OGDR,
PB exerted a protective role by inactivating the NLR family pyrin domain containing
3 (NLRP3)-induced inflammasome [28]. The antioxidant role of PB was linked to the
upregulation of GSH and GPx enzyme levels [26] and to the inactivation of the Nf-kB/TNF
α pathway [26,27]. Recently, Mahmoud and colleagues suggested an additional mechanism
of PB as an anti-inflammatory modulator. According to their studies, the anti-inflammatory
action of PB was associated with the inactivation of the interleukin-1 receptor-associated
kinase (IRAK1), which, in physiological conditions, is implied in the production of IL8, IL6,
IL1 β, and TNF α, [43] which are chemokines with a fundament role in inflammation onset.

3.1. PB in Osteoarthritis, Rheumatoid Arthritis, and Osteoporosis

Osteoarthritis is a chronic inflammatory disorder that is mainly found in aged people
but is also linked to some disorders, such as obesity or a sedentary lifestyle. Prolonged
oxidative stress in the chondrocytes leads to cartilage degeneration [44]. The identification
of natural molecules that could be able to modulate oxidative stress and prevent the onset
of this pathology is an intriguing field of research. Guo and co-workers investigated in vitro
the antioxidant effect of PB on chondrocytes [21]. After H2O2 treatment, PB decreased ROS
levels and lipid peroxidation and increased the enzymatic activity of GSH, SOD, GST, CAT,
and GPx. This was related to the downregulation of Nf-kB, pro-inflammatory cytokines
(TNF α, IL18, IL6), cyclooxygenase 2 (COX2), and iNOS, and the upregulation of Nrf2,
an inducer of expression in many antioxidant enzymes [21,45]. However, there is still
little in vivo evidence of the beneficial effect of PB for osteoarthritis. Therefore, further
investigations are necessary to better understand the possible implications of PB in the
treatment of this pathology.

Many recent studies highlighted the great potential of PB for the treatment of rheuma-
toid arthritis (RA), an autoimmune disease associated with chronic inflammation. Among
the cytokines implied in the development of this disease, RANK-ligand (RANKL) and IL34
are the most relevant [46,47], playing a pivotal role in remodeling bone. Alteration of their
expression can lead to bone loss and chronic inflammation. It was seen that RANKL exerted
an osteoclastogenic action and was inhibited by osteoprotegerin (OPG) [48]. Patients with
RA showed an increased expression of RANKL and a decreased expression of OPG, thus
leading to bone loss [49,50]. RANKL secretion was also related to the expression of IL34.
IL17 is a crucial factor regulating the expression of IL34. PB has already been shown to
be an IL17 inhibitor [51]. These findings were confirmed by Cui and co-workers. Indeed,
the suppression effect of PB on IL17 in synoviocytes derived from RA patients decreased
the effects mediated by IL34 [52]. As a result, after PB treatment, synoviocytes showed a
decreased expression of RANKL and an increased expression of OPG [52] These findings
unraveled the potential use of PB for the treatment of this pathology; further investigations
need to be conducted to better understand the underlying molecular mechanism of action
of PB.

RA represents also a risk factor for osteoporosis. Osteoporosis usually occurs in women
after menopause. However, it can be induced by prolonged treatment with glucocorticoids,
since 30–50% of chronically treated patients develop this pathology [53]. In vitro studies on
osteoblasts treated with dexamethasone provided downregulation models of osteogenic
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markers, such as osteocalcin (OCN), osteopontin (OPN), and Runt-related transcription
factor 2 (Runx2) [24]. Pre-treatment with PB upregulated the expression of the osteogenic
markers, suggesting a potential application of this molecule for the study of osteoporo-
sis [24]. Bone remodeling is related to the Nf-kB pathway and the inflammatory level of the
cell. Nf-kB promoted the osteoclastogenic process by inducing RANKL expression [54–56].
Shen and colleagues investigated the effect of PB on osteoclastogenic differentiation [57],
demonstrating the involvement of Nf-kB during the process. PB inhibited the action of
neutrophil inhibitory factor (NIF), a key factor in the processing of Nf-kB p100 subunit
into p52 form, thus resulting in the indirect inhibition of osteoclastic differentiation [57].
A low dosage of PB (0.1–0.3 μM) on bone marrow mesenchymal stem cells increased Runx2
and alkaline phosphatase (ALP) expression but did not affect osterix (OSX) expression,
which is an early osteogenic promoter of differentiation. Differently, PB 1 μM inhibited
osteogenic differentiation. Hence, PB may promote late osteogenic differentiation and
osteoblast maturation in a way that can be dosage-dependent. The authors also obtained
interesting results in vivo by using an ovariectomized mouse model with bone impairment:
PB-treated mice showed an increase in the thickness of trabeculae and in the number of
osteoblasts [57]. Further studies need to be conducted in order to understand the optimal
dosage of PB that could promote osteogenic differentiation in vivo and the possibility to
use this molecule for therapeutical and regenerative medicine.

Sultanli and co-workers highlighted limitations regarding the usage of PB. According
to the investigated cellular model, PB can alternatively promote or inhibit osteoclastic
differentiation [58]. PB has been tested on macrophages derived from two different mouse
models, C57BL/6 and BALB. In C57Bl/6-derived macrophages, PB promoted the osteo-
clastic differentiation, by upregulating acid phosphatase 5 (Acp5), Cathepsin-k (Ctsk), and
osteoclast-associated Ig-like receptor (Oscar) genes. In BALB-derived macrophages, PB
reduced osteoclastic differentiation by inhibiting the nuclear factor of the activated T cell
1 (NFatC1) pathway [58]. In addition, the C57Bl/6-derived macrophages tolerated elevated
doses of PB (up to 2 μM), while in the BALB-derived macrophages, the same dosage was
toxic for the cells. The authors hypothesized this opposite action was due to the different
genetic backgrounds of the mice. Therefore, in the pre-clinical evaluation of PB as a ther-
apeutic treatment for bone diseases, researchers should consider the influence of genetic
background and the different responses to inflammation of the employed animal models.

3.2. The Antifibrotic Activity of PB

Fibrosis refers to the formation of new fibrotic connective tissue following damage
or trauma in an organ. The deposition of fibrotic tissue leads to a loss of function in the
damaged organ. The increase in collagen and in extracellular matrix levels is often related
to the presence of an inflammatory process, that, if persistent, leads to impaired tissue
function. Due to this correlation, researchers have focused their attention on the possible
implication of PB in the treatment of fibrotic tissues. Wei and co-workers investigated the
effects of PB both in vitro and in vivo [59]. For the in vivo studies, they used a model of
carbon tetrachloride (CCl4)-induced hepatic fibrosis. CCL4 increased the circulating levels
of alanine transaminase (ALT), AST, IL6, and TNF α and this upregulation was suppressed
by PB administration. In vitro studies, PB reduced collagen deposition and alpha-smooth
muscle actin (α-SMA) expression in hepatic stellate cells [59]. The same in vivo model
was used by Chen and colleagues to investigate the molecular pathways involved in PB
action [60]. Here, PB inactivated the epidermal growth factor receptor (EGFR) as well as
the signal transducer and activator of transcription 3 (STAT3) signaling. With the same
mouse model, a few years ago, Chen and co-workers showed how the antifibrotic activity
of PB was connected to its antioxidant properties: PB increased the enzymatic activity of
SOD, GSH, and GPx, leading to a reduction of collagen III deposition and α-SMA protein
expression [61]. Similar findings were obtained in thioacetamide-induced hepatic fibrosis,
where PB inhibited the Nf-kB and Akt pathways in the hepatic stellate cells, blocking the
collagen deposition [30]. In addition to the α-SMA protein expression, PB downregulated
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the transforming growth factor (TGF)1-β protein expression in myofibroblasts and hepatic
stellate cells [31].

The antifibrotic activity of PB was studied with success in models of lung fibrosis.
The Bleomycin-induced lung fibrosis caused tissue structural damage, inflammation, and
collagen deposition by fibroblasts [62]. Moreover, PB seems to inhibit the TGF β pathway,
as demonstrated in other works [62–64]. A more in-depth analysis clarified the correlation
between PB and TGF-β. PB regulated this factor at the epigenetic level by blocking the
histone acetyltransferase p300 [62]. As a consequence, all the genes related to collagen
production (such as col1a1, col3a1, α-SMA) were not expressed [62]. In addition to the TGF
β pathway, PB also modulated mammalian targets of rapamycin (mTOR) and Akt [64].

3.3. Antibacterial and Antiparasitic Activity of PB

Over the years, the bacterial evolution and the genetic mutations together with the
excessive and abusive usage of antibiotics led to an increase in antibiotic resistance acquired
by several pathogenic microorganisms [65,66]. Consequently, there is a pressing need of
investigating new antimicrobial agents. In the literature, several reviews regarding the
antimicrobial, antimycotic, and antiparasitic effects of PB were written [1,67,68]. Here, we
summarized the most recent works that described the molecular mechanisms underlying
PB activities.

Several studies demonstrated that PB, in association with antibiotics or antimycotics,
allowed reducing drug dosage and increasing their efficacy [69–71]. For example, the
synergistic effect of PB with commercial drugs was investigated in K. pneumoniae [70].
By combining PB with gentamicin antibiotic, the dosage of gentamicin decreased from
16 μg/mL to 4 μg/mL. PB augmented the efficacy of gentamicin by promoting the intra-
cellular uptake of the drug into the pathogen [70]. Moreover, the efficacy of PB was also
studied on methicillin-resistant S. aureus MRSA [72]. Dissanayake and colleagues described
an antimicrobial mechanism of action of PB in S. aureus: PB inhibited DNA gyrase activ-
ity, a topoisomerase relevant for the pathogen duplication, by binging the enzyme active
site [73]. Interesting results were obtained in the treatment of colistin-resistant P. aerugi-
nosa [71]. The usage of colistin antibiotics has been limited since this drug is nephrotoxic.
Researchers combined PB with colistin and observed a synergistic effect stopping biofilm
formation. In particular, PB increased pathogen susceptibility to colistin by altering the
membrane permeability [71]. A similar alteration of membrane permeability following PB
treatment was previously reported by Reddy and colleagues in B. subtilis [74].

In 2020, Sarkar and colleagues proposed an additional mechanism of action for PB.
When M. tuberculosis was treated with PB, PB bound and inhibited the activity of thymidy-
late synthase X (ThyX), an enzyme implicated in bacterial duplication and is necessary for
dTMP synthesis, starting from dUMP [75].

The antiparasitic activity of PB was also tested on Leishmania [76] and C. elegans [77],
where PB perturbated the mitochondrial membrane potential and reduced the number of
mitochondria, respectively.

A limit of PB usage consists of its poor solubility in water [11]. Rashidzadeh and
co-workers synthesized nanoparticles to optimize the PB delivery and its bioavailability
for the treatment of malaria. The nanoparticles carrying PB were tested in vivo on mice
infected with P. berghei. The obtained data showed a better antiplasmodial activity of
PB-loaded micelles in comparison with free PB activity [78]. In addition, this study showed
the great potential of the nanoparticles as carriers for PB.

4. The Role of PB in Stem Cells and in Cell Senescence

While the anti-inflammatory effect of PB has been extensively studied, the effect
of this natural compound on stem cells or other progenitor cell types is still unknown.
Several studies have investigated the antitumoral effect of PB [13,79], specifically focusing
on PB and cancer stem cell (CSC) biology. CSCs are responsible for the abnormal growth
and metastatic processes of tumors, as well as for the resistance to chemotherapeutic
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agents [80,81]. Among researchers’ goals, identifying the signature and eradication of CSCs
by using targeted therapy is the biggest challenge. Pan and co-workers investigated the
role of PB on human tongue squamous carcinoma cells [82]: PB promoted cell apoptosis by
increasing ROS levels and, on the other hand, it downregulated the expression of stemness
markers, such as octamer-binding transcription factor 4 (Oct4), sex-determining region Y-
box 2 (Sox2), Nanog and Polycomb complex protein Bmi-1 [82]. Aldehyde dehydrogenase
(ALDH) is highly expressed in cells including CD 34+ cells, c-kit+ cells, CD133+ cells,
and lineage-antigen negative (Lin-) cells, and its expression has been well described in
normal and cancer precursor cells of various lineages [83]. Interestingly, PB exerted a
selective activity against ALDH1+ cells, which is also specifically expressed by a breast
CSC subpopulation [84]. Here, PB reduced stem cell proliferation and the formation of
the mammosphere. PB treatment inhibited the Wnt/beta-catenin pathway, blocking the
epithelial–mesenchymal transition in breast CSCs. These data were also confirmed on
prostate CSCs [85], where PB downregulated fibroblast growth factor (FGF)2 expression, as
well as Nanog, ALDH1, and Oct4. These results have been confirmed in vivo on orthotopic
xenograft nude mice [86]. All these data are in line with the previous findings [82,84,85].

The putative role of PB in modulating the biological properties of stem cells destined
for tissue homeostasis is still unknown. Stem cell properties important for regenerative
medicine applications. However, they need to be expanded in vitro to obtain a sufficient
number of cells for transplantation. During the in vitro culturing, stem cells undergo
replicative senescence [87,88], a process that can be triggered by elevated ROS levels [89,90].
In 2013, a protective role of PB against senescence in human amniotic stem cells was
proposed [89]. PB, as an antioxidant agent, reduced senescence by inhibiting NADPH
oxidase 4 (Nox4) activity and ROS production, as well as by enhancing stem cell prolifera-
tion [91]. PB at 2 μM showed a protective effect, while at higher doses it was cytotoxic [91].
The anti-senescent role of PB was also investigated on hair follicle dermal papilla (DP)
cells [92]. DP cells are responsible for hair growth by secreting growth regulatory factors,
such as FGF-7/keratinocyte growth factor (KGF) and insulin-like growth factor-1 (IGF-1).
Moreover, DP cells seem to play a key role in the development of androgenic alopecia by
secreting TGF-β, which negatively regulates hair follicle development [93]. PB treatment
promoted DP cell proliferation and downregulated the expression of 5α-reductase type II
(SRD5A2), an enzyme that works in senescence and hair follicle development [92]. Thus, PB
could be implied in the treatment of androgenic alopecia.

All the reviewed effects of PB are summarized in the table below (Table 1).

Table 1. Summary of the biological effects of PB.

Cytoprotective Activity

Biological Effect In Vitro In Vivo Ref.

↑ Cell viability
↑ SOD, CAT, GST, GPx activity

↑ Nrf-2 expression
↓ Cas3, 8, 9

� [21–24]

↓ Bax
↑ Bcl2 � � [26,27]

↑ Mitochondrial membrane potential
↓ Apoptosis � [24,28,29]

↑ Liver regeneration
↑ Autophagy � � [30]

↓ LDH, AST, CK
↑ pTEN

↓ PI3K/Akt
� [34]

↓ ROS levels
↑ LC3A II/LC3 I ratio � [35]
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Table 1. Cont.

Cytoprotective Activity

Biological Effect In Vitro In Vivo Ref.

Anti-inflammatory activity

↑ ROS levels
Inactivating Nf-kB � [19,20,37]

↑ Cell viability
↓ IL6, IL1 β, NO � [18,20,39]

Blocking PKM2
↓ IL1 β, NO, HMGB1 � [38]

↑ iNOS, IL1 α, G-CSF, IL12, MCP1,
MCP5

Inactivating NLRP3-induced
inflammasome

� [28,40,42]

↑ GSH, GPx � [26]

Inactivating IRAK1 � [43]

↓ ROS levels, lipid peroxidation
↓ iNOS, IL6, IL18, TNF α

↑ Nrf2
� [21,45]

↓ RANKL
↑ OPG � [52]

Inhibiting NIF
↑ Runx2, OCN, OPN, ALP →

Decreasing osteoporosis
� � [24,57]

Antifibrotic activity

↓ ALT, AST, IL6, TNF α
↑ SOD, GSH, GPx activity

↓ TGF1- β, Collagen III, α-SMA
� � [30,31,59,61,62]

Inactivating EGFR/STAT3 signaling � [60]

Inhibiting TGF1- β/mTOR/Akt
pathways � � [64]

Antibacterial and antiparasitic activity

↑ Intracellular uptake of gentamicin � [70]

Inhibiting DNA gyrase activity � [73]

↑ Membrane permeability and drug
effect � [71,74]

Inhibiting ThyX activity � [75]

↓ Mitochondrial number
Altering mitochondrial membrane

potential
� [76,77]

↓ Plasmodial infection and
propagation � � [78]

Stem cells and cell senescence

↑ ROS levels 1

↓ Oct4, Sox2, Nanog, BMI-1 1 � [82]

↓ Proliferation 1

↓ FGF2, Oct4, Nanog, ALDH1 1 � � [84–86]

↓ ROS levels 2

↑ Proliferation 2

Inhibiting NOX4 activity
� [91]

↑ Proliferation 2

↓ SRD5A2 → Decreasing senescence 2 � [92]

1 Cancer stem cells. 2 Normal stem cells. SOD, Superoxide dismutase; CAT, Catalase; GST, Glutathione S-
transferase; GPx, Glutathione peroxidase; Nrf-2, Nuclear factor erythroid 2-related factor; Cas 3, 8, 9, Caspase
3, 8, 9; Bax, Bcl-2 associated X-protein; Bcl2, B-cell lymphoma 2; LDH, Lactate dehydrogenase; AST, Aspartate
aminotransferase; CK, Creatine kinase; pTEN, Phosphatase and tensin homolog; PI3K/Akt, Phosphoinositide-3-
kinase/protein kinase B (Akt); ROS, reactive oxygen species; LC3A II, Microtubule-associated protein light chain
3 II; Nf-kB, Nuclear factor-kB; IL6, Interleukin 6; IL1 β, Interleukin 1 β; NO, Nitric oxide; PKM2, Pyruvate kinases
M2; HMGB1, High mobility group box 1; iNOS, Inducible nitric oxide synthase; IL1 α, Interleukin 1 α; G-CSF,
Granulocyte-colony stimulating factors; IL12, Interleukin 12; MCP1, Monocyte chemoattractant protein 1; MCP5,
Monocyte chemoattractant protein 5; NLRP3, NRL family pyrin domain containing 3; GSH, Glutathione; IRAK1,
Interleukin-1-receptor-associated kinase; IL18, Interleukin 18; TNF α, Tumor necrosis factor α; RANKL, RANK-
ligand; OPG, Osteoprotegerin; NIF, Neutrophil inhibitory factor; Runx2, Runt-related transcription factor 2; OCN,
Osteocalcin; OPN, Osteopontin; ALP, Alkaline phosphatase; ALT, Alanine transaminase; TGF1-β, Transforming
growth factor 1-β; α-SMA, α-smooth muscle actin; EGFR/STAT3, Epidermal growth factor receptor/Signal
transducer and activator of transcription 3; mTOR, Mammalian target of rapamycin; ThyX, Thymidylate synthase;
Oct4, Octamer-binding transcription factor 4; Sox2, Sex determining region Y-box 2; Nanog, Homeobox protein
Nanog; ALDH1, Aldehyde dehydrogenase 1; NOX4, NADPH oxidase 4; SRD5A2, 5α-reductase type II. ↑ means
“increase in”, ↓ means “decrease in”, → means “imply”.195
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5. Discussion

Natural quinones, occurring not only in plants but also in animals, have garnered
attention due to their pharmacological properties and potential therapeutic significance.
Drugs having quinone moiety such as anthracyclines have been used in cancer therapy
revolutionizing the clinical practice. Plumbagin (PB), a biocompound occurring in many
plant families which showed many interesting biological properties (Figure 1), is a member
of the naphthoquinones, the most prominent type of quinones [1].

Figure 1. Biological activities related to Plumbagin. (Created with BioRender.com).

On relevance, being a plant-derived small compound, PB should not be specifically
delivered, but a simple supplementation and administration can be effective to produce
changes in cells. Beneficial effects can be found in how PB indirectly influences the immune
system mainly by owning protective effects against many cell types. The PB capacity of
promoting the downregulation of inflammation in different pathological models [18–20]
is a result not only of its intrinsic anti-inflammatory activity but also of its antimicro-
bial and antifibrotic effects, in particular, in the pathologies that involve an infectious
pathophysiological background.

The influence of PB on stem cell features [91] should be subjected to investigation due
to the relevance of clinical research on these cells. If stem cell homeostasis is impaired, many
tissues will continue to suffer chronic inflammation insults. The oxidative stress balance
appears to be critical in vivo to maintain stem cell properties and retain them in vitro. Small
molecules and antioxidants are usually added to stem cell media to improve ex-vivo culture
conditions, for maintaining proliferation and prolonging the stemness. On the contrary,
CSCs can be a target for many pro-oxidant molecules to avoid metastasis development and
drug resistance. Fortunately, the scientific community is presenting encouraging evidence
in searching for both these respective effects of PB on normal and cancer stem cells.

Since, the antimicrobial effects have been deeply demonstrated [1,67], not only the
biomedical field can take advantage of PB, but it can also be a promising tool if applied in
other health relative fields, such as in food packaging safety.

Lastly, considering the antimicrobial effect and wondering about the stem cell mod-
ulation, PB may be soon become a valid molecule to be investigated in the regenerative
medicine field. In this context, PB may be employed for biomaterial functionalization, thus
evolving into a useful tool for drug delivery in future biomedical clinical applications.

Of course, there are some limitations in the use and supplementation of phytochemi-
cals like PB, even though researchers usually and successfully showed a broad spectrum of
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applications and advantages for inflammatory-based pathologies. As with many phyto-
chemicals, PB has a double face, as pro-oxidant and anti-oxidant, thus its effects on cells
and tissues have to be carefully considered, in terms of dosage and in vitro conditions
(pH, media composition, oxidative stress, and oxygen levels), because they can determine
an unexpected biological effect by revealing concealed mechanisms of action. In this con-
text, it will also be important, before any translational application in the clinical field, to
find bioavailable as well as safe doses without complications for the patients. In the future,
further chemical modifications of the PB may allow some wanted specificities for targeting
single cell types or increase its bioavailability for in vivo studies.
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Abstract: Inflammation is a response of the organism to an external factor that disrupts its natural
homeostasis, and it helps to eliminate the cause of tissue injury. However, sometimes the body’s
response is highly inadequate and the inflammation may become chronic. Thus, the search for novel
anti-inflammatory agents is still needed. One of the groups of natural compounds that attract interest
in this context is lichen metabolites, with usnic acid (UA) as the most promising candidate. The
compound reveals a broad spectrum of pharmacological properties, among which anti-inflammatory
properties have been studied both in vitro and in vivo. The aim of this review was to gather and
critically evaluate the results of the so-far published data on the anti-inflammatory properties of UA.
Despite some limitations and shortcomings of the studies included in this review, it can be concluded
that UA has interesting anti-inflammatory potential. Further research should be directed at the
(i) elucidation of the molecular mechanism of UA; (ii) verification of its safety; (iii) comparison of the
efficacy and toxicity of UA enantiomers; (iv) design of UA derivatives with improved physicochemical
properties and pharmacological activity; and (v) use of certain forms or delivery carriers of UA,
especially in its topical application.

Keywords: usnic acid; anti-inflammatory; enantioselective

1. Introduction

Inflammation is a dynamic response of the organism to an external factor that disrupts
its natural homeostasis—most commonly apathogenic microorganisms or physical agents.
Generally, this process helps to eliminate the cause of tissue injury, but in some diseases,
the body’s response is highly inadequate. The unfolding chronic inflammation can result
in cellular destruction and damage to tissues, or even promote the development of some
serious diseases, such as cancer [1]. The visual signs of inflammation predominantly
include local redness and swelling, but also pain, heat, and loss of function [2]. These
result from a response of the organism to inflammation agents that initiates the sequential
process, which comprises the activation of phospholipase A2 followed by the release of
arachidonic acid and a number of inflammatory mediators (e.g., proinflammatory TNF-α
or IL-1, anti-inflammatory IL-10 or IL-13) [3,4]. These mediators are one of the possible
important targets in the search for novel anti-inflammatory drugs.

Nature is an almost inexhaustible source of bioactive compounds that can be consid-
ered new drug candidates for the treatment of various disorders, including inflammatory
diseases. The classic anti-inflammatory drug used worldwide, aspirin, is derived from sali-
cylic acid, a natural phenolic abundant in Salix sp. One of the groups of natural compounds
that attract interest in this context is lichen metabolites. Lichens are composite organisms,
that are primarily formed by the symbiotic co-existence of algal and/or cyanobacterial
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units and fungi, with the participation of basidiomycete yeasts and some bacterial com-
munities [5]. A unique feature of lichens is that their metabolism stops under anhydrous
conditions and returns to full metabolic activity under more favorable conditions. Despite
their not very advanced evolutionary development, they contain primary and secondary
metabolites, often with unique structures. One of the most interesting and promising,
in terms of the pharmacological potential of lichen secondary metabolites, is usnic acid
(2,6-diacetyl-7,9-dihydroxy-8,9b-dimethyl-1,3(2H,9bH)-dibenzofurandione), which is found
at a particularly high content (up to 10%) in genera such as Usnea, Alectoria, Cladonia,
Lecanora, Ramalina, and Flavocetraria. Usnic acid (UA) was first isolated in 1844 and, since
then, its biological properties have been intensively studied, focusing mainly on antimi-
crobial, cytotoxic, antioxidant, and anti-inflammatory activities. It should be mentioned
that this is a chiral compound (Figure 1). Even though there are many examples, among
both synthetic and natural compounds, indicating that chirality can determine the activity
observed, the enantioselectivity of usnic acid is still an open question, mainly due to scarce
research data having been published so far [5].

Figure 1. Structures of (−)-usnic acid (A) and (+)-usnic acid (B).

None of the recent reviews on the pharmacological activity of usnic acid have specifi-
cally focused on its anti-inflammatory potential. Therefore, the present paper summarizes
studies published to date on the anti-inflammatory properties of usnic acid in various
in vitro and in vivo models and critically assesses the prospects of this compound with the
view of using it as a lead structure for further chemical modifications. Furthermore, the
enantioselectivity of the action of the compound is also discussed.

2. Materials and Methods

This review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA). A literature search was conducted in
the PubMed, Google Scholar, and Scopus databases, covering reports up to December 2022.
Initially, the search term “usnic acid” was used, but it was too general and gathered papers
on all of the different activities of this compound. For example, Scopus found 1313 articles
containing this keyword. Accordingly, the following search terms were refined: “usnic
acid anti-inflammatory”, “usnic acid antiinflammatory”, “usnic acid inflammation”, and
“anti-inflammatory effects of usnic acid”. An additional criterion was the English language
of the articles. After checking the titles and abstracts of the papers, 72 articles were selected.
Then, after a deeper analysis of the full text, 23 duplicates and 26 studies were excluded.
Further reports were found by checking the reference lists of previously identified scientific
publications. Of the remaining 23 papers, 5 review articles were excluded, resulting in a
total of 18 original studies used to prepare this review. The flow chart of the search method
is shown in Figure 2.
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Figure 2. Searching strategy flowchart.

3. Anti-Inflammatory Potential of Usnic Acid

3.1. Results from the In Vitro Studies

Several in vitro studies described the anti-inflammatory activity of usnic acid in an
attempt to discover the potential mechanism at the cellular level. The published studies
involved experiments on leukocytes or platelets isolated from blood, referring to the
production of an eicosanoid inflammatory mediator, but also on RAW 264.7 macrophages
stimulated by LPS, where NO or a different cytokine release was measured. Details of the
experiments published to date and their results are shown in Table 1.

Kumar and Müller investigated the effect of (+)-UA on leukotriene B4 (LTB4) synthesis
from bovine polymorphonuclear leukocytes. The compound was shown to have only a
weak inhibitory effect on LTB4 biosynthesis, with an IC50 value of 42 ± 2.2 μM, whereas
the values for the reference substances were 0.4 ± 0.21 μM (nordihydroguaiaretic acid)
and 37 ± 4.6 μM (anthralin) [6]. The in vitro effect of (+)-UA on human plate-type 12(S)-
lipoxygenase activity was also verified. However, in the concentration range of up to
100 μg/mL, UA did not inhibit the activity of the enzyme tested [7].

In the study on LPS-stimulated RAW 264.7 macrophages, significant reductions in the
TNF-α level and NO production were observed after UA treatment at doses of 0.5–400 μM,
with IC50 values of 12.8 μM and 4.7 μM, respectively. TNF-α mRNA expression was also
inhibited. Western blot assay showed that UA suppressed LPS-induced inducible nitric
oxide synthase (iNOS) protein synthesis and NF-κB p65 nuclear translocation in the cells
tested. The degradation of I-κBα, a protein that inhibits NF-κB by masking the nuclear
localization signals of NF-κB proteins and keeping them sequestered in an inactive state in
the cytoplasm, was inhibited [8].

In a study by Huang et al. (2014), in the same cellular model, a similar decrease in the
production of pro-inflammatory factors TNF-α, IL-1β, IL-6, and NO after treatment with
UA at the concentrations of 1.5 and 10 μg/mL was noted. The observed decrease in the
expression of TNF-α mRNA, COX-2 mRNA, and iNOS mRNA confirmed the activity of the
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compound at the cellular transcriptional and translational levels. At the same time, the mRNA
levels of anti-inflammatory IL-10 and anti-inflammatory mediator heme oxygenase-1 (HO-1)
increased significantly. Furthermore, a reduction in NF-κB activation was observed. These
results indicated a dual effect of UA in reducing inflammation by stimulating the secretion of
anti-inflammatory factors and inhibiting pro-inflammatory factors [9].

Table 1. Summary of in vitro anti-inflammatory activity of usnic acid.

In Vitro Model Experimental Conditions Effects Ref.

bovine
polymorphonuclear
leukocytes (PMNL)

(+)-UA
Reference: nordihydroguaiaretic
acid, anthralin
Groups: Ca-ionophore
A23187-stimulated cells
Methods: RP-HPLC (inhibition of
LTB4 biosynthesis)

• weak inhibitory effect on
LTB4 biosynthesis

• IC50 42 ± 2.2 μM for UA vs.
0.4 ± 0.21 μM for
nordihydroguaiaretic acid
vs. 37 ± 4.6 μM for anthralin

[6]

human platelets

(+)-UA (3.33–100 μg/mL)
Reference: baicalein (IC50 = 24.6 μM)
Methods: optical density, RP-HPLC
(inhibition of platelet-type 12(S)-LOX)

• no activity of UA up to 100 μg/mL [7]

RAW 264.7 macrophages

UA (0.5–400 μM)
Reference: none
Groups: LPS-stimulated cells, untreated cells
Methods: Griess reagent (NO), ELISA assay
(TNF-α, iNOS, NF-κB, I-κB).

• ↓ TNF-α (dose-dependent
effect)—IC50 12.8 μM.

• ↓ NO (dose-dependent effect)—IC50
4.7 μM.

• ↓ iNOS for 2.5, 5, 10 μM UA.
• ↓ NF-κB p65 for 2.5, 5, 10 μM UA.
• ↓ I-κB for 2.5, 5, 10 μM UA

[8]

RAW 264.7 cells

UA (1, 5, 10 μg/mL)
Reference: dexamethasone 0.5 μg/mL
Groups: LPS-stimulated cells, untreated
cells (control)
Methods: ELISA assay (TNF-α, IL-1β, IL-6,
IL-10), Griess reagent (NO), RT-PCR (TNF-α
mRNA, COX2 mRNA, iNOS mRNA, HO-1
mRNA), immunocytochemical assay
(NF-κB), Western Blot (COX-2, HO-1)

• dose-dependent effect—most effective
dose 10 μg/mL UA.

• ↓ TNF-α, IL-1β, IL-6, NO, mRNA of
TNF-α, mRNA of COX2, mRNA of
iNOS, NF-κB.

• ↓ HO-1 mRNA (only 1 μg/mL)

[9]

RAW 264.7 cells

(+)-UA, (−)-UA (10, 25 μg/mL)
Reference: dexamethasone 0.5 μg/mL
Groups: LPS-stimulated cells, untreated
cells (control)
Methods: ELISA assay (TNF-α, IL-6) Griess
reagent (NO), Western Blot (TLR4, cPLA2,
COX-1, COX-2).

• ↓ NO for all variants
• ↓ IL-6 (only for (+)-UA 25 μg/mL)
• no influence on TNF-α production.
• ↓ TRL4 for all variants
• ↓ cPLA2 for all variant
• ↓ COX-1 for all variant ↑ COX-2 (only

for (+)-UA 25 μg/mL)

[10]

MCF-7 breast cancer cells

UA (0.623–15,638 μM)
Reference: none
Groups: untreated (control)
Methods: biochemical analysis (MDA, GSH),
Griess reagent (NO), ELISA assay (PGE2,
IL-2, IL-6, TNF-α), Bio-Plex assay (VEGF),
RT-PCR (COX-2, iNOS)

• dose-dependent effect—most effective
dose 15,638 μM (group 6) UA

• ↓ NO, PGE2, IL-6, TNF-α, VEGF
• ↓ COX-2 and iNOS (by 81% in 6

groups compared to control)
• ↓ GSH (1,33-fold compared to control)
• ↑ MDA (1,62-fold compared to control)

[11]

UA, usnic acid; RP-HPLC, reverse-phase high-performance liquid chromatography; LTB4, leukotriene B4; TNF-α,
tumor necrosis factor alpha; iNOS, inducible nitric oxide synthase; NF-κB, nuclear factor kappa B; I-κB, IκB kinase;
LPS, lipopolysaccharide; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-10, interleukin-10; NO, nitric oxide; RT-PCR,
reverse transcription polymerase chain reaction; COX-2, cyclooxygenase-2; HO-1, heme oxygenase; TRL4, toll-like
receptor 4; cPLA2, cytosolic phospholipase A2; COX-1, cyclooxygenase-1; MDA, malondialdehyde; GSH, glutathione;
PGE2, prostaglandin E2; IL-2, interleukin-2; VEGF, vascular endothelial growth factor; ↓ decrease; ↑ increase.
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In our own studies on LPS-stimulated RAW 264.7 cells, the effects of both UA enan-
tiomers at concentrations of 10 and 25 μg/mL were compared. A significant reduction in
NO production was found for both concentrations, irrespective of the enantiomer used. In
the case of IL-6, only the 25 μg/mL dose of both enantiomers had a significant effect on its
release, whereas TNF-α production decreased only slightly, with no significant differences
compared to control cells treated with LPS. In addition, the effect of both enantiomers on
the expression of pro-inflammatory proteins: toll-like receptor 4 (TLR4), cytosolic phospho-
lipase A2 (cPLA2), and cyclooxygenases (COX-1, COX-2) was also assessed. The inhibitory
effect on TLR4 was observed at UA concentrations of 10 and 25 μg/mL, irrespective of
the enantiomer used. Both UA enantiomers significantly and dose-dependently reduced
cPLA2 synthesis in comparison to LPS-stimulated macrophages, with the strongest ef-
fect observed for (+)-UA at a concentration of 10 μg/mL. A dose-dependent decrease in
COX-1 protein levels was observed for both enantiomers, but for (+)-UA only the higher
dose made the effect significantly different from LPS-stimulated macrophages. Both UA
enantiomers significantly decreased COX-2 protein levels, but for (−)-UA, the effect was
dose-independent. Surprisingly, (+)-UA slightly increased COX-2 synthesis at the higher
dose. The study showed a slight pro-inflammatory effect of (+)-UA, as the compound
increased cPLA2 and COX-2 expression at the higher dose of 25 μg/mL, whereas no such
effect was observed for (−)-UA [10].

A recent study tested the effect of UA on a broad panel of cytokines produced by
unstimulated human breast cancer MCF-7 cells. In a concentration range of 0.62–15.64 μM,
the compound significantly reduced the release of NO, vascular endothelial growth factor
(VEGF), prostaglandin E2 (PGE2), cytokines (IL-2, CXCL 10, CXCL8, CCL2 (MCP-1), TNF-α,
IL-6) in the cells, in a dose-dependent manner, compared to control cells. The compound
also reduced the expression levels of COX-2 and iNOS genes [11].

3.2. Results from In Vivo Studies

It is noteworthy that UA was also tested in vivo in several models involving wound-
healing, neurodegenerative, or lung diseases. Nevertheless, only one of these studies
compared the impact of both enantiomers. Details of the experiments published to date
and their results are shown in Table 2.

Table 2. Summary on in vivo anti-inflammatory activity of usnic acid and its derivatives.

In Vivo Model Experimental Conditions Effects Ref.

Induced chronic and
acute inflammation in

Wistar rats (n = 30)

(+)-UA: 25, 50, 100 mg/kg orally (p.o.)
Reference: ibuprofen 100 mg/kg
Different groups: untreated control
Methods: volume of paw edema, weight of
cotton pellets.

• anti-edematous and anti-inflammatory
effects of UA

• dose-dependent effect, with most
effective dose of 100 mg/kg

• ↓ paw edema volume
• ↓ cotton pellet weight

[12]

Wound healing models

Burn wound in male
Wistar rats (n = 45)

Collagen film with liposomal UA:
330 mg/4 cm2, dermal application for 7, 14,
and 21 days.
Reference: no data
Different groups: collagen film, collagen film
with empty liposomes.
Methods: histological assessment of
inflammatory profile, epithelization rates,
collagen deposition, mean of myofibroblasts
for histological field.

• day 7: moderate neutrophil infiltration
over the entire wound surface (UA
group) vs. infiltration only at the edges
of the wound (other groups).

• day 14: ↓ inflammation with high
plasma cell infiltration in UA group
vs. others.

• day 21: slight inflammation in all
groups. Content of highly undulating
and dense type I and III collagen fibers,
↑ conversion of type III to type I
collagen (UA group).

[13]
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Table 2. Cont.

In Vivo Model Experimental Conditions Effects Ref.

Wound healing models

Burn wound in a porcine
model (n = 9)

Gelatin-based membranes with liposomal
UA: 127.02 mg/7 cm2, dermal application for
8, 18, and 30 days.
Reference: ointment with silver sulfadiazine.
Different groups: duoDerme® dressing.
Methods: histological assessment of burn
healing grading, collagen deposition.

• day 8: severe inflammation (UA group)
vs. moderate (other groups).

• day 18: granulation tissue neoplasia
advanced in all groups; more visible
fibroblasts (UA group).

• day 30: 100% wound healing (UA and
DuoDerme groups) vs. 80% (silver
sulfadiazine ointment group).

[14]

Healing of wound in
8-week-old male Wistar

rats (n = 64)

SUA: 38.4 mg/L in DMSO, daily dermal
application for 21 days.
Reference: gentamicin sulfate 0.01%.
Different groups: untreated control, pure
DMSO.
Methods: wound area measured at 3, 7, 10,
and 14 days after wounding. Histological
assessment, immunohistochemistry analysis
(VEGF).

• ↑ wound healing, re-epithelialization, ↓
inflammation (SUA and gentamicin
groups).

• on day 21, full skin regeneration (SUA
and gentamicin groups).

• VEGFT highest on day 1 (SUA,
gentamicin) and day 3 (no treatment,
pure DMSO).

• No significant differences between
gentamicin and SU.

[15]

Neurodegenerative diseases models

Model of cerebral
ischemia/reperfusion by
20-min occlusion of the
carotid arteries in male

Wistar rats (n = 42)

UA: 25 mg/kg in DMSO, intraperitoneally
(i.p.), 20 min of ischemia, and 48 h of
reperfusion.
Reference: no data
Different groups: sham-operated, untreated
control.
Methods: Morris water maze task, spatial
training test, spatial probe test,
immunohistochemistry analysis (caspase-3,
GFAP, Iba-1), biochemical assessment (SOD,
GSH, MDA).

• ↑ caspase-3, GFAP, Iba-1 proteins
• ↑ SOD and GSH
• ↓ MDA

[16]

MPTP-induced
Parkinson’s disease

model in mice C57BL/6
(n = 40)

UA: 5 and 25 mg/kg intraperitoneally (i.p.)
used daily for 10 days before MPTP-induced
Parkinson’s disease.
Reference: no data
Different groups: sham control,
untreated control.
Methods: motor performance testing
(rota-rod), immunocytochemical and
immunochemical tests (Iba-1, GFAP, iNOS).

• ↓ astrocytic GFAP, microglial Iba-1,
inducible nitric oxide synthase (iNOS)
in the substantia nigra in UA group.

• dose-dependent effect—most effective
dose 25 mg/kg UA

[17]

Aβ1-42-induced
Alzheimer’s disease

model in female mice
(n = 81)

(R)-(+)- and (S)-(−)-UA: 25, 50, and
100 mg/kg, orally (p.o.) for 24 days.
Reference: donepezil 2 mg/kg.
Different groups: naïve, untreated control,
sham-operated,
Methods: open field test, novel object
recognition test, Morris water maze task,
Inhibitory-avoidance test, biochemical
analysis (SOD, GSH, LOOH, MPO, IL-1β).

• ↑ SOD ((R)-(+)-UA (50 and 100 mg/kg),
(S)-(−)-UA (100 mg/kg)) in
the hippocampus.

• ↑ GSH ((R)-(+)-UA 100 mg/kg) in
the hippocampus.

• ↓ LOOH, MPO (all variants) in the
cerebral cortex and hippocampus.

• ↓ IL-1β only in the hippocampus
(without (S)-(−)-UA 100 mg/kg).

• no effect on TNF-α.

[18]
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Table 2. Cont.

In Vivo Model Experimental Conditions Effects Ref.

Neurodegenerative diseases models

Okadaic acid-induced
memory impairment in

male rats SD (n = 32)

UA derivative No 30 *: 5 and 10 mg/kg,
intraperitoneally (i.p.) for 7 days after
okadaic acid injection.
Reference: no data
Different groups: sham-operated, natrium
chloratum 0.9%.
Methods: Morris water maze task.

• ↑ memory and cognitive abilities of
the derivative.

• dose-dependent effect—most effective
dose 10 mg/kg UA.

• ↓ escape latency
• no impact on swimming speed.

[19]

Lung diseases models

LPS-induced acute lung
injury (ALI) in mice

(n = no data)

UA: 25, 50, or 100 mg/kg used daily for
5 days intratracheal.
Reference: dexamethasone 5 mg/kg.
Different groups: naïve, untreated control.
Methods: histological assessment of BALF,
immunochemical analysis (MPO, MDA,
TNF-α, IL-6, IL-10, IL-8, MIP-2, GSH, SOD).

• dose-dependent effect—most effective
dose 100 mg/kg UA

• ↓ mortality (50, 100 mg/kg)
• ↓ immune cells in the bronchoalveolar

lavage fluid (BALF).
• ↓ MPO, MDA, TNF-α, IL-6, IL-10, IL-8,

MIP-2 (50, 100 mg/kg).
• ↑ GSH and SOD (50, 100 mg/kg)

[20]

Bleomycin-induced lung
fibrosis in mice
(n = no data)

UA: 25, 50, or 100 mg/kg with bleomycin
15 mg/kg used daily for 21 days i.p.
Reference: prednisone acetate 5 mg/kg.
Different groups: natrium chloratum 0.9%,
untreated control.
Methods: histological assessments,
immunochemical analysis (TGF-β1, TNF-α,
IL-1β,IL-6, SOD, MDA).

• dose-dependent effect—most effective
dose 100 mg/kg UA.

• ↑ SOD, ↓ MDA (100 mg/kg UA)
• ↓ TGF-β1, TNF-α, IL-1β and IL-6 (all

doses of UA).

[21]

UA, usnic acid; SUA, sodium usnic acid; DMSO, dimethyl sulfoxide; VEGF, vascular endothelial growth fac-
tor; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adapter molecule 1; SOD, superoxide
dismutase; GSH, glutathione; MDA, malondialdehyde; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
iNOS, inducible nitric oxide synthase; LOOH, lipid hydroperoxide; MPO, myeloperoxidase; IL-1β, interleukin-1β;
TNF-α, tumor necrosis factor alpha; BALF, bronchoalveolar lavage fluid; IL-6, interleukin-6; IL-10, interleukin-10;
IL-8, interleukine-8; MIP-2, macrophage inflammatory protein-2; TGF-β1, transforming growth factor β1, * UA
derivative No 30, according to [19]; ↓ decrease; ↑ increase.

In probably the first published study, the anti-inflammatory potential of (+)-UA was
evaluated in a rat model of induced chronic and acute inflammation; the compound’s
activity was comparable to ibuprofen, which was used as a reference substance [12]. After
a hiatus of almost a decade, studies exploring the anti-inflammatory potential of UA
began to continue, targeting more specific problems, such as dermal inflammation and
neurodegenerative- or lung disease-related inflammation.

Hard-to-heal wounds are a major health care problem. Inflammation is one of the natu-
ral stages of wound healing, forming an immune barrier against microbes. In many chronic
wounds, there is clinically significant wound infection and/or excessive inflammation. The
interesting efficacy of UA, in liposome form, in the treatment of burn wounds has been
demonstrated in two experiments by the same research group (Table 2). In animals treated
with UA, a significant improvement was observed in collagen quality and density [13], but
also in granulation tissue and scar repair—better than in the case of the reference compound
(sulfadiazine silver ointment) [14]. Despite some information on the allergic potential of
UA [22], the authors did not observe such effects, even during the prolonged exposure time
(up to 30 days). This could be explained by the use of a liposomal form in the study, which
is safer for the body than the direct application of the compound [23].

Some recent studies, probably inspired by the lipophilic properties of UA and the
proven ability of (−)-UA to cross the blood–brain barrier in vitro [24], have attempted to
verify the exploitation of UA’s anti-inflammatory potential in neurodegenerative diseases.
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Cerebral ischemia causes oxidative stress, inflammation, and cell apoptosis due to oxygen
deficiency. Astrocytes, some of the largest cells in the brain, are capable of producing
pro-inflammatory factors under hypoxia, such as glial fibrillar acidic protein (GFAP). This
protein is used as an indicator of astrocyte ischemia. Another indicator used to assess
microglia activation is ionized calcium-binding adapter protein-1 (Iba-1). A study by
Erfani et al. reported that UA significantly reduced the increase in caspase-3, GFAP, and Iba-
1 values after cerebral ischemia in rats (Table 2). In addition, UA also revealed antioxidant
activity, observed as an increase in superoxide dismutase (SOD) and glutathione synthetase
(GSH) activity in hippocampal cells, which may support its anti-inflammatory activity
against ischemia [16].

The neuroprotective effect of UA, resulting from its anti-inflammatory properties, was
also suggested by the results of another study, with Parkinson’s-like brain changes induced
by MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) in mice (Table 2). UA suppressed
motor dysfunction and effectively attenuated neurodegenerative changes (loss of dopamin-
ergic neurons) in the substantia nigra and striatum. Moreover, the aforementioned markers,
astrocytic GFAP and microglia Iba-1, were reduced in UA-treated animals, followed by the
reduced activation of inducible NOS (an inflammation-related gene) in the substantia nigra.
This confirms the ability of UA to inhibit inflammatory processes in the central nervous
system [17].

One hypothesis for Alzheimer’s disease is that amyloid-β protein (Aβ) is deposited
as amyloid fibers or non-fibrous amorphous aggregates in senile plaques, resulting in im-
paired neuronal transmission [25]. Aβ1−42 is one of the more cytotoxic amyloid isoforms,
whose aggregation in the central nervous system causes neuroinflammation, oxidative
stress, and apoptosis of the neuronal cells. Cazarin et al. tested different concentrations of
UA enantiomers for the reduction in cognitive deficits, oxidative imbalance, and inflamma-
tion after the injection of Aβ1-42 into female mice (Table 2). This compound was chosen
because, according to the authors, its structure reveals some similarities to galantamine, a
drug used in Alzheimer’s disease. This was further supported by the results of their in silico
experiment, where both UA enantiomers exhibited a complex-receptor interaction with
acetylcholinesterase (AchE), similar to that of galantamine. In addition, both enantiomers
revealed nootropic properties, observed as improved learning and memory in animals
in various tests, and also reduced the activity of myeloperoxidase (MPO) and lipid hy-
droperoxides (LOOH) in the cortex and hippocampus and IL-1β levels in the hippocampus,
without an effect on TNF-α. Despite the use of two enantiomers, the authors did not discuss
differences in their activity [18].

The anti-inflammatory properties of UA have also been assessed for acute lung injury
and acute respiratory distress syndrome, inflammatory diseases characterized by lung
infiltrates, pulmonary edema, or hypoxemia, but also by a rapid overproduction of pro-
inflammatory cytokines and chemokines, with a mortality rate of up to 40%. Both diseases
are serious, with a long course for which there is still no effective treatment [26]. Zu-
Qing Su et al. investigated the effect of UA on LPS-induced acute lung injury (ALI) in
mice (Table 2). The application of UA significantly reduced mortality in mice with ALI,
as well as neutrophils, macrophage levels, and the production of the studied cytokines
in bronchoalveolar lavage fluid. However, the amount of anti-inflammatory IL-10 in
the UA group was lower than in the LPS group. These results may be related to the
suppressive effect of UA on neutrophil infiltration, which led to a reduction in the number
of neutrophils in the lavage fluid. IL-10, as a counter-regulatory cytokine, is known to
be produced more intensively after the increase in TNF-α production induced by LPS,
which may also explain the high IL-10 content in the LPS group. Furthermore, the levels of
myeloperoxidase (MOP), malondialdehyde (MDA), and H2O2 were significantly reduced,
while the observed increase in SOD and GSH activities indicated the antioxidant properties
of the compound [20]. In an experiment by Huang et al., lung fibrosis was induced
with bleomycin in mice, and the impact of UA on selected markers, such as SOD, MDA,
transforming growth factor beta 1 (TGF-β1), TNF-α, IL-1β, and IL-6, were investigated.
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Bleomycin caused a significant increase in MDA concentration and a decrease in SOD
activity in the samples tested. The compound effectively inhibited MDA levels and reversed
the bleomycin-induced decrease in SOD activity, and this effect was comparable to that
of the reference prednisone acetate. In addition, there was a significant decrease in the
expression of the cytokines tested, as recorded for UA, in a dose-dependent manner, thereby
reducing inflammation in the lung tissue [21].

4. Anti-Inflammatory Potential of Synthetic Usnic Acid Derivatives In Vitro and In Vivo

Due to the documented anti-inflammatory effects of usnic acid, attempts have also
been made to modify its structure in order to obtain synthetic derivatives, with improved
physicochemical and anti-inflammatory properties. The studies were mainly conducted
within in vitro models on LPS-stimulated cells of various origins, but two in vivo exper-
iments have also been described. Details of the experiments published to date and their
results are shown in Table 3.

Table 3. Summary of in vitro anti-inflammatory activity of usnic acid derivatives.

Cellular Model Experimental Conditions Effects Ref.

lymphoma
U937 cells

16 derivatives of UA (10 μM)
Reference: prednisolone 10 μM
groups: LPS-stimulated cells
Methods: ELISA assay (IL-1β, TNF-α)

• Compounds No 5f and 5h—the highest scores
• ↓ TNF-α by 90.94% and 83.75%, respectively,

vs. prednisolone at 60.69%
• ↓ IL-1β by 12.4% and 16.74%, respectively,

vs. prednisolone at 46.11%
• IC50 1. (No 5f) and 1.88 (No 5h) vs. prednisolone 0.52

[27]

lymphoma
U937 cells

UA derivatives No 4-13 (10 μM)
Reference: dexamethasone 10 μM.
Different groups: LPS-stimulated cells,
Methods: ELISA assay (IL-1β, TNF-α)

• Compounds No 5, 6, and 13—the highest scores
• ↓ TNF-α by 80.1%, 17.3%, and 4.7%, respectively,

vs. dexamethasone at 81.4%
• ↓ IL-1β by 25.4%, 90.4%, 85.4%, respectively,

vs. dexamethasone at 80.5%
• IC50 from 5.3 ± 0.01 (No 5) to 7.5 ± 0.1 (No 6)

vs. dexamethasone from 1.5 ± 0.04 to 2.9 ± 0.05

[28]

microglia
BV2 cells

UA derivative No 30 (2.5, 5, 10 μM)
Reference: sodium usnate 10 μM
Different groups: LPS-stimulated cells
Methods: Griess reagent (NO)

• Dose-dependent effect—most effective dose 10 μM
• ↓ NO by 41% (10 μM) [19]

UA, usnic acid; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor alpha; IL-1β, interleukin-1β; NO, nitric
oxide. ↓ decrease.

Vanga et al. [27], synthesized sixteen novel (+)-UA-based triazole hybrids and eval-
uated their in vitro anti-inflammatory potential against TNF-α and IL-1β release in the
LPS-stimulated human lymphoma U937 cell line. Four intermediates (Figure 3) of the
target synthesis (which were also included in the study) and sixteen synthesized tria-
zole derivatives (Figure 4) showed promising anti-inflammatory activity against TNF-α,
with IC50 values ranging from 1.40 to 5.70 μM compared to an IC50 > 100 μM for the
parent compound.

The authors suggest that the triazole ring with an aliphatic side chain may be re-
sponsible for the increase in anti-inflammatory activity. Two of the triazole derivatives,
5f and 5h (Figure 4), were the most promising in terms of activity, as their IC50 (1.40 and
1.88 μM) were most similar to the values obtained for prednisolone (IC50 0.52 μM), used
as a reference drug. Interestingly, two of the intermediates tested (compounds 2a and 2b,
Figure 3) showed stronger activity than some of the final triazole derivatives [27].
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Figure 3. Intermediates of the target UA derivatives synthesis, according to Vanga et al. [27].

Figure 4. Structures of the synthesized UA triazole derivatives according to Vanga et al. [27], with
the modification of the parent structure marked with yellow frames.

In a subsequent study, the same group of authors synthesized ten new (+)-UA imida-
zolium salts, which were evaluated for the in vitro anti-inflammatory potential of TNF-α
and IL-1β on the LPS-stimulated human lymphoma U937 cell line. The three most ac-
tive synthesized derivatives inhibited the release of TNF-α and IL-1β in 80.1 and 25.4%
(compound No. 5, Figure 5); 17.3 and 90.4% (compound No. 6, Figure 5); and 4.7 and
85.5% (compound No. 13, Figure 5), respectively. The values for the reference substance,
dexamethasone, were 81.4% and 80.5%, respectively. The IC50 values of the three most
active compounds (No. 5, No. 6, No. 13) ranged from 5.3 μM to 7.5 μM and were many
times lower compared to the parent UA (>100 μM), while for dexamethasone the IC50
values were 1.5 and 2.9 μM, respectively. The authors noted that the introduction of an
enamine group at the C-2 position of (+)-UA, as present in the derivatives 5, 6, and 13,
significantly increased the assessed anti-inflammatory activity, compared to the parent
compound. Moreover, these most active derivatives were also characterized by the presence
of electron-withdrawing groups in the phenacyl moiety, such as chloro, nitro, and bromo
groups, while compounds bearing aromatic or heteroaromatic substituents (4 and 8–12)
were significantly less active [28].
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Figure 5. Structures of imidazolium salts of (+)-UA, according to Somasekhar et al. [28], with the
modification of parent structure marked with yellow frames.

Another study focused on the modification of the (+)-UA structure, retaining its anti-
inflammatory properties, with additional properties to inhibit tau protein aggregation
(an important element in the pathogenesis of Alzheimer’s disease). Twenty-five enamine
derivatives and twenty-five hydrazines and hydrazides of (+)-UA were synthesized, but
due to their better water solubility, the sodium salt of usnic acid (sodium usnate, SU,
Figure 6A) was used as the reference parent compound. Compound No 30, with a sub-
stituted p-benzoic acid group (Figure 6B), appeared to be the most promising in terms of
inhibition of tau aggregation.

Figure 6. Structures of usnic acid sodium salt (A) and compound No 30 (B), according to Shi et al. [19],
with the modification of parent structure marked with yellow frames.

This compound was also evaluated for the inhibition of LPS-induced nitric oxide
release in the BV-2 mouse microglia cell line compared to SU. Interestingly, compound No
30 retained the anti-inflammatory effect of SUA and inhibited NO release by 41%, while
it was significantly less toxic to the cells. The authors also assessed the neurotoxic and
hepatotoxic potential of this derivative in vitro, and only minor effects on the viability of
human neuroblastoma SH-SY5Y and LO2 hepatocytes were observed. Furthermore, in
an in vivo Morris water maze test (see Table 2 for details), compound No 30 improved
conventional reference spatial memory and cognitive abilities in okadaic acid-induced
Alzheimer’s disease model rats [19].

Zhiheng Zhang et al. [15], investigated the sodium salt of usnic acid (SUA, Figure 6A),
in the healing of an experimentally prepared wound in 8-week-old Wistar rats (see Table 2
for details). After 14 days of the experiment, a significant increase in wound healing activity
was observed in the group treated with SUA (38.4 mg/kg), and the reference gentamicin
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sulfate (GA, 0.01%), compared to the untreated group. Furthermore, after the third day
of treatment, the level of VEGF was significantly elevated in the SUA and GA groups,
indicating faster skin regeneration processes. Unfortunately, UA alone was not included
in the study; therefore, a comparison of the activity of SUA and the parent structure is
not possible.

Despite the small number of experiments performed, the derivatives of UA designed
so far, even as simple as its sodium salt, clearly demonstrate the utility of the compound’s
parent structure to enhance its anti-inflammatory potential, both in vitro and in vivo.

5. Limitations of the Studies Included in the Review

Surprisingly few in vitro studies have been carried out so far, and their results still do
not answer the question of UA’s anti-inflammatory mechanism. Only a general conclusion
can be drawn, indicating an effect of the compound on the release and synthesis of inflam-
matory mediators, while more in-depth mechanistic studies are really needed. Although
UA revealed significant anti-inflammatory activity in a relatively low concentration range
of 5–25 μg/mL, the effect of dexamethasone used as the reference drug was observed at
a much lower dose of 0.5 μg/mL. Furthermore, the control drug was used only in two
studies, conducted on LPS-stimulated macrophages, and the results obtained in these
studies are contradictory; the activity of UA was similar [9] or much weaker [10] than that
of dexamethasone. The other two studies mentioned above did not include the reference
drug [8,11].

Despite the interesting effects, the in vivo studies published so far can only be treated
as preliminary observations, as a relatively small number of animals were used. The
observed effects of usnic acid in reducing inflammation are particularly promising in
wound-healing models using the liposomal form of UA, which may reduce the risk of UA’s
allergic potential.

Although information on the pharmacokinetics of UA is limited, the experimental data
suggest its high bioavailability [22], which may justify its potential oral use—for example,
in neurodegenerative or lung diseases—as presented in the cited articles. However, in
our opinion, the issue of UA toxicity, especially hepatotoxicity [29,30], was not taken
into account during these experiments, as the cited studies generally lack information on
the effects of UA on the liver or other organs. In one paper, the authors mentioned this
problem [18], speculating that the effective UA dose of 25 mg/kg proven in their study
was much lower than the toxic doses (<50 mg/kg) reported in some previous toxicological
experiments [29]. As the effective dose of UA was 100 mg/kg in some studies included in
this review, there is still a question about its safety.

The results obtained also cannot provide direct information on the superiority of
one UA enantiomer over the other, as only two studies directly compared the activity of
both enantiomers [10,18], while most of the other studies tested only (+)-. However, the
significant differences in activity, as well as the small pro-inflammatory effect observed in
our study for (+)-UA only, may suggest that this issue requires further research.

6. Conclusions

Although the studies included in this review have some limitations and shortcomings, it
can be concluded, without a doubt, that usnic acid has interesting anti-inflammatory potential.
The summary of the results of the studies included in the review is presented in Figure 7.

Further research into its action in inflammatory diseases is highly anticipated, particu-
larly directed at the (i) elucidation of the molecular mechanism of UA’s anti-inflammatory
activity; (ii) verification of UA’s hepatotoxic properties, especially at the higher doses
used; (iii) comparison of the efficacy and toxicity of UA enantiomers; (iv) design of UA
derivatives, with improved physicochemical properties (especially solubility) and pharma-
cological activity, as well as high safety; and (v) use of certain forms or delivery carriers of
UA, especially in its topical application.
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Figure 7. Summary of the anti-inflammatory effects of usnic acid and its derivatives.
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Abstract: Inflammation is a common feature of many respiratory diseases, such as pneumonia,
asthma, pulmonary fibrosis, chronic obstructive pulmonary disease (COPD), lung cancer, acute
lung injury, and COVID-19. Flavonoids have demonstrated their anti-inflammatory and antioxidant
effects by influencing inflammation at different stages and majorly impacting several respiratory
diseases’ onset and development. According to current studies, hesperidin, one of the most abun-
dant polyphenols, can inhibit transcription factors or regulatory enzymes essential for controlling
inflammation-linked mediators, including nuclear factor-kappa B (NF-κB), Inducible nitric oxide
synthase (iNOS), and cyclooxygenase-2 (COX-2). It also improved cellular antioxidant defences by
activating the ERK/Nrf2 signalling pathway. Therefore, this review provides the latest studies on the
effect of hesperidin in different respiratory diseases, its pharmacokinetic profile, and innovative drug
delivery methods.

Keywords: hesperidin; inflammation; respiratory lung diseases; flavonoids

1. Introduction

Airway inflammation has a causative role in the pathophysiology of several signifi-
cant respiratory diseases, including lung fibrosis, asthma, chronic obstructive pulmonary
disease (COPD), acute respiratory distress syndrome (ARDS), pulmonary fibrosis, em-
physema, and other respiratory diseases. Inflammation increases due to the production
of pro-inflammatory cytokines, which cause mononuclear cells and polymorphonuclear
eosinophils neutrophils to migrate into the lung tissue [1,2]. Over the last 10 years, many
natural substances or phytochemicals with anti-inflammatory activities have been discov-
ered as potential treatment possibilities. Additionally, drug development efforts focused
on these natural compounds’ high efficacy and few adverse effects.

Hesperidin is a member of polyphenolic phytochemicals called flavonoids known for
their wide range of pharmacological activities, such as anti-oxidative, anti-inflammatory,
and anti-neoplastic properties [3,4]. Hesperidin is beneficial in treating and managing
respiratory problems, as demonstrated by several clinical investigations [5]. In addition,
hesperidin has been found to have a preventative impact against respiratory infections [6,7].
The primary purpose of this study is to provide readers with a thorough grasp of how
hesperidin benefits conditions related to the lungs or the respiratory system. The central
focus of this review is the significance of hesperidin in managing all lung disorders and the
healing process.

2. Search Strategy

We searched PubMed/Medline, Science Direct, Scopus, ProQuest, and Google Scholar
as well as Google databases using the following keywords: “hesperidin”, “drug deliv-
ery”, “inflammation”, “lung fibrosis”, “asthma”, “COPD”, “acute respiratory distress
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syndrome (ARDS)”, “pulmonary fibrosis”, “emphysema”, “Pharmacokinetics”, “toxicity”,
“bleomycin”, and “oxidative stress.

Relevant English-language papers published up through December 2022 were eligible
for inclusion in this analysis. This review comprised every paper that evaluated the impact
of hesperidin on inflammatory lung disorders. This assessment excludes articles with
minimal information, including letters and comments. In addition, research investigating
the impact of naringenin on disorders other than those related to lung inflammation
were excluded.

Two reviewers separately retrieved literature by title/abstract to choose eligible ar-
ticles; studies that did not satisfy the eligibility criteria were eliminated. The entire texts
of the shortlisted articles were next scrutinised for eligibility and data extraction. In sit-
uations of disagreement, debated articles were considered by writers, who then reached
a conclusion.

3. Sources of Hesperidin

Hesperidin is present in citrus fruits, which include lemons, oranges, and several other
vegetables and fruits. French scientist Lebreton initially isolated it, using the ellipticity
(the spongy inside of the peel) of oranges in 1828 [8]. Citrus maxima, sweet oranges, and
unshiu rinds have all been widely used to isolate them [9]. It has also been documented in
other citrus species, including Citrus reticulata Blanco and Citrus aurantium L. Var. Dulcis
(mandarin or tangerine) [10]. In addition, citrus species have higher concentrations of
hesperidin in their albedo, membranes, and pith than in their seeds and juice vesicles.
Furthermore, it has been claimed that the hesperidin content in green fruits changes as
they mature. Furthermore, there is a significant connection between hesperidin levels
and seed germination, demonstrating that light exposure increases the formation of this
molecule (Table 1).

Table 1. Natural sources and quantity of hesperidin.

Citrus Fruit Juices Quantity References

Grapefruit concentrate juice 1.55 mg/100 mL [11]
Pure grapefruit juice 0.65 mg/100 mL [11]

Juice from the concentrate of lemon 24.99 mg/100 mL [12]
Lemon juice, pure 17.81 mg/100 mL [12]

Pure juice, lime 13.41 mg/100 mL [12]
Orange [Blond], concentrate juice 52.68 mg/100 mL [13]

Pure orange [Blond] juice 25.85 mg/100 mL [13]
Orange [Blond], concentrate juice 51.30 mg/100 mL [13]
Orange [Blond] juice, undiluted 43.61 mg/100 mL [13]

Tangerine, concentrate juice 36.11 mg/100 mL [14]

Herbs Quantity References

Dried, peppermint 480.65 mg/100 g FW [15]
Fresh welsh onion 0.02 mg/100 g FW [16]

4. Chemistry

An aglycone called hesperetin or methyl eriodictyol with an associated disaccharide
called rutinose makes up the flavanone glycoside known as hesperidin. Therefore, hes-
peretin’s -7-rutinoside is called hesperidin. One molecule of glucose and one molecule
of rhamnose comprise the disaccharide unit (C12H22O10), which may take on either
of its two isomeric forms, neohesperidose or rutinose. Chemically, rhamnosyl-(1→6)
glucose or 6-O-(6-deoxy-L-mannopyranosyl)-D-glucose make up rutinose. Chemically
speaking, neohesperidose is O-L-rhamnosyl-(1→2) glucose, with the two sugar units’ ar-
rangement being the sole difference. By partially hydrolyzing hesperetin with diluted
acid to produce L-rhamnose and hesperetin-7-Dglucoside, by which the enzyme could
break down -Dglucosidase, the location of the sweeteners in hesperidin was established.
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As a result, in hesperidin, rhamnose is connected to glucose and glucose is coupled to
hesperetin. Chemically speaking, hesperetin (C16H14O6) is a 3,5,7-trihydroxy-4-methoxy
flavanone. Hesperidin, following alkaline hydrolysis, gives phloroglucinol and hesperetin
acid. Hesperidin is thus 3,5,7-trihydroxy-4-methoxy flavanone-7-(6-L-rhamnopyranosyl-D-
glucopyranoside or -7-rutinoside [7] (Figure 1).

 

Figure 1. Structure of hesperetin and its derivatives.

5. Physical Properties

Long, hair-like needles of pure hesperidin are tan or light yellow. It softens at 250 ◦C
and has a melting point between 258 and 262 ◦C. Its chemical composition is C18H34O15,
and its molecular weight is 610.57 daltons. Hesperidin is readily soluble in pyridine, pro-
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viding a clear yellow solution, and in diluted alkali. It is virtually insoluble in acetone and
marginally soluble in hot glacial acetic acid. Upon L-rhamnose, hesperetin, aglycone, and D-
glucose are all produced in equal amounts by the hydrolysis of hesperidin. By hydrolyzing
(±)- and (−)-hesperetin with either diluted sulfuric acid in ethylene glycol or sulfuric acid,
an optically active mixture of (±)- and (−)-hesperetin is created, which may be divided
by fractional recrystallization. Both share the trait of becoming derivatives. Hesperidin
produces the well-controlled acid hydrolysis of the optically active laevorotatory aglycone
(−)-hesperetin. This compound then produces L-malic acid upon ozonization, demonstrat-
ing that (−)-hesperetin possesses the 2S configuration. The disaccharide’s structure and
the amount or lack of unpleasantness in the chemical are known to be correlated. Neohes-
peridosides are quite bitter, but rutinosides have no flavour. Due to its flavonoid rutinoside
nature, hesperidin is not bitter in and of itself. While non-bitter rutinosides predominate in
oranges and lemons, grapefruit mainly assembles bitter neohesperidosides [17,18].

6. Pharmacokinetics

Healthy white men (human volunteers) aged 25 were given 500 mg of the medication
in water and equal volumes of orange juice and grapefruit to test the oral bioavailability of
hesperidin from citrus products. It was taken from the digestive tract after the oral route
in either form, but continuous urinary collection revealed low bioavailability. Hesperetin,
an aglycone, was found in both plasma and urine. Absorbed before urinary excretion,
citrus flavanones were assumed to go through glucuronidation [19]. To investigate mem-
brane absorption of hesperidin derivatives, a cultivated layer of Caco-2 cells was used to
represent the small bowel epithelium. Hesperidin does not penetrate the Caco-2 single
layer, likely because of its lower solubility, but its glycosides do, and this penetration
is dose-dependent. The paracellular route had been assumed to be the mechanism for
this penetration [20]. The diet has been discovered to affect the rabbits’ ability to absorb
hesperidin when given orally. When combined with a synthetic ration, it was absorbed,
but not when combined with a standard pelleted feed. After oral administration to rats,
flavonoids, including hesperetin and hesperidin, had their metabolic M-hydroxyphenyl
propionic acid studied and smaller levels of m-coumaric acid in the aglycones were the
common metabolic products found in urine. The aglycones were both free and glucuronic
acid conjugated. This suggested dehydroxylation, demethoxylation, or demethylation
coupled with dehydroxylation occurred after intestinal absorption, producing m—acid
hydroxyphenyl propionic. According to research, hesperetin was more quickly absorbed
than hesperidin in mice, rabbits, and humans [7]. Human volunteers consumed hesperidin,
and a significant change in metabolism was seen. The main urinary metabolite, 3-hydroxy-
4-methoxyphenylhydracrylic acid, showed that the breaks of the pyran circle of hesperetin
produce hydracrylic acid. Additionally, a minor quantity of hesperetin’s glucuronide was
found. The bacteria that produce endo-beta-glucosidase, beta-glucosidase, and alpha-
mannosidase were shown to convert hesperidin to its hesperetin, aglycone, in the gut.
Moreover, it was discovered that the metabolite produced in the human gut had stronger
antiplatelet action and cytotoxicity than the parent molecule. The research was recently
conducted on the plasma dynamics and urine outflow of hesperetin and naringenin from
grapefruit and orange juice. Juices were administered to healthy participants, and plasma
and urinary tests were taken and evaluated with HPLC. Hesperetin was shown to be avail-
able from the sample juices. However, there were significant inter-individual differences.
Since the urine levels varied so much, it was determined that they could not be used as food
consumption indicators [21]. Animal tests demonstrated that Daflon-500 mg (a mixture
of fractionated flavonoids) almost completely disappeared 96 h after treatment, with no
adverse buildup in any specific organ. Rat resorption and excretion research showed that
a semi-synthetic derivative of natural hesperidin, a hydrosoluble, 14C-hesperidin methyl
chalcone, absorbed 1–2 h after an oral delivery system at a dosage of 10 mg/kg body
weight. The intravenous drug injection at the same dosage confirmed the entero-hepatic
cycle predicted by the blood kinetic patterns. The blood profiles showed that the medica-
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tion was bioavailable in a favorable way. Following oral consumption, fecal excretion was
higher than urinary excretion, but the two were equivalent after intravenous treatment.
Furthermore, excretion mostly happens during the first 24 h after treatment, regardless of
the route [22].

7. Toxicity of Hesperidin

Hesperidin is a nontoxic flavonoid, and there are not many studies regarding its
negative effects, even in pregnant women. In dosages between 0.3% and 5%, it is also
classified as non-chemical. According to clinical studies, phosphorylated hesperidin
(100–125 mg/kg/day) is utilized as an antifertility agent, and its antifertility effect is un-
affected by trauma, infections, or systemic illnesses. Another clinical trial found that 10%
of patients receiving Daflon 500 mg (hesperidin + diosmin) two times daily for six weeks
to one year had mild side effects compared to those of the placebo group. Hesperidin
may, however, interact with widely used medications such as daunomycin and vincristine,
increasing vincristine’s absorption (10–50 M) across the BBB. Therefore, this research rec-
ommended avoiding hesperidin-containing meals while consuming vinblastin (especially
P-glycoprotein substrates) [7]. Phosphorylated hesperidin (4%), readily digested and gener-
ating no adverse responses in animal experiments, is safe and non-toxic. Additionally, the
oral bioavailability of methyl hesperidin (5%) has not been shown to have any cancerous or
mutagenic effects on a rat. Moreover, consumption of hesperidin (0.3–5%) showed no side
effects on food consumption, body weight, or food efficiency. Another research found that
rats receiving methyl hesperidin (0.3–5%) for 13 weeks did not die, lose weight, or exhibit
anomalies in their normal activities [23].

8. Role of Hesperidin in Inflammatory Lung Diseases

8.1. Asthma

Asthma, a primary noncommunicable disease (NCD) that affects both children and
adults, is the most common chronic illness in children, and may include coughing, wheez-
ing, and shortness of breath caused by inflammation, tightness in the chest, and constriction
of the small airways in the lungs [24,25]. Citrus-farming yields hesperidin, a flavanone
derivative of the flavonoid hesperetin and the sugars rutinose in large quantities and at
a low cost. Using an allergic asthma model of the mouse, Dajun Wei et al. sought to
ascertain if hesperidin inhibits ovalbumin-induced airway inflammation. OVA (ovalbu-
min) challenged and sensitized mice, resulting in persistent airway inflammation and
remodeling. Compared to the mice exposed to OVA, hesperidin dramatically reduced the
quantity of infiltration inflammatory responses and bronchoalveolar lavage fluid with Th2
cytokines. Hesperidin also decreased serum OVA-specific IgE levels. The OVA-induced
airway hyperresponsiveness (AHR) to breathed methacholine was significantly reduced by
hesperidin. According to lung histological examinations utilizing hematoxylin, eosin, and
alcian blue-periodic acid-Schiff staining, hesperidin decreased hypersecretion, and inflam-
matory cell infiltration combined with the mice group was exposed to OVA. Their results
explain the immune function of hesperidin in case it protects a mouse asthma model [26].
In another study, Hesperidin-3′-O-Methylether inhibits phosphodiesterase more effectively
than hesperidin airway hyperresponsiveness brought on by ovalbumin: inhibition and
suppression hesperidin and hesperidin-3′-O-effects methyl ethers on phosphodiesterase
suppression and airway hyperresponsiveness (AHR) in an asthma model of the mouse
were compared by Yang et al. According to their findings, hesperidin-3′-O-methyl ether
significantly decreased the induced pause value and suppressed the total number of in-
flamed cells, including macrophages, eosinophils, neutrophils, and lymphocytes as well
as complete and OVA-specific immunoglobulin (Ig)E levels in serum and BALF. It also
increased the total quantity in mice’s serum sensitized to the substance and challenged
with it. They found that hesperidin-3′-O-methyl ether has a greater therapeutic ratio and is
effective in inhibiting phosphodiesterase and suppressing AHR. As a result, the potential
for hesperidin-3′-O-methyl ether to be used in treating allergic asthma and COPD may be
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greater [27]. Hesperidin, a purported Th2 cytokine blocker, benefits asthma in a mouse
model of allergic asthma.

Seung-Hyung Kim et al. examined the anti-inflammatory and anti-asthmatic effects
of hesperidin on the production of interleukin -17 (IL-17), eotaxin, and -OVA-specific
IgE and Th2 cytokines. They looked at how hesperidin affected the generation of Th2
cytokines, OVA-specific IgE, pulmonary eosinophilic infiltration, different immune cell
morphologies, and hyperresponsiveness of the airways in a mouse model of asthma.
Results showed that hesperidin-treated groups reduced OVA-specific IgE, IL-5, and IL-17,
reducing allergic airway inflammation levels, eosinophil infiltration, and AHR. Their
findings revealed that hesperidin successfully cures asthma by decreasing the synthesis
of eotaxin, OVA-specific IgE, eosinophil, and Th2 cytokines (IL-5) infiltration via the
suppression of the GATA-3 transcription factor [24]. Later, Chang et al. investigated the
anti-inflammatory effects of hesperidin and its mechanisms in an asthmatic murine model
induced by ovalbumin, and looked into how hesperidin may affect the balance of Th1
and Th2 cells. Airway luminal constriction, the formation of airway hyper-responsiveness,
an increase in eosinophils in bronchoscopy (BAL) fluid, and an increase in infiltration
by lung tissue caused inflammation in cells surrounding airways and blood vessels were
all symptoms of AHR. Hesperidin treatment before the last pulmonary OVA exposure
significantly reduced all asthmatic symptoms. As a result, their research has shown that
hesperidin is essential for improving the pathogenetic pathway of asthma in mice. Their
results enhance existing views in comprehension of the immunopharmacological activities
of hesperidin and provide unique insight into the immunopharmacological action of
hesperidin as it relates to its effects in a mouse asthma model [25,26] (Figure 2).

8.2. COPD

A set of diseases known as a COPD includes chronic bronchitis and emphysema [21].
Hesperidin’s ability to reduce oxidative stress and inflammatory reaction in COPD rats may
be connected to the PGC-1/NF-B signalling axis/ SIRT1. Shuyun Wang et al. studied the
function of hesperidin in a COPD mice model to provide a foundation for using hesperidin.
Cigarette smoke extract (CSE) was exposed to the mice to create COPD models. Hesperidin
was then administered to the animals. The results demonstrated that inflammatory cell
infiltrating and CSE brought on cell death in the mouse lung tissues, but hesperidin
efficiently reversed these pathological alterations. Hesperidin may successfully enhance
superoxide dismutase (SOD) and catalase (CAT) levels in bronchoalveolar lavage fluid
(BLAF) while decreasing IL-6, malondialdehyde (MDA), and IL-8 in BLAF and the lung
MPO content in COPD mice. Hesperidin was also shown to consistently increase PGC-1
and SIRT1 expression levels while decreasing the phosphorylation of p65 in COPD mouse
models. Hesperidin used in large doses generally had a better impact on COPD mice. It
was finally observed that hesperidin reduced inflammation and oxidative stress in CES-
induced COPD mice and was linked to the SIRT1/PGC-1/NF-B signaling axis, suggesting
a potentially novel approach to the treatment of COPD [27].

8.3. Pulmonary Fibrosis

The injury and scarring of lung tissue lead to the development of the lung ailment pul-
monary fibrosis [28]. Hesperidin improves experiments on bleomycin-induced lung fibrosis
through suppression of Smad3/MPK/ TGF-beta1 and NF-kB pathways, according to re-
search by Zheng Zhou et al. When bleomycin (BLM) was administered intraperitoneally to
Sprague–Dawley (SD) rats, pulmonary fibrosis was induced. Hesperidin was administered
to rats, and different lung and BALF parameters were measured. Hesperidin dramatically
reduced elevated myeloperoxidase levels, hydroxyproline, and oxide-nitrosative stress
in the lung and BALF. It also reduced the expressions of lung Nrf2 and HO-1 that BLM
upregulated, and the expressions of IL-1, TNF-α, collagen-1, TGF-β, IL-6, and Smad-3 were
upregulated. According to a Western blot examination, hesperidin improved lung AMPK,
NF-kB, IB, and PP2C-protein expression. Hesperidin also lessens BLM-induced pulmonary
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fibrosis by inhibiting the IB/NF-kB,/ TGF-1/MPK, Smad3, and oxide-inflammatory marker
(HO-1 and Nrf2) pro-inflammatory marker (IL-1, TNF-α, and IL-6) pathways. This im-
proves the variation of oxide-inflammatory markers (HO-1 and Nrf2) and pro-inflammatory
indicators (TNF-α) [29].

 

Figure 2. Schematic representation of hesperidin’s ability to reduce asthma symptoms in an allergic
airway inflammation model. (I) Hesperidin’s (milligrams per kilogram) impact on serum OVA-
specific IgE. (II) Representative hematoxylin–eosin and alcian blue-periodic acid-Schiff stained
sections of lung from: (a) PBS-challenged mice; (b) OVA-challenged mice; (c) OVA-challenged mice
treated with hesperidin (10 mg/kg); (d) OVA-challenged mice treated with hesperidin (30 mg/kg).
The left panel is magnified 100×; the right panel is magnified 400×. Br bronchi, V vessel. Arrows
indicate areas of alcian blue+cells. (III) In response to methacholine, hesperidin therapy decreased
RI and restored Cdyn in OVA-challenged mice. Airway hyperresponsiveness was assessed by
percentage change from the baseline level of (a) lung resistance (RI, n = 6 mice per treatment group)
and (b) dynamic compliance The values represent the mean ± SEM of three independent experiments.
* p < 0.05, ** p < 0.01. vs. OVA [26].
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In addition, Jiasen Guo et al. discovered that the natural substance, neohesperidin, sup-
presses TGF-1/Smad3 signaling and reduces lung fibrosis brought on by bleomycin in rats.
They discovered that neo hesperidin reduced TGF-1-induced extracellular matrix formation,
myofibroblast differentiation, and fibroblast migration, inhibiting TGF-1’s damage to alveo-
lar epithelial cells. Additionally, they acquired in vivo proof that neo hesperidin therapy
prevented bleomycin-induced lung damage, even in rats with preexisting pulmonary fibro-
sis. According to their research, neohesperidin may treat progressive pulmonary fibrosis
since it may target a key signaling pathway and profibrogenic responses [30]. Histopatho-
logical research of hesperidin as a radioprotector towards radiation-induced lung damage
was examined by Gholam Hassan Haddadi et al. Three groups of fifty rats were created.
G1: No HES or radiation exposure (sham). G2: Thorax received beta-irradiation. HES was
administered to G3 along with orradiation. Results from histopathology after 24 h revealed
radiation-induced inflammation and the presence of more inflammatory cells than in G1.
Compared to G2, the administration of hesperidin greatly reduced such an impact. When
comparing G2 to G1, histopathological analysis revealed a substantial rise in alveolar thick-
ness, mast cells, inflammatory cells, vascular thickness, pulmonary oedema, inflammation,
and fibrosis. The research has shown that hesperidin is a strong radioprotector against
radiation-induced lung injury in tissue of rats. Compared to G2, hesperidin greatly reduced
the mast cells, inflammatory response, and fibrosis. Hesperidin administration reduced
radiation fibrosis and radiation pneumonitis in the lung tissue [31].

Hesperidin’s effects on idiopathic pulmonary fibrosis were assessed using micro-
computed tomography, histopathology, and a bleomycin-rat model. Due to its biochemical,
anti-inflammatory, and antioxidant capabilities, Cemile Ayse Görmeli et al. examined the
therapeutic potential of hesperidin against pulmonary fibrosis using histological, biochemi-
cal, and micro-CT investigations. Based on their research, they proposed that hesperidin’s
biochemical, anti-inflammatory, and antioxidant characteristics might prevent BLC-induced
lung fibrosis. The lungs of BLC-treated rats underwent obvious histological alterations.
Infiltration of macrophages and lymphocytes, along with fibroblast growth, were shown
to thicken the interalveolar septa in these rats. Histopathological alterations have been
less extensive in the BLC+ hesperidin group than in the BLC group. Compared to the
BLC group, the hesperidin therapy resulted in lower lipid peroxidation and higher antioxi-
dant status. Additionally, data from histopathology and biochemistry were significantly
positively correlated with micro-CT findings. It was also shown to effectively reduce the
severity of BLC-induced lung damage, which was employed as a model for IPF [32].

Hesperidin was later studied to see whether it may treat pulmonary fibrosis by pre-
venting lung fibroblast senescence by Di Han et al. They showed that hesperidin could help
mice with lung fibrosis brought on by BLC. Hesperidin therapy in vitro and in vivo dra-
matically downregulated the amount of senescence-associated galactosidase-positive cells
by downregulating the expression of senescence signature proteins p53, p21, and p16 as
well as the myofibroblast marker-SMA. Hesperidin, meanwhile, may block the IL6/STAT3
signaling pathway. Further research revealed that when the IL-6/STAT3 signaling pathway
was blocked in vitro with LMT-28 pre-treatment, the inhibitory impact of hesperidin on
fibroblast senescence appeared to fail [33].

Rezaeyan et al. sought to determine the male rat lung tissue damage caused by ir-
radiation and the radioprotective efficiency of hesperidin. As a radiosensitive organ, the
lung, radiation doses must consider this. Their findings indicated that oral treatment of
hesperidin protected against -irradiation-induced oxidative stress and pulmonary dam-
age in rats. This protection was most likely provided by hesperidin’s ability to stabilize
membranes and scavenge free radicals, which may have a beneficial impact on respiratory
diseases [34] (Figure 3).
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Figure 3. Schematic representation of hesperidin bleomycin-induced experimental pulmonary fibro-
sis. (I) Hesperidin’s impact on modifications in rat lung Nrf2, HO-1, TNF-β, IL-1, and IL-6 mRNA
expression brought on by BLM. (A) on day 14, quantitative representation of mRNA expression of
Nrf2 (B), HO-1 (C), TNF-α (D), IL-1β (E) and IL-6 (F). p < 0.05 when compared with: sham group (&),
normal group (#), each other (MP or hesperidin) group ($), and BLM control group (*). (II) Effect
of hesperidin on BLM-induced modifications in the rats’ lungs’ and airways’ histology. This is
magnified 400×. Photomicrograph of sections of lungs of normal (A), sham control (B), BLM control
(C), MP (10 mg/kg) treated (D), hesperidin (50 mg/kg) treated (E), hesperidin (100 mg/kg) treated
(F) and Perse treated (G) rats. Lung H&E staining (1A–1G) on day 14, Lung Picro-Sirius red staining
(2A–2G) on day 28 and Lung Masson’s trichrome staining (3A–3G) on day 28. Effect of hesperidin on
alterations induced by BLM in lung airway inflammation score (H), Ashcroft Score (I) and interstitial
fibrosis score (J). p < 0.05 when compared with: sham group (&), normal group (#), each other (MP or
hesperidin) group ($), and BLM control group (*). (n = 3) (III) BLM altered rats’ lung ultrastructure,
which was inhibited by hesperidin. Photomicrographs of lung from representative animals, nor-
mal (at 3474×) (A), sham control (at 11,580×) (B), BLM control (at 7720×) (C), methylprednisolone
(10 mg/kg) treated (at (11,580×) (D), hesperidin (100 mg/kg) treated (at 13,510×) (E), and per Se
treated rats (at 11,500×) (F) [34].

224



Life 2023, 13, 937

8.4. Lung Cancer

When lung cells divide too quickly, tumors form and the condition is known as
lung cancer [35]. The worldwide burden of lung cancer is high; up to 18% of cancer-
related fatalities are attributable to lung tumors. In terms of prevalence, lung cancer
ranks second, and experts worldwide have made enormous attempts to treat it. Tumors
may damage one’s ability to breathe, as well as have the possibility of spreading to other
parts of the body [36]. Natural products are a major source of anti-tumour medications.
Citrus sinensis Osbeck, a Rutaceae plant lime, contains the flavanone known as hesperidin.
It is thought to reduce the viability of cancer cells in culture. However, hesperidin’s
impact on lung cancer and its possible mechanisms are unknown. It was discovered that
pinx1 expression level has a significant role in controlling invasion, cell proliferation, lung
cancer senescence, and migration, and is strongly connected to overall survival. More
notably, hesperidin markedly enhanced pinx1 protein expression, and pinx1’s specific
siRNA prevented hesperidin’s protective effects. Additionally, it was determined that
hesperidin is effective in vivo. The results demonstrated that hesperidin is a promising
therapy for halting lung cancer development [35].

The carotenoid cryptoxanthin and the flavonoid hesperidin have inhibitory activity
on carcinogenesis in various organs. Takuji Tanaka and colleagues, by using juice from
a satsuma mandarin (MJs), created citrus juices with high levels of β-cryptoxanthin and
hesperidin. Hesperidin and cryptoxanthin are present in significant concentrations. They
showed that cationized peroxidase (CHRP) and MJs inhibit medically induced mouse lung,
rat colon, and rat tongue carcinogenesis. Rats’ liver, tongue and colon detoxifying enzyme
activity were increased after CHRP gavage.

Additionally, the target tissues’ production of pro-inflammatory enzymes and cy-
tokines might be reduced by CHRP and MJs. Their research shows that orally ingested
CHRP and MJs block the growth of epithelial neoplasms in mouse colon, lung, and tongue
cancers by acting on various biological processes. Further, they concluded that CHRP and
MJs might be used as cancer chemopreventive agents against the growth of tongue, colon,
and lung cancer due to their ability to control proliferation and the mRNA expression of
many cytokines and inflammatory enzymes, as well as their ability to prevent chemically
induced detoxification enzymes and carcinogenesis [36].

Citrus unshiu Marc juice (MJ) and MJ5, especially MJ5 and MJ2, completely inhibited
colon cancerogenesis in rats brought on by chemicals, according to Hiroyuki Kohno et al.’s
study on the β-cryptoxanthin and flavonoids-rich mandarin juice and inhibitory impact on
the compound 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. MJ’s therapy reduced the
number of lung neoplasms with no statistically significant differences. MJs, particularly
MJ5, immunohistochemically decreased lung cancers with a PCNA-positive index (prolifer-
ating cell nuclear antigen). Hyperplastic alveolar cell lesions were unaffected. According to
their results, MJ5 can chemoprevention 4-(methyl-nitrosamine)-1-(3-pyridyl)-1-butanone
(NNK)-induced mouse lung carcinogenesis [37].

Later, Sattu Kamaraj et al. investigated the anticancer and antioxidant hesperidin’s
involvement in benzo (a) pyrene-induced lung cancer in mice. Hesperidin’s ability to
prevent lung cancer caused by B(a)P exposure in Swiss albino mice was investigated in this
research. B(a)P administration to mice caused an increase in lung-specific tumour marker
and lipid peroxides (LPO), serum marker enzymes, gamma-glutamyl transpeptidase (GGT),
5′nucleotidase (5′ND), lactate dehydrogenase (LDH), carcinoembryonic antigen (CEA),
and aryl hydrocarbon hydroxylase (AHH), along with a concurrent reduced in the levels
of tissue antioxidants such as superoxide dismutase (SOD), Vitamins E and C, peroxidase
(gpx), reduced glutathione (GSH), and glutathione catalase (CAT). Treatment with hes-
peridin dramatically reduced these changes, demonstrating a strong anticancer impact on
lung cancer. Additionally, proliferating cell nuclear antigen (PCNA) immunofluorescent
and histological investigation supported hesperidin’s antiproliferative action. The results
support hesperidin’s chemopreventive ability against chemically generated lung disease
in mice [38].
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8.5. Acute Lung Injury or ARDS

Acute lung injury (ALI) and the more severe immediate respiratory distress syn-
drome are pulmonary manifestations of an acute systemic inflammation process, including
hypoxemia, pulmonary infiltrates, and oedema (ARDS) [39]. It was shown by Xin-xin
Liu et al. that high-mobility group box 1 (HMGB1) release might be decreased to lessen
the acute lung damage caused by lipopolysaccharide in mice. The investigation aimed to
determine how HMGB1 is related to HDN-induced immunoregulation of ALI. LPS was
administered intravenously to male BALB/c mice, where it caused ALI. Reduced lung
wet-to-dry weight ratio increase, total cells, neutrophils, myeloperoxidase (MPO) activity,
macrophages, and lower histological lung damage are signs that HDN substantially pro-
tected rats against LPS-induced ALI. The production of chemokines and pro-inflammatory
cytokines, such as monocyte chemoattractant protein-1, interleukin-6 (IL-6), and, as tumour
necrosis factor (TNF), were significantly reduced by HDN pre-treatment in the meanwhile
(MCP-1). Additionally, HDN pre-treatment significantly reduced macrophage infiltration
and lowered both HMGB1 release and expression in vivo and in vitro. Moreover, exoge-
nous HMGB1 used intranasally might cause lung damage, which was likewise mitigated
by HDN treatment. According to the findings, HDN treatment again shields mice against
ALI-induced LPS by reducing TNF and IL-6 production. Additionally, they discovered that
HDN might prevent the synthesis of MCP-1 and the infiltration of macrophages, inhibiting
the expression and release of HMGB1 [37].

Hesperidin (HES) modulates local immunological responses in the lung in reaction to
in vivo acute lung inflammation caused by LPS, according to research by Chia-chouyeh
et al regarding the immunomodulation of both in vivo and in vitro endotoxin-induced
acute lung injury. Mice were given intratracheal lipopolysaccharide, and hesperidin ad-
ministration reduced the production of IL-6, KC, MCP-1, IL-12, MIP-2, and IL-1; the LPS
caused this. Additionally, it increased IL-4 and IL-10 production. Hesperidin dramatically
reduced inos expression, nitric oxide generation and proteins, and total leukocyte counts.
HES reduced the production of THP-1 cells and IL-8 on A549 cells, IL-1 THP-1 cells IL-1,
and VCAM-1 on A549 cells, all of which have an impact on the function of cell adhesion.
IB and MAPK pathways stimulate NF-B and AP-1, which then regulate the repression of
those molecules. Because HES blocks those pathways, the production of IL-8 and VCAM-1,
IL-6, and CAM-1 is reduced. According to the research, HES significantly modulated
the immune system in an important clinical ARDS model. However, further research is
needed to assess the potential therapeutic value of HES in the supplementary treatment
of ARDS [40].

Ana Beatriz Fariasde Souza et al. postulated the results of hesperidin treatment
in a possible mechanism of acute lung inflammation both in vitro and in vivo, where
they assessed cell survival and production of reactive oxygen species in macrophages
using various hesperidin doses. Hesperidin, they found, did not affect cell survival,
but it did decrease intracellular ROS generation in cells treated with lipopolysaccharide
(LPS). They also examined the effects of hesperidin in vivo in mice given the measles
virus (MV). Animals given MV had greater macrophage, lymphocyte, and neutrophil
counts in their bronchoalveolar lavage fluid, which suggested an inflammatory response.
Although the antioxidant enzyme activity was reduced, MV caused oxidative damage
and elevated myeloperoxidase activity in the lung tissue. The findings show that pre-
treatment with hesperidin may protect infected mice’s lungs to respiratory support by
regulating the inflammatory process and redox disequilibrium, and may work to prevent
MV harm [41] (Figure 4).
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Figure 4. Schematic representation of hesperidin reduces the acute lung damage brought on by
lipopolysaccharide in mice. (I) Pre-treatment with hesperidin reduces acute lung damage brought
on by LPS. (A) The lung wet to dry weight (W/D) ratio determined 24 h after LPS challenge.
(B) Hematoxylin and eosin staining of lung specimens 24 h after LPS administration (H&E staining,
original magnification × 100). (C) The cell counts in BALF 24 h after LPS administration. (D) The
MPO activity in lung tissues 24 h after LPS challenge. ** p < 0.01 versus the PBS group, * p < 0.05
versus the PBS group; ## p < 0.01 versus the LPS + CMC group, # p < 0.05 versus the LPS + CMC
group. (II) Pre-treatment with hesperidin reduces HMGB1 release and expression brought on by
LPS. (A) Hematoxylin and eosin staining of lung specimens collected 24 h after rHMGB1 exposure
(H&E staining, original magnification × 100). (B) The cell counts in BALF collected 4 h and 24 h after
rHMGB1 exposure. The values are presented as means ± SD (n = 6–8 in each group). ** p < 0.01 versus
the PBS group, * p < 0.05 versus the PBS group; # p < 0.05 versus the rHMGB1 + CMC group (III) In
LPS-induced ALI, hesperidin pre-treatment reduces macrophage infiltration. (A) Lung samples were
collected 24 h after LPS administration for immunohistochemistry staining of macrophage (original
magnification × 400). (B) BALF samples were collected at 4 h to determine the level of MCP-1. Data
are expressed as means ± SD (n = 6–8 in each group). * p < 0.05 versus the PBS group; ## p < 0.01
versus the LPS + CMC group [42].
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8.6. Pneumonia

The air sacs in one or both lungs might become inflamed due to pneumonia. The air
sacs may enlarge with liquid or pus (purulent material), which might cause fever, breathing
problems, cough, and chills that produce pus [41,43]. Numerous species, such as fungi,
viruses, and bacteria, may cause pneumonia. Hassan Haddadi et al. investigated the
radioprotective effects of hesperidin on radiation-induced lung injury. Three groups of fifty
rats were created to prevent radiation-induced lung damage in rats. G1: no hesperidin
or radiation exposure (sham). G2: Thorax received beta-irradiation. Hesperidin was
administered to G3 along with irradiation. A considerable rise in inflammatory cells, mast
cells, vascular thickness, inflammation, alveolar thickness, pulmonary oedema, and fibrosis
were seen after an eight-week histopathological assessment. Hesperidin administration
reduced radiation fibrosis and radiation pneumonitis in the lung tissue. As a result, the
research demonstrated that hesperidin is a powerful radioprotector in radiation-induced
lung injury in tissue rats [31].

8.7. COVID-19

The viral disease known as coronavirus is caused by the SARS-CoV-2 virus (COVID-
19) [42,44]. Canrongwu and others, by using computational approaches, analyzed the
pharmaceutical targets for SARS-CoV-2 and found promising medications. Several natu-
rally occurring substances and their derivatives with anti-inflammatory properties also
demonstrated a binding affinity high too, 2-hydroxy-3,4-seco-friedelolactone-27-oic acid,
with several derivatives of andrographolide, chrysin-7-O-glucuronide from isodecortinol,
Cassine xylocarp, and cerevisterol from hesperidin, neohesperidin, kitchen side I, and
deacetylcentapicrin from Citrus aurantium, Viola diffusa, and the Swertia plant species. The
findings imply that these small-molecule substances may be suitable 3clpro inhibitors and
useful in managing SARS-CoV-2 [45] (Table 2).

Table 2. Summarizes the role pharmacological role of Hesperidin in various respiratory lung diseases.

Respiratory Diseases Model Aim Findings References

Asthma OVA-challenged mice

Allergic asthma model
of the mouse.
Hesperidin

downregulated
ovalbumin-induced

inflammation of
the airways.

Hesperidin suppressed
inflammatory cell infiltration
and mucus hypersecretion,

decreasing OVA-specific
IgE levels.

[26]

OVA-induced lung
eosinophilia and

mucus hypersecretion
in a mouse model

of asthma

Hesperidin-3′-O-
Methylether inhibits
phosphodiesterase

more effectively than
hesperidin airway

hyperresponsiveness
brought on by

ovalbumin: inhibition
and suppression

It decreased the blood levels of
OVA-specific immunoglobulin
(Ig)E and the total number of
macrophages, macrophages,
neutrophils, lymphocytes,

and eosinophils.

[27]

Eotaxin, IL-17, and
OVA-specific IgE
in vivo asthma

model mice

Hesperidin,
a prospective Th2

cytokine antagonist,
has anti-asthmatic
effects in a mouse
model of asthma.

HPN efficiently cures asthma
by inhibiting the transcription
factor GATA-3, which lowers

the development of the eotaxin
and Th2 cytokines (IL-5).

[46]
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Table 2. Cont.

Respiratory Diseases Model Aim Findings References

Asthmatic mouse
model induced

by ovalbum

Hesperidin’s
anti-inflammatory
properties and its

underlying
mechanisms in a mouse

model of asthma
induced by ovalbumin

Decreased serum OVA-specific
immunoglobulin (Ig)E levels,

total inflammatory cell counts,
macrophages, lymphocytes,

neutrophils, and eosinophils,
considerably reducing all

asthmatic symptoms.

[26]

COPD Cigarette
smoke-exposed mice

Hesperidin’s ability to
reduce oxidative stress

and inflammatory
reactions in mice

having COPD may be
connected to the

SIRT1/PGC-1/NF-B
signalling axis.

In mice with COPD caused by
CES, hesperidin reduced the
inflammatory and oxidative

stress responses.

[47]

Pulmonary Fibrosis Sprague–Dawley rats

By inhibiting the TGF-
beta1/Smad3/AMPK,

kappa
alpha/NF-kappa B,

and bleomycin-induced
experimental lung
fibrosis pathways,

hesperidin reduces the
severity of

the condition.

Hesperidin reduces the effects
of BLM-induced IPF by
inhibiting the IB/NF-B,

TGF-1/AMPK/Smad3 and
oxide-inflammatory marker

(HO-1and Nrf2)
pro-inflammatory marker

(TNF-, IL-6 and
IL-1,) pathways.

[29]

Mice

Neohesperidin reduces
bleomycin-induced
lung fibrosis in rats

and suppresses
TGF-1/Smad3

signalling.

Lowered the formation of
extracellular matrix, fibroblast
migration, and myofibroblast

differentiation caused
by TGF-1.

[30]

Tissue damage in the
lung of male rats by
induced radiation

Analyzing hesperidin’s
radioprotective effect

on acute radiation
damage in rat

lung tissue

In rats, oral treatment of HES
was observed to protect

against irradiation-induced
pulmonary damage. This
protective action against

inflammatory diseases is likely
a result of HES’s capacity to
scavenge free radicals and

stabilise membranes.

[34]

Radiation-induced lung
injury of male rats

Hesperidin as
a radioprotector

regarding
radiation-induced lung

damage in rat

HES dramatically reduced
lung tissue fibrosis,

inflammation, and mast cell
proliferation. It also reduced

radiation fibrosis and
radiation pneumonitis.

[31]

Bleomycin-rat model.

Hesperidin’s effects on
pulmonary fibrosis
were assessed using

micro-computed
tomography,

histopathology, and
a bleomycin-rat model.

Due to its anti-inflammatory,
chemical, and antioxidant

capabilities, HP therapy causes
lung fibrosis while decreasing
lipid peroxidation and raising

antioxidant status.

[29]
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Table 2. Cont.

Respiratory Diseases Model Aim Findings References

Bleomycin-induced
pulmonary fibrosis

in mice.

Hesperidin reduces
pulmonary fibrosis by

inhibiting lung
fibroblast senescence

through the
IL-6/STAT3

signaling pathway.

Hesperidin decreased
senescence-associated-

galactosidase-positive cells
both in vivo and in vitro, and

it can block the IL6/STAT3
signalling pathway.

[33]

Lung cancer Inhibit cancer cell
viability in vitro

Through pinx1,
hesperidin prevents

lung cancer both
in vitro and in vivo.

Hesperidin dramatically
enhanced pinx1 protein levels,

and blocking pinx1 with a
targeted siRNA prevented

hesperidin’s protective effects.

[35]

Rodent model of
lung cancer

Citrus juices and pulp
with high levels of

hesperidin and
cryptoxanthin
prevent cancer

HPs are a promising cancer
chemopreventive agent against
the formation of tongue, colon,
and lung cancer because they

inhibit chemically induced
carcinogenesis by detoxifying

enzymes, controlling the
proliferation and mRNA

expression of various cytokines
and inflammatory enzymes.

[36]

Lung initiated with 4-
(methylnitrosamino)-1-
(3-pyridyl)-1-butanone

(NNK) in male
A/J mice

Cryptoxanthin and
hesperidin-rich

mandarin juice’s
inhibitory effects on

4-(methylnitrosamino)-
1-(3-pyridyl) mouse

pulmonary
tumorigenesis brought

on by 1-butanone

HP decreased the
PCNA-positive index in lung

cancers while not affecting the
PCNA index in lesions with
hyperplastic alveolar cells.

[48]

Swiss albino mice

Hesperidin’s ability to
fight cancer and
benzo(a)pyrene-

induced lung cancer
in mice

Lipid peroxides (LPO),
carcinoembryonic antigen

(CEA), a lung-specific tumour
marker, and the serum marker
aryl hydrocarbon hydroxylase

(AHH) and lactate
dehydrogenase were all

enhanced by HP. Conversely,
these modifications exhibiting
a strong anticancer impact in

lung cancer were dramatically
decreased by hesperidin.

[38]

Acute lung injury Male BALB/c mice

By preventing the
release of HMGB1,

hesperidin reduces the
acute lung damage

brought on by
lipopolysaccharide

in mice.

HP inhibits the invasion of
neutrophils and the synthesis

of MCP-1, preventing the
transcription and release of

HMGB1. Along with
neutrophils, macrophages, and

myeloperoxidase (MPO)
activity, HP cells lowered the

elevation of the lung
wet-to-dry weight ratio, and

therefore lessened lung
histological damage

[37]
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Table 2. Cont.

Respiratory Diseases Model Aim Findings References

In vivo and in vitro
model of acute

lung inflammation

Effects of hesperidin
treatment in a model

system of acute
respiratory

inflammation both
in vitro and in vivo.

By regulating the chronic
inflammation and redox

imbalance, hesperidin may
protect the lungs of mice
exposed to mechanical

ventilation and may even work
to stop MV harm.

[41]

LPS mice in vivo and
cell line in vitro

Hesperidin’s in vivo
and in vitro innate

immunity of
endotoxin-induced

severe lung damage.

HES inhibits the inflammatory
pathways and suppresses the
production of ICAM-1, IL-8,
IL-1, TNF, IL-6, IL-12, and

VCAM-1 in THP-1 and
A549 cells.

[40]

Mouse model of acute
lung injury

In a mouse model of
acute lung injury, nasal

administration of
chitosan/ nanoparticles

of hesperidin
suppresses the cytokine

storm syndrome.

In a mouse model of chronic
lung illness, nasal

administration of HPD/NPS
lowers CSS and ALI/ARDS,

indicating that
anti-inflammatory

nanoparticle-based therapeutic
approaches may be employed

to lessen CSS and ALI in
people with inflammatory

lung damage.

[49]

Pneumonia Radiation-induced lung
injury male rats

A histopathological
study on hesperidin as
a radioprotector against
radiation-induced lung

damage in rats.

HES dramatically reduced
lung tissue fibrosis,

inflammation, and mast cell
proliferation. It also reduced

radiation fibrosis and
radiation pneumonitis.

[31]

COVID-19 Computational models

Using computational
approaches, the

medical targets for
SARS-CoV-2 are
analyzed, and

promising medications
are found.

One group of andrographolide
compounds, hesperidin,
showed a strong affinity.

[45]

9. Drug Delivery in Respiratory Diseases

Ultimately, nanotechnology could be the most creative and successful strategy to
increase bioavailability. When some substances are covered with a coating of nanoparticles,
their permeability and the amount of that substance that may enter the bloodstream are
boosted [50]. Healthy cells seem to be only marginally harmed by the nanoparticle covering.
Nanotechnology research has also been conducted to improve hesperidin’s bioavailability.
The antimicrobial zinc oxide nanostructures influenced by in silico and hesperidin direct
comparison among antiviral phenolics for anti-SARS-CoV-2 purposes were studied by
Gouda H. Attia et al. These natural medications and dietary supplements may be more
affordable, accessible, safe, and have fewer adverse effects. This research compares ten
phenolic antiviral drugs in silico against SARS-CoV-2 and identifies the potent metabolite
of natural sources. Then, as a reducing agent, these metabolites were used to create
zinc oxide nanoparticles (ZnO NPS). Every tested substance exhibited the anticipated
anti-SARS-CoV-2 action. Hesperidin had a high docking score, so they isolated it from the
peels of orange and used conventional spectroscopic research to establish its structure.
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Moreover, IR, UV, XRD, and TEM were used to characterize the production of zinc ox-
ide nanoparticles of hesperidin. Hepatitis A, an example of an RNA virus, was used to test
the in vitro antibacterial activities of hesperidin and ZNO NPS. Hesperidin demonstrated
an antiviral effect against HAV, although ZnO NPS did so more effectively. Therefore,
more research against SARS-CoV-2 is necessary before using hesperidin and its linked ZnO
nanoparticles as a viable therapeutic [51].

An effective biocompatible, phagocytosis, anti-cancer, anti-inflammatory-inducing
model was examined by Ghassan M. Sulaiman et al. A medication delivery method
based on hesperidin encapsulated on gold nanoparticles was explored. Using a chemical
synthesis process, hesperidin packed on gold nanoparticles (Hsp-aunps) was created. The
synthesis of Hsp-aunps was confirmed using various characterization methods, including
Zeta potential measurement, XRD, FESEM, FTIR, EDX, TEM, and particle size analysis.
The MTT and crystal violet tests evaluated the cytotoxic impact of Hsp-aunps breast
cancer cells of the human line. Compared to a human breast epithelial cell line with
normal proliferation, the findings showed that the treated cells’ growth was significantly
inhibited (HBL-100). Acridine orange-propidium iodide dual stained test was also used
for fluorescence microscopy apoptosis determination. The in vivo experiment aimed to
assess the hazard of Hsp-aunps in rats. The indicators for kidney and liver function
were evaluated. For the examined indicators, no statistically significant changes were
discovered. After receiving therapy with Hsp-aunps, histological pictures of the lung, liver,
spleen, and kidney revealed no obvious damages or abnormalities. Hsp-aunps improved
macrophages’ functional efficacy against mice carrying ehrlich ascites tumour cells. It
was also determined if bone marrow-derived cells treated with Hsp-aunps produced the
pro-inflammatory cytokines. The findings showed that treatment with Hsp-aunps greatly
reduced the release of IL-6, TNF and IL-1 [52].

Later, Hua Jin et al. conducted a study titled “Nasal Distribution of Hesperidin/Chitosan
Nanoparticles Decreases Cytokine Storm Syndrome (CSS) in an Animal Model of Acute
Lung Injury.” It showed that CSS, also known as cytokine storm, is linked to a high mortality
rate in individuals with (ARDS) and lung injury (ALI). However, no proven therapies for
ALI or ALI/ARDS caused by CSS exist. Therefore, there is still a pressing need to create
potent medications and treatment approaches to combat CSS and ALI/ARDS. Due to its
capacity to enhance medication delivery to the lungs, inhaled drug delivery techniques
provide a potential option for managing respiratory disease.

Another potential approach in the battle against ALI/ARDS is increasing the nasal
mucosa intake of weakly water-soluble medications with low mucosa solubility to a thera-
peutically useful level. Hesperidin-loaded chitosan nanoparticles (HPD/NPS) were created
in this study for nasal administration of the anti-inflammatory HPD chemical to inflamed
lungs. Compared to free HPD, HPD/NPS showed improved cellular absorption in the
inflammatory milieu both in vitro and in vivo. Compared to free HPD, the HPD/NPS
significantly lowered inflammatory cytokine levels and restricted vascular permeability in
an animal model of inflammation lung disease, preventing lung damage. Their research
shows that nasal HPD/NP administration lowers CSS in a chronic lung illness rat model.
That anti-inflammatory nanoparticle-based therapeutic approaches may be employed to
lower CSS and ALI in individuals with inflammatory lung damage [49].

10. Conclusions

In conclusion, hesperidin is a therapeutic, naturally occurring anti-inflammatory
flavonoid that is abundantly present in various plants and vegetables. In review, we
showed that hesperidin has anti-inflammatory, antiapoptotic, and protective roles in lung
cancer, pulmonary fibrosis, COPD, pneumonia, and COVID-19. In addition, we reviewed
hesperidin’s chemistry, pharmacokinetics, and preclinical pharmacological features, all
of which might be useful in planning future clinical studies. Due to the significance of
innovative drug delivery methods, we also suggested novel administration formulations
and nanotechnology-based drug delivery systems, which may be given greater attention

232



Life 2023, 13, 937

in hesperidin research in the future. Based on sufficient data, hesperidin may likely
be seen as an alternate flavonoid medication for respiratory disorders. Studies using
experimental animal models show that hesperidin significantly reduced organ damage and
lung dysfunction.

Additionally, these results imply that it is possible to use the information from
hesperidin-based animal research to develop a treatment approach for human lung disor-
ders, namely pulmonary fibrosis and lung cancer. Furthermore, hesperidin may be used in
experimental models of various respiratory conditions such as COPD, ALI, and asthma.
Interestingly, these lung injuries have several characteristics, including tissue remodeling,
oxidative stress, and inflammation, which are crucial therapeutic targets for hesperidin-
mediated pulmonary protection. Furthermore, hesperidin’s nontoxicity and natural status
as a substance with an outstanding safety record are further benefits. However, further
research is necessary to evaluate hesperidin at different phases of illness development. In
addition, its mechanism(s) leading to considerable protection still needs to be clarified
to offer specific recommendations for assessing hesperidin in patients with respiratory
disorders. Finally, as our understanding of the hesperidin processes grows, various ther-
apeutic modalities may be used to improve hesperidin’s effectiveness in treating human
respiratory illness.
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Abstract: Inflammation is a natural protective response of the human body to a variety of hostile
agents and noxious stimuli. Standard anti-inflammatory therapy includes drugs whose usage is
associated with a number of side effects. Since ancient times, natural compounds have been used
for the treatment of inflammation. Traditionally, the use of medicinal plants is considered safe,
inexpensive, and widely acceptable. In Serbia, traditional medicine, based on the strong belief in
the power of medicinal herbs, is the widespread form of treatment. This is supported by the fact
that Serbia is classified as one of 158 world centers of biodiversity, which confirms that this country
is a treasure of medicinal herbs. Some of the most used herbs for the treatment of inflammations
of various causes in Serbian tradition are yarrow, common agrimony, couch grass, onion, garlic,
marshmallow, common birch, calendula, liquorice, walnut, St. John’s wort, chamomile, peppermint,
white willow, sage, and many others. The biological activity and anti-inflammatory effect of selected
plants are attributed to different groups of secondary biomolecules such as flavonoids, phenolic acids,
sterols, terpenoids, sesquiterpenes, and tannins. This paper provides an overview of plants with
traditional anti-inflammatory use in Serbia with reference to available studies that examined this
effect. Plants used in traditional medicine could be a powerful source for the development of new
remedies. Therefore intensive research on the bioactive potential of medicinal plants in each region
should be the focus of scientists around the world.

Keywords: traditional medicine; anti-inflammatory properties; ethnopharmacology

1. Introduction

Inflammation is the body’s automatic protective defence reaction to tissue injury or the
invasion of foreign factors (toxins and pathogens) [1]. A controlled inflammatory response
is an important beneficial process that is part of the maintained normal homeostasis of
tissue [2]. The duration and extent of the inflammatory response are of key importance for
its outcome and consequences. The process of acute inflammation includes phagocytosis,
apoptosis, or activations of pro-inflammatory mediators that leads to the clearance of
injurious stimuli and restore normal physiology [3]. However, chronic inflammation is not
a useful process and it causes various pathological disorders including Alzheimer’s disease,
cancer, rheumatoid arthritis, type 2 diabetes, and obesity, as well as a cardiovascular and
pulmonary disease [4]. Chronic disorders are regarded as a leading cause of death globally,
with 60% of these deaths due to chronic inflammatory diseases [5]. These inflammatory
changes are induced by cytokines and other inflammatory mediators. Cytokines are
classified into two major categories: pro-inflammatory and anti-inflammatory cytokines.
Several cytokines including interleukin (IL)-1, tumour necrosis factor-alpha (TNF-a), IL-6
and IL-8, and chemokines such as granulocyte colony-stimulating factor (G-CSF) and
granulocyte-macro-phage colony-stimulating factor (GM-CSF) play a key role in acute
inflammatory reactions [6].
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A conventional therapeutic option for the treatment of inflammation and associated
pain is nonsteroidal anti-inflammatory drugs, but their use is associated with a multitude
of unwanted effects. For this reason, new research is focused on the search for safe natural
substitutes for conventional anti-inflammatory drugs. The latest research has determined
numerous pharmacological targets including cytokines, chemokines, transcription factors,
complement activation pathways, eicosanoids, reactive oxygen species (ROS), and reactive
nitrogen species (RNS) [4,7].

Since ancient times, people have relied on medicinal plants in the treatment of various
health disorders, including inflammation and its complications. These actions are attributed
to the complex chemical composition and the presence of secondary biomolecules in
plants such as phenolic compounds, flavonoids, saponins, and sesquiterpenes [8]. The
challenge of science is to find the exact chemical compound responsible for the observed
pharmacological effects [9]. Moreover, it is important to recognize the side effects and
potential interactions between medicinal plants and other synthetic drugs [10].

Bearing in mind that for centuries all nations have developed their traditional medicine
based on the plants that grow in their environment and that precisely traditional methods
of treatment have become very popular in recent years, and ubiquitous in everyday life,
the aim of this paper was to review the plants with anti-inflammatory properties that are
used in Serbian traditional medicine. Many ethnopharmacological studies indicate the use
of certain plants for the treatment of diseases related to inflammatory processes, and in
this review, we have selected 15 plants for which the anti-inflammatory potential has been
confirmed by studies.

2. Materials and Methods

After a detailed selection of plants used in the Serbian tradition based on written
sources (books) by local authors [11–13], the scientific literature that examines the named
plants was searched in various scientific databases such as Google Scholar, PubMed, Science
Direct, and Web of Science. The keywords include a combination of Latin or English names
of selected plants with the words “anti-inflammatory”, “phytochemistry”, and “pharma-
cology”. The content of selected articles was evaluated to determine their suitability for
our topic. Mainly, articles in the English language, published from 2000 to 2023, with full
text available were included. The exception is a few articles (books) in Serbian and Russian.
These references are published before 2000 [11–16]. However, they have been exclusively
included because of relevance as they provide a detailed list of all plants used in traditional
Serbian medicine and were used to select plants with anti-inflammatory activity. The search
was performed from November 2022 to the end of January 2023.

3. Anti-Inflammatory Plants from Serbian Traditional Medicine

The use of medicinal plants in Serbia for the treatment of diseases related to inflamma-
tory processes has a long history. The most frequent, in Serbia, inflammation treated with
plants, is located at the mucous membrane, the upper respiratory tract, the gastrointestinal
tract, and the skin [11,17]. There are several studies dealing with the ethnopharmacology ap-
proach of medicinal plant application among Serbian people, mainly in rural areas [18–20].
However, plants used as anti-inflammatories in Serbian traditional medicine belong to dif-
ferent families: Asteraceae (Achillea millefolium, Calendula officinalis, Matricaria chamomilla),
Rosaceae (Agrimonia eupatoria), Poaceae (Agropyrum repens), Liliaceae (Allium cepa, A. sativum),
Malvaceae (Althaea officinilas), Betulaceae (Betula pendula), Fabaceae (Glycyrrhiza glabra), Jug-
landaceae (Juglans regia), Hypericaceae (Hypericum perforatum), Lamiaceae (Mentha piperita,
Salvia officinalis), and Salicaceae (Salix alba) (Figure 1).
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Figure 1. Plants used as anti-inflammatory in Serbian traditional medicine: (a) Achillea mille-
folium; (b) Agrimonia eupatoria; (c) Agropyrum repens; (d) Allium cepa; (e) Allium sativum;
(f) Althaea officinilas; (g) Betula pendula; (h) Calendula officinalis; (i) Glycyrrhiza glabra; (j) Juglans
regia; (k) Hypericum perforatum; (l) Matricaria chamomilla; (m) Mentha piperita; (n) Salix alba;
(o) Salvia officinalis.

3.1. Achillea millefolium L., Asteraceae (Eng. Yarrow, Srb. Hajdučka Trava)

Yarrow is one of the most famous and most commonly used plants in traditional
Serbian medicine. The internal and external use of this plant in which people have great
confidence is widespread. In the form of poultices and ointments, it is used by people
to treat various inflammatory and injured skin conditions. This action was confirmed
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by in vitro and in vivo studies in which extracts of yarrow showed a significant anti-
inflammatory effect as well as a healing effect. In addition to independent use, it is also
used as part of complex herbal mixtures for various medicinal purposes [13,14,21]. The
data obtained in one in vivo study showed that the oil yarrow extracts had a significant
anti-inflammatory property. The application of tested oil extracts on the artificially irritated
skin of volunteers demonstrated the ability to re-establish their optimal skin parameters
to the values measured prior to the irritation. The topical anti-inflammatory activity is
attributed to the sesquiterpenes being caused by their inhibition of the arachidonic acid
metabolism [22]. Internally, yarrow is part of tea mixtures intended for the treatment
of asthma as chronic inflammation of the respiratory tract [14]. One study aimed to
evaluate the ethanolic extract of A. millefolium flower for antitussive and anti-asthmatic
potential through animal experimental models. The results of the study revealed the potent
antitussive and antiasthmatic activities of A. millefolium flower extract [23].

3.2. Agrimonia eupatoria L., Rosaceae (Eng. Common Agrimony, Srb. Petrovac)

Common agrimony, church steeples, or sticklewort is another important herb of
traditional medicine with numerous uses. Aerial parts of this plant are used internally
in the form of tea or externally in the form of baths. It is known to be used for painful
joints and inflammatory diseases of the mouth and throat [13,14]. Anti-inflammatory
effects are well studied and confirmed in a lot of in vitro and in vivo studies. Experiments
showed that A. eupatoria exerts an immunoprotective effect and decreases the levels of
pro-inflammatory cytokines while increasing those of anti-inflammatory cytokines [24,25].
Antioxidant, anti-inflammatory, and peripheral analgesic activities were observed for A.
eupatoria infusion and polyphenol-enriched fraction. Based on the results of this study, it
was concluded that the traditional use of the A. eupatoria infusion as an antioxidant and
anti-inflammatory is justified and suggests that its polyphenols (isoquercetin, tiliroside,
and kaempferol O-acetyl-hexosyl-O-rhamnoside) contribute to this activity and should be
considered as lead molecules for designing new pharmacophores [26,27].

3.3. Agropyrum repens L., Poaceae (Eng. Couch Grass, Srb. Pirevina)

Couch grass is a very common perennial species of grass native to most parts of
Europe. For medicinal purposes, the rhizome is used to make tea for the treatment of
various inflammatory conditions. Traditional use has been recorded for inflammation of
the bladder, bronchitis, arthritis, and rheumatism [13,14]. One study showed that oral
administration of ethanol extract of rhizomes of A. repens induced moderate inhibition of
carrageenan foot oedema of the rat hind-paw compared to indomethacin. In the other study,
the cream containing dry couch grass extract was tested for allergic contact dermatitis in
rats. The results showed that the anti-inflammatory effects of the couch grass cream were
comparable to the standard glucocorticoid cream activity [28].

3.4. Allium cepa L., Liliaceae (Eng. Onion, Srb. Crni Luk)

Onion is widely used in Serbia both for therapeutic purposes and as a spice and part
of traditional cuisine. The whole plant is edible, but the bulbs that grow underground
are most commonly used. It is used in fresh and dried form as a spice in food and in the
form of teas or poultices for the treatment of various diseases, including inflammatory
conditions such as headache, common cold, arthritis, and asthma. Externally, onion juice
or juice is used in the treatment of skin inflammation, purulent wounds, burns, frostbite,
and insect bites [13,14]. Numerous modern research has confirmed the justification of the
use of onion as an anti-inflammatory agent. It was reported that the anti-inflammatory
properties of Allium species are due to the presence of effective compounds such as tannin,
flavonoids, anthocyanin, saponin, etc. Thiosulfinates and cepaenes from onion showed
anti-inflammatory properties mediated through the inhibition of chemotaxis of human
polymorphonuclear leukocytes. Furthermore, it has been established that cepaenes inhibit
cyclooxygenase (COX) and lipoxygenase (LOX) enzymes. Quercetin, a well-known con-
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stituent of onion decreased the production of inflammatory cytokines such as IL-1a, IL-4,
and TNF-a and inhibited the proliferation and activity of lymphocytes. These effects have
been confirmed through several studies on animals and humans [29–31].

3.5. Allium sativum L., Liliaceae (Eng. Garlic, Srb. Beli Luk)

Garlic is another valuable plant from the genus Allium which is very widespread.
Among people, garlic is a medicine for all ailments, in which there is a great and unshakable
trust. This belief often goes so far that garlic is still used today in some households in
the countryside not only as a preventative but also as a protective agent against “evil
spirits” and other dangerous “invisibles”, for fortune-telling, recovery, spells, and magic.
The primordial belief in the medicinal, protective, and magical power of garlic left a deep
mark on the material and spiritual life of the people. Garlic is eaten almost regularly
and is added as an ingredient to various dishes. During epidemics of typhus, cholera,
plague, dysentery, flu, and in general, whenever there was a great plague of infectious
diseases, garlic was always recommended and used daily as a preventive and curative
tool [13,14]. Garlic extracts and their related phytochemicals have been reported to possess
anti-inflammatory activity in numerous studies [32]. Allicin, the main constituent of garlic,
demonstrated a defensive mechanism against pathogens by its ability to enhance the
activity of immune cells and influence signaling pathways associated with these immune
cells. Moreover, allicin works on T-cell lymphocytes by inhibiting the SDF1α chemokine
which is associated with the weakness of the dynamic structure of the actin cytoskeleton
in addition to this, it leads to inhibit the transendothelial migration of neutrophils [33].
Another report indicated that thiacremonone (a sulfur compound isolated from garlic)
prevents neuroinflammation and amyloidogenesis by blocking the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) activity, and for that reason can be used to
treat neurodegenerative disorders related to inflammation [34].

3.6. Althaea officinilas L., Malvaceae (Eng. Marshmallow, Srb. Beli Slez)

Marshmallow is a widespread plant in Serbia. All parts of the plant can be used
for treatment, but the root, which is the richest in active principle, is used most often.
Macerate of white marshmallow is used as an auxiliary mucus agent for inflammation of
the respiratory tract and gastroenteritis, and as compresses for inflammation of the skin.
Cultivated plants are generally used to obtain plant raw materials because they are of
better quality with a higher content of active principles [13,14]. The in vitro experiments on
human monocytic cell line THP-1 showed a significant anti-oxidant and anti-inflammatory
activity of root extracts of A. officinalis. The investigated preparation showed the ability to
ameliorate the migratory capacity of macrophages. These anti-inflammatory effects were
comparable to or even better than diclofenac [35].

3.7. Betula pendula Roth., Betulaceae (Eng. Common Birch, Srb. Bela Breza)

Common birch is widely distributed in temperate and northern climate zones. It is
used in the traditional medicine of numerous countries, and its positive effects on human
health have been known since ancient times. It belongs to the group of medicinal plants.
Numerous studies on the chemical composition and activities of birch isolates aim to
confirm their biological effects and use in traditional medicine. Birch leaf is one of the main
ingredients of tea mixtures for the treatment of inflammation of the urinary tract acting as a
diuretic and does not irritate the renal parenchyma. Birch tar is also used in folk medicine,
a substance derived from the dry distillation of the wood, bark, and roots of the birch tree.
It is used in dermatology, especially in eczema as a condition of chronic inflammation of
the skin. In addition to tea and tar, birch sap is also used, a colorless liquid that oozes in
the spring from cut birch trees [13,14]. One study investigates the influence of the aqueous
extract of Betula pendula on primary human lymphocytes in comparison to the synthetic
anti-arthritis drug methotrexate in vitro on human peripheral blood mononuclear cells
(PBMC). These results provide a strong rational base for the widespread use of the leaf
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extract of Betula pendula in the treatment of immune disorders such as rheumatoid arthritis,
through the reduction of proliferating inflammatory lymphocytes [36].

3.8. Calendula officinalis L. Asteraceae (Eng. Calendula, Srb. Neven)

Calendula is native to the Mediterranean region but it is widely cultivated all over
Serbia. It has a very wide application in traditional medicine. It is used in the form of tea,
as an addition to salads and other dishes, and externally in the form of oils, ointments,
compresses, or rinsing teas. For curative purposes, inflorescences are used and rarely
is the above-ground part of the plant in bloom. Traditionally, many beneficial effects
are attributed to this plant. It is used as an anti-inflammatory and a remedy for healing
wounds and skin disorders. Calendula ointments, suspensions, or tinctures are used
topically for treating acne, reducing inflammation, controlling bleeding, and soothing
irritated tissue [13,14]. Numerous studies confirm the anti-inflammatory effect of this
plant applied topically. One in vitro study assessed the anti-inflammatory potential of
calendula oil using lipopolysaccharide (LPS)-stimulated macrophages, as an in vitro model
of inflammation. Scientists investigated the ability of a commercial calendula flower extract
to inhibit NO production on macrophages exposed to LPS. The obtained results showed a
dose-dependent NO inhibition of up to 50%, presenting a safety profile, thus, reinforcing
the anti-inflammatory activity of calendula flower extract. In conclusion, the results of
this study support the usefulness of Calendula oil in the treatment of injured skin and for
conditions or diseases for which NOS contributes to the pathophysiology, such as contact
dermatitis, vitiligo, rosacea, melasma, and psoriasis [37]. A study on rats provided evidence
that Calendula officinalis presented anti-inflammatory and antibacterial activities as well
as the capability of stimulating fibroplasia and angiogenesis. Calendula extracts showed
a positive effect on the inflammatory and proliferative phases of the healing process of
cutaneous wounds in rats [38]. In addition, the topical application of C. officinalis ointment
has helped to prevent dermatitis and pain, thus, reducing the incidence rate of skipped
radiation treatments in randomized trials [39].

3.9. Glycyrrhiza glabra L., Fabaceae (Eng. Liquorice, Srb. Sladić)

Liquorice is a famous medicinal plant worldwide. The root is the most used part of this
plant with an extremely sweet flavor and pleasant odor. Liquorice has had an important
place in traditional Serbian medicine since ancient times. In monastery hospitals, tea made
from a mixture of liquorice root, rhizomes, and barley was used as a universal remedy for
reconvalescence. Modern research has also confirmed its beneficial effect on the liver, so
licorice root is a common ingredient in detox tea mixes. The active ingredients show anti-
inflammatory action and have a beneficial effect on spasms and pain relief. Liquorice is part
of several tea mixtures with therapeutic usages, namely Species pectorales, Species diureticae,
and Species urologicae) and it is also part of a tea mix for the pediatric population. Black
sugar is a product of liquorice made from the aqueous extract by steaming to dryness,
which contains around 25% glycyrrhizin [13,14]. Many studies have investigated the
anti-inflammatory effect of this plant and the results have confirmed the justification
of its use in tradition. Some studies concluded that glycyrrhetinic acid and aqueous
extract of liquorice possess strong anti-inflammatory activity, which was comparable with
diclofenac [40,41]. Additionally, it was further recommended that the activity of anti-
inflammatory formulations such as famotidine or diclofenac can be further enhanced
through the addition of liquorice aqueous extract [41]. A lot of studies evaluated the impact
of G. glabra and its bioactive components on different mechanisms of inflammation. Results
showed inhibition of proinflammatory cytokine through inhibition of LPS-induced IL-1β,
IL-6, IL-8, and TNF-α responses of macrophages. Furthermore, one study showed that
extract of this plant inhibits serum levels of TNF-α and reduces antigen induce arthritis
symptoms in mice [42].
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3.10. Juglans regia L. Juglandaceae (Eng. Walnut, Srb. Orah)

Walnut is an ancient plant that is cultivated and grows wild in Serbia. In addition to the
nutritional value of the fruit, the leaf and pericarp of the young fruit are traditionally used
in healing. Externally, walnut-leaf tea is used to rinse the skin and mucous membranes in
various inflammatory processes. Walnut tea is drunk orally for inflammation of the mucous
membrane of the digestive organs. Furthermore, walnut leaves are added to tea mixtures
for improving the resistance of the body’s immunity [13,14]. The justification of traditional
use has been confirmed by research. One study evaluated the antitussive, antioxidant,
and anti-inflammatory effects of a walnut extract rich in bioactive compounds, using a
citric acid-induced cough model in rats. Walnut septum showed significant antitussive and
anti-inflammatory activities [43]. The ethanolic extracts of J. regia leaves exhibited potent
anti-inflammatory activity comparable with indomethacin against carrageenan-induced
hind paw edema model in mice without inducing any gastric side effects [44].

3.11. Hypericum perforatum L. Hypericaceae (Eng. St. John’s Wort, Srb. Kantarion)

St. John’s wort is a very common plant in the flora of Serbia. The aerial part of the plant
is used for a variety of external and internal uses. Traditional written sources mention the
use of St. John’s wort in the form of an infusion or tincture as an anti-inflammatory, styptic,
and antiseptic agent. St. John’s wort oil, which is made as a macerate with sunflower
or olive oil, is a well-known and valued remedy for healing wounds and burns [45]. An
important note with the traditional use of the preparation is that the chemical compounds
in the composition cause photosensitization, so precaution must be taken when exposed
to UV light during treatment [15]. Imaninum is traditional antibacterial preparation for
external application based on H. perforatum used for the treatment of fresh wounds, burns,
and ulcers [13,14]. Imaninum is described as a dark brown powder obtained by boiling
ground aerial parts of plant material (without stem) in 10% NaOH (1:10). The NaOH is
removed and the cooking is repeated 5–6 times, always with a new amount of NaOH.
The herbal residue that remains after cooking is acidified with HCl to an acidic reaction
and then grind to a fine powder. In addition, if necessary, chlorophyll and pigments are
separated from this preparation. It is used as an external agent in the form of solutions,
ointments, and powders for the treatment of patients with fresh and infected wounds,
burns, ulcers, abscesses, mastitis, carbuncles, boils, etc. They are also used for acute rhinitis,
pharyngitis, laryngitis, and sinusitis [16].

Many in vitro and in vivo studies have justified the traditional use of St. John’s wort
in the therapy of inflammatory skin disorders by proving that the lipophilic extract as well
as the pure individual components of its composition possess notable anti-inflammatory
potential [46]. The study on rats showed that H. perforatum decreased levels of enzymes
associated with colonic inflammation [47]. Results from a study on rats demonstrated that
H. perforatum exhibits antiedematogenic and antinociceptive properties, which may be of
value for the management of inflammatory painful conditions. However, the side effect is
gastric irritation [48].

3.12. Matricaria chamomilla L. Asteraceae (Eng. Chamomile, Srb. Kamilica)

Medicinal properties of chamomile have been known since ancient times: in folk
medicine, chamomile is considered a “panacea”—a cure for all diseases, given that its
primary medicinal properties are antiseptic and anti-inflammatory, whether it is infections
or inflammatory processes on the skin, mucous membranes of the mouth and throat or
mucous membranes of the respiratory organs, digestive organs, or urogenital system [13,14].
Results from many studies confirmed traditional uses. The result from one study on animals
showed that the volatile essential oil and non-volatile components (the aqueous extract
and flower-water of chamomile) could significantly inhibit pedal swelling induced by
carrageenan in rats, and ear swelling induced by xylol in mice [49]. Moreover, extracts
provoked the increase of celiac capillary vessel permeability induced by HAC (glacial acetic
acid dissolved in normal saline) in mice and the concentration increase of PGE2 and NO
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during pedal swelling induced by carrageenan in rats, as well as heterogeneity passive
skin allergy in mice’s ear and the inching reaction caused by dextran in mice [50,51]. As
expected, the essential oil had the most remarkable anti-inflammatory and antiallergic
effects [49]. An animal study showed that bisabolol from chamomile reduces inflammation
and fever and has a favourable effect as adjuvant therapy in arthritis [49,52].

3.13. Mentha piperita L. Lamiaceae (Eng. Peppermint, Srb. Nana)

The peppermint leaf has multiple uses in Serbian tradition. Mint is a common ingredi-
ent in various tea blends, including tea blends for children which confirms the people’s trust
in this plant. In addition to consumption for medicinal purposes, mint tea is also drunk as
a beverage due to its pleasant taste. Peppermint has gained the trust of folk medicine as an
effective and safe tool with no restrictions for any type of use in all age populations. Later,
based on the evidence, this precious plant was given generally recognized as safe (GRAS)
status by the Food and Drug Administration (FDA). The essential oil of this plant is widely
used for various purposes. Externally, it is used as part of the preparation for rubbing
against rheumatic and neuralgic pains. By the way, the largest quantities of essential oil
are used in the food, cosmetic, and alcoholic beverage industries. It is also used for the
extraction of menthol [13,14]. The essential oil and extract of M. piperita were evaluated
for their in vitro and in vivo anti-inflammatory activity. The investigations showed that
the oil of M. piperita exerted significant anti-inflammatory activity, without inducing any
apparent acute toxicity or gastric damage as compared to indomethacin, as the reference
drug [53,54].

3.14. Salix alba L. Salicaceae (Eng. White Willow, Srb. Bela Vrba)

White willow has been widely used in traditional Serbian medicine since ancient times.
In the treatment, the young bark is used, which is peeled in early spring. Willow bark
decoction is used for colds, flu, and rheumatic diseases due to its analgesic, antipyretic,
and anti-inflammatory effects. In the form of oral rinses, a decoction of willow bark is
recommended for the treatment of inflammatory conditions of the mucous membranes.
Until the synthetic production of salicylic acid was perfected, this plant and related wil-
low species were long used as a raw material from which this acid was obtained [13,14].
Contemporary research has confirmed the experiences of folk medicine. In addition to
the content of salicylic acid also, the presence of flavonoids is responsible for the anti-
inflammatory effects of willow bark extracts, so to achieve a healing effect in the case of
lower back pain relief, much lower doses are needed than for aspirin-based treatment [55].
This fact is very important from the aspect of safety of use. Experimental animal models
showed that S. alba possesses an anti-inflammatory effect in xylene-induced ear oedema or
carrageenan-induced paw oedema [56,57].

3.15. Salvia officinalis L. Lamiaceae (Eng. Sage, Srb. Žalfija)

Sage is an ethereal, luxurious, medicinal, and Mediterranean plant that has been
cultivated for centuries for its healing properties. The most serious diseases were treated
with sage before the era of antibiotics, so it could be said that it was the only salvation
in those cases. It was prepared and used in different ways. It was used fresh and dry,
it was pressed and essential oil was made from it, sage tea was brewed, it was chewed
fresh for toothaches and diseased gums, and bandaged on wounds and injuries received in
battles. Its exceptional medicinal properties, given that it is one of the strongest natural
antibiotics, antimycotics, and antiseptics, rank sage even today in the first place, as the
queen among medicinal herbs. In Serbia, people have great confidence in this plant as one
of the most important medicinal plants [13,14]. Pharmacological studies have shown that
S. officinalis has anti-inflammatory and antinociceptive effects. For example, it has been
shown that this plant helps to control neuropathic pain in chemotherapy-induced peripheral
neuropathy [58]. Among different extracts of S. officinalis, the chloroform one shows more
anti-inflammatory action, while the methanolic extract and essential oil demonstrate low
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action [59]. Flavonoids and terpenes are the compounds that most likely contribute to
the anti-inflammatory and antinociceptive actions of the herb. One study reported that
flavonoids extracted from S. officinalis reduce inflammation in the mouse carrageenan model
and induce an analgesic effect in a dose-dependent manner [60]. Investigation of individual
constituents of S. officinalis showed that topical application of rosmarinic acid inhibits
epidermal inflammation [61]. Manool, carnosol, and ursolic acid are terpenes/terpenoids
with anti-inflammatory potential [62]. The anti-inflammatory action of ursolic acid is
significantly more potent than that of indomethacin [59]. This proven action of S. officinalis
constituents may be responsible for its high value as an anti-inflammatory agent [63].

4. Scientific Data on Anti-Inflammatory Potential of Selected Plants

All the above plants have a long history of traditional use as medicinal agents by
many peoples around the world. That application is founded and confirmed by experience
about the beneficial effect of their application. Modern research tends to investigate and
document the justification of their use, explain the mechanisms of action, and isolate
the active principles. Various plant-derived compounds inhibit inflammation through
a reduction in the levels of several cytokines including IL-1β, IL-6, and TNF-α, and the
suppression of COX-2, prostaglandins, and nitric oxide (NO) release. Active organosulphur
compounds in garlic primarily ajoene, alliin, and allicin work by reducing levels of pro-
inflammatory cytokines while increasing levels of anti-inflammatory interleukins. Different
subclasses of flavonoids have been shown to suppress inflammatory molecules such as TNF-
α, IL-1, IL-6, IL-17, and IFN-γ, which are secreted through the activation of several signaling
pathways, predominantly the NF-κB pathway [9]. The ultimate goal of all research is to
provide knowledge for the safe and effective use of the whole plant as an herbal remedy,
as well as to find new raw materials for the isolation of bioactive substances for direct
use as drugs or starting substances for further chemical modification to improve activity
and/or reduce toxicity. Nonetheless, herbal preparations can be used as adjuvant therapy
in addition to conventional therapy. In favor of plants and all the advantages of their use,
it is worth noting that molecular diversity is a valuable advantage in relation to synthetic
molecules because it allows acting on more different molecular mechanisms with lower
doses and fewer adverse effects.

An overview of the scientific literature on plants with traditional use in Serbia in the
treatment of inflammation is given in Table 1.

Table 1. Mini-review of scientific data about the anti-inflammatory effect of plants from Serbian tradition.

Name of Herb Part Used Phytoconstituents Scientific Data Ref.

Achillea millefolium aerial parts

alkaloids, glucoside, choline,
essential oils, salicylic acid,

sesquiterpenoids,
dicaffeoylquinic acids,

luteolin, apigenin

• down-regulating the expression iNOS
• inhibition of the inflammation-related

proteases, namely, HNE and MMP-2
and MMP-9

• macrophage activation modulating agents
• in vivo study on humans showed the ability

to re-establish optimal pH and hydration of
the skin to the values measured prior to
the irritation

• significant antitussive and antiasthmatic
activity on mice

[21–23,64]
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Table 1. Cont.

Name of Herb Part Used Phytoconstituents Scientific Data Ref.

Agrimonia eupatoria aerial parts

carbohydrates, tannins,
terpenoids, flavonoids,

agrimony lactone, glycosides
and oils; polysaccharides,
triterpenoids, silicic acid,

salicylic acid, nicotinamide
complex, thiamine, and

vitamin K.

• inhibiting inflammatory cytokine (IL-1β,
IL-4, IL-6) and INF-β production

• inhibition of NO and PGE2 production
• significantly reduced carrageenan-induced

paw oedema
• decreases the levels of pro-inflammatory

cytokines while increasing those of
anti-inflammatory cytokines.

• improving human markers of lipid
metabolism, oxidative status, and
inflammation after one month’s
consumption in healthy volunteers

[24–28]

Agropyrum repens rhizome carbohydrates, mucilages,
saponins, essential oils

• moderate inhibition of carrageenan-induced
foot oedema of the rat

• anti-inflammatory activity impacting plasma
lipid peroxidation parameters MDA, DC,
and catalase activity

[28]

Allium cepa bulb Phenolic acids, thiosulphates,
and flavonoids

• modulating COX-mediated
prostaglandin production

• reducing lung inflammatory cytokines such
as IL-4, 5, and 13 and T helper 2

• significantly reduced total WBC and lung
inflammatory cells such as neutrophil,
eosinophil, and monocyte counts, but led to
a significant increase in lymphocyte counts
in asthmatic Wistar rats

[30,31,65]

Allium sativum bulb Sulphur compounds, enzymes,
amino acids, minerals

• modulating leucocyte cell proliferation and
cytokine production

• inhibiting Th1 and inflammatory cytokines
and upregulating IL-10 production

[32,66–68]

Althaea officinilas root, leaf, flower

starch, pectins, saccharose,
mucilage, flavonoids, caffeic

acid, p-coumaric acid,
isoquercitrin, coumarins,

phytosterols, tannins,
amino acids

• in vitro Phytohustil® and root extracts of A.
officinalis were able to protect human MΦ
against H2O2-induced cytotoxicity and
H2O2-induced ROS production.

• inhibition of the LPS-induced release of
TNF-α as well as of IL6 in MΦ.

• results of a pilot active-controlled trial
revealed that topical use of 1% ointment
contained ethanolic extract in petrolatum
base which has a higher efficacy in children
with atopic dermatitis in comparison to
topical hydrocortisone 1%.

[35,69]

Betula pendula leaves and
leaf buds

flavonoids, tannins, resins,
essential oils

• in vitro reduction of proliferating
inflammatory lymphocytes

• in vivo study on rats showed a significant
effect of tablets with dense extract on
carrageenin-induced inflammation

[36,70]
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Table 1. Cont.

Name of Herb Part Used Phytoconstituents Scientific Data Ref.

Calendula officinalis inflorescence

triterpenoids, flavonoids,
coumarins, quinones, essential

oils, carotenoids, and
amino acids.

• dose-dependent NO inhibition reinforcing
the anti-inflammatory activity of calendula
flower extract.

• potent anti-inflammatory response extract
may be mediated by the inhibition of
proinflammatory cytokines and Cox-2 and
subsequent prostaglandin synthesis.

• methanolic extract of flowers showed the
most potent inhibition of TPA-a-induced
inflammation in mice

• antioedematous effect in croton oil-induced
mouse oedema

• cream containing calendula extract has been
reported to be effective in dextran and burn
oedemas as well as in acute lymphoedema
in rats.

• reducing inflammatory bone resorption in
an experimental rat periodontitis

• in vivo on rats aqueous flower extract
demonstrated anti-inflammatory and
antibacterial activities as well as the
capability of stimulating fibroplasia and
angiogenesis

• phase III Randomized Tria showed that
calendula-based ointment was statistically
significantly more effective than trolamine in
preventing acute dermatitis grade 2 or
higher during adjuvant postoperative
breast irradiation.

[38,39,71–74]

Glycyrrhiza glabra root triperpenic saponins,
sterols, flavonoids

• the hydroalcoholic extract showed a
maximum inhibitory action on
carrageenan-induced paw oedema at the
dose of 200 mg/kg and inhibited the
leukocyte migration in a dose-dependent
manner. The anti-inflammatory activity was
comparable to indomethacin

• methanol extract was evaluated for the
COX-2 inhibitory activity using Cayman
COX (ovine) inhibitory screening assay. A
few molecules (dominantly glycyrrhizic
acid) showed potent COX-2 inhibitory
activity which may be beneficial as
anti-inflammatory agents

• glycyrrhizin exhibited steroid-like
anti-inflammatory activity, comparable with
hydrocortisone, due to inhibition of
phospholipase A2 activity, glycyrrhizic acid
inhibited cyclooxygenase activity and
prostaglandin formation (specifically PGE2),
as well as indirectly inhibiting
platelet aggregation

• outcomes of one in vitro study show that
licoflavanone can decrease iNOS and COX2
expression levels in LPS-stimulated RAW
264.7 cells, interfering with the inflammatory
cascade mediated by NO and PGE2

[42,75–77]
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Table 1. Cont.

Name of Herb Part Used Phytoconstituents Scientific Data Ref.

Juglans regia leaves tannins, naphthoquinone
derivatives, flavonoids

• in vivo on mice aqueous and ethanolic
extracts showed activity against acute and
chronic inflammation

• potent anti-inflammatory activity
comparable with indomethacin against
carrageenan-induced hind paw edema
model in mice without inducing any gastric
side effects

• citric acid-induced cough model in rats
showed that walnut septum expressed
potent antitussive and
anti-inflammatory activities.

[43,44,78]

Hypericum
perforatum aerial part hyperforin, hypericin,

flavonoids, tannins

• inhibition of the production of PGE2on
mouse macrophage cells

• the compounds isolated from H. perforatum
induced a dose-dependent reduction in
oedema in mice

• the results from a study on rats provide
evidence for the usage of Oleum Hyperici as
an anti-inflammatory and
gastroprotective agent

[79–81]

Matricaria
chamomilla flowers essential oils, sesquiterpene

lactones, coumarins, mucilages

• reduction of NO production and induction
of anti-inflammatory cytokine
production (IL-10)

• significantly inhibiting swelling of mouse
ears caused by xylene, pedal swelling caused
by carrageenan in rats, and the increase of
celiac capillary vessel permeability in mice

• inhibitory effect on the increase in PGE2 and
NO levels in rat pedal edema caused
by carrageenan

• study on rats showed that chamomile extract
prevented a significant increase in serum
levels of TNF-α, CRP, IL-6, and fibrinogen.

• synergic anti-inflammatory effects with
diclofenac and indomethacin on
carrageenan-induced paw inflammation and
stomach damage in rats

[49,51,52]

Mentha piperita leaves essential oils, phenolics,
flavonoids, tannins

• potent anti-inflammatory activity in the
croton oil-induced mouse ear oedema model

• inhibitory effect on the production of NO
and PGE2

[53,82]

Salix alba bark
phenolic glycosides, flavonoids,

tannins, aromatic aldehydes,
and acids

• in vivo tests of the methanolic and aqueous
extracts of the barks showed a strong effect
on carrageenan-induced paw oedema and
xylene-induced ear edema

• in vivo on mice methanolic extracts
exhibited a dose-dependent analgesic
property with more potency than the
standard drug aspirin in all tested doses, as
well as inhibited the paw edema by
interruption of the arachidonic acid
metabolism and shows inhibition of the
inflammation greater than the inhibitory
effect of the aspirin

[55,56]
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Table 1. Cont.

Name of Herb Part Used Phytoconstituents Scientific Data Ref.

Salvia officinalis leaves essential oil, tannins, diterpenes,
triterpenes, flavonoids

• the chloroform extracts showed strong
anti-inflammatory properties on croton
oil-induced ear oedema in mice after
topical application.

• in mice, arnosol and ursolic acid/oleanolic
acid inhibited the inflammatory phase of
formalin and the nociception and mechanical
allodynia induced by cinnamaldehyde

[59,62,63]

COX2—cyclooxygenase-2; CRP—C-Reactive Protein; DC—diene conjugates; HNE—neutrophil elastase;
IL-6—Interleukin 6; NO—nitric oxide; INF-β—interferon-β; iNOS—inducible nitric oxide synthase; LPS—
lipopolyccharide; MDA—malondialdehyde; MMP—matrix metalloproteinases; MΦ—Macrophages; PGE2—
prostaglandine E2; RAW 264.7—macrophage cell line; ROS—reactive oxygen species; TNF-α—Tumor Necrosis
Factor-α; TPA—12-O-tetradecanoylphorbol-13-acetate; WBC—white blood cells.

Medicinal plants could be a powerful source of raw material for the pharmaceutical
industry and synthesis of new remedies, considering that every nation has its own heritage
in ethnobotany and ethnopharmacology, so traditional medicine is key important in the
processes of plant-based medicines products [83,84]. Taking into account the diversity of
the plants, which is conditioned by numerous factors such as geographical, pedological
and climatic, intensive research on the bioactive potential of medicinal plants in each region
should be the focus of scientists around the world [85,86]. The medicinal plants with
anti-inflammatory properties used among Serbian people could be promising candidates
for further research and identifying new bioactive potentials, especially in combination
with modern green technologies [87–89].

5. Conclusions

People in Serbia have relied on healing with various herbs since ancient times. Most
of the plants from the natural treasures of Serbia found traditional use. In the therapy of
inflammation, plants from Asteraceae and Lamiaceae families are most frequently used.
The easy availability of numerous herbs and empirically proven effectiveness with high
safety are the reason for their popularity in tradition. Today, through in vitro and in vivo
tests, the justification for the use of traditional plants is confirmed. With modern knowledge,
the best possibilities for using plant potential and their safe application are reached. Where
the limitations of conventional medicine are due to side effects, herbal treatment could gain
its full recognition due to fewer side effects, complex composition, and synergistic action
of individual components. In summary, all those facts open the possibility of using the
natural plants’ treasure for the purpose of isolating the active principles and further clinical
trials which would relive the reveal benefits and limitations of their application as well as
the potential synergistic effect with conventional therapy.
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Abstract: Data available in the literature on the use of herbal products to treat inflammation-related
vascular diseases were considered in this study, while also assessing the influence of gender. To this
end, the articles published in PubMed over the past 10 years that described the use of plant extracts
in randomized clinical trials studying the effectiveness in vascular pathologies were analyzed. The
difference in efficacy of plant-derived preparations in female and male subjects was always considered
when reporting. The safety profiles of the selected plants were described, reporting unwanted effects
in humans and also by searching the WHO database (VigiBase®). The medicinal plants considered
were Allium sativum, Campomanesia xanthocarpa, Sechium edule, Terminalia chebula. Additionally, an
innovative type of preparation consisting of plant-derived nanovesicles was also reported.

Keywords: vascular dysfunction; endothelium; plant extracts; gender; safety; botanicals; garlic

1. Introduction

Inflammation is a well-known biological response of the organism to chemical and
physical injuries that help the healing of tissues [1]. However, the inflammatory reaction
can be harmful when it is excessively great, causing acute organ failure, or when too
persistent, triggering chronic systemic inflammation [2]. In general, the inflammatory
status is manifested by an increase in serum C-reactive protein (CRP) level and the release
of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-α
(TNF-α) [3]. Arterial and venous vessels are directly involved in inflammatory progres-
sion with alterations in endothelial permeability, causing liquid and protein leakage and
tissue edema formation. TNF-α increases intracellular calcium and regulates myosin light
chain kinase and RhoA, which disrupts endothelial junctions, reducing barrier function
and enabling leukocyte transmigration [4,5]. Subjects with high levels of homocysteine,
cholesterol, and triglycerides show a greater risk of stroke by approximately 50% than those
with normal values [6]. Furthermore, the correction of hyperhomocysteinemia involves a
reduction in stroke risk from 34% to 70% [7]. Among the factors that affect the amount of
homocysteine present in the blood, are various physiological factors, such as age, sex, and
body mass index [8,9]. In fact, women generally have lower levels than men [10]; therefore,
homocysteine may be a possible factor responsible for gender differences in atherosclerosis
and coronary artery disease [11].

In the blood vessel, acute and chronic inflammation results in endothelial dysfunction
and vascular remodeling, affecting cardiovascular function. Several endogenous modula-
tors play a role in vascular inflammatory processes; in particular, an increase in advanced
glycation end-products (AGEs) causes activation of inflammatory pathways, oxidative
stress, and procoagulant activity, leading to endothelial dysfunction [12,13]. Fishman et al.
suggested that AGEs and their receptors may be useful biomarkers of the presence and
severity of coronary artery disease [12]. Other inflammatory modulators are proinflamma-
tory cytokines, such as TNF-α and interleukins (ILs) [14]. IL-1α and IL-1β are responsible
for the disruption effects on the endothelial barrier, while nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and the mitogen-activated protein kinase (MAPK)
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signaling cause pro-atherogenic effects [15]. Moreover, the vascular adhesion protein-1
(VAP-1), also known as amine oxidase copper-containing 3 (AOC3), is a pro-inflammatory
modulator with a greater expression in endothelial cells during inflammation [16,17]. VAP-1
is an ectoenzyme that catalyzes the oxidative deamination of primary amines and produces
hydrogen peroxide, ammonium, and aldehydes, regulates leukocyte extravasation, and
causes vascular damage and atherosclerosis [16,17]. Furthermore, endothelial dysfunc-
tion is mediated by the activation of enzymes such as heparinase and metalloproteinases
(MMPs), which cleave glycoproteins anchored to the endothelial glycocalyx, which are acti-
vated by pro-inflammatory cytokines and reactive oxygen species (ROS) [18]. Furthermore,
monosodium urate and cholesterol crystals, and islet amyloid polypeptides can damage the
phagolysosome membrane and promote persistent activation of the NLRP3 inflammasome,
also known as NALP3 or cryopyrin, causing severe inflammatory diseases such as gout,
atherosclerosis, and type 2 diabetes mellitus [19–21]. Recently, extracellular vehicles such
as platelet and endothelial microparticles have been reported to be involved in vascular reg-
ulation, including inflammatory and thrombotic homeostasis [22,23]. Therefore, vascular
inflammation is clearly a complex condition that has several modulators.

The literature findings suggest that the treatment of inflammation with targeted drugs
may promote the regression of vascular dysfunction [4,24,25]. However, non-steroid and
steroid anti-inflammatory drugs have not shown protective effects against arterial stiffening;
however, some promising results have been obtained with the use of selective inhibitors
of IL-1β, IL-6, and TNF-α [4,25]. Unfortunately, the use of these inhibitors can cause the
appearance of significant side effects, and their risk/benefit ratio remains to be further
determined. In this context, plant-derived products with potential activity in the treatment
of vascular dysfunction may be of interest. For this purpose, this study focused on the
literature delineating potential plant products of utility in the treatment of cardiovascular
diseases related to inflammatory damage. Particular attention was paid to the identification
of differences in response to herbal medicines in women versus men.

2. Sex Differences in Vascular Function

Few studies considered the sex difference related to inflammation and metabolic
and cardiovascular diseases. The general opinion is that men tend to have a worse risk
factor profile than women, although this relationship changes with advancing age [26].
Differences in the prevalence of cardiovascular diseases were observed in premenopausal
women compared to men of the same age; clinical data suggest that women are protected
against various cardiovascular diseases primarily during the fertile period of life [27–30].
In fact, estrogens increase vascular NO• signaling, improving vasodilatation and insulin
responsiveness, protecting against diabetes mellitus [30]. However, the relative risk of
cardiovascular disease morbidity and mortality in subjects affected by diabetes mellitus
ranges from 1 to 3 in men and from 2 to 5 in women, related to those without diabetes [31].
Furthermore, clinical studies failed to demonstrate that hormone replacement therapy
(HRT) in postmenopausal women could improve cardiovascular outcomes [30]. It can
also be observed that men and women have different lifestyle risk factors, such as male
behavior that may include more frequently cigarette smoking, alcohol abuse, higher intake
of red meat, and lower fruit and vegetable consumption [32]. Effectively, in part, behavior
differences could explain why women live longer than men [33]. Focus has been on the
relationship between the Western lifestyle and chronic metabolic inflammatory diseases
and also on finding preventive approaches [34]. A meta-analysis that considered a total of
462,194 participants demonstrated that high ingestion of fruits and vegetables (flavonoids)
was inversely associated with the risk of total cardiovascular disease mortality [35]. Re-
cently, Parmenter et al. (2022) found that in older women, a higher intake of habitual
dietary flavonoids, mainly black tea, is associated with less extensive abdominal aortic
calcification [36]. Previous authors have also shown that high black tea consumption is
associated with lower coronary artery and abdominal aorta calcifications [37–39].
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3. Materials and Methods

This study considered articles identified using a PubMed search strategy up to January
2023. The terms included in the search query were ‘blood vessel’, ‘inflammation’, and ‘plant-
derived compound’. The inclusion criteria for the search were as follows: 1. Published in the
last 10 years, 2. Full texts, 3. English language. Of a total of 16,395 articles included, some
were excluded according to other inclusion criteria, such as ‘endothelium’ and ‘female’,
excluding the term ‘review’ (Figure S1). A total of 20 articles was reviewed according to
their relevance to the selected topic. Additionally, other references were examined also
through Google Scholar to find additional relevant articles, including in vitro and in vivo
studies to facilitate the explanation of the pharmacological mechanisms. The safety profiles
of the selected plants were described, along with the unwanted effects reported in humans,
also by searching VigiBase®, the WHO global database of possible side effects of medicinal
products [40].

4. Results

The selected medicinal plants evaluated in this review were Allium sativum, Campomanesia
xanthocarpa, Sechium edule, and Terminalia chebula. Additionally, an innovative type of
preparation consisting of plant-derived nanovesicles was considered. Table 1 reports a
synthesis of the clinical trials that detected the efficacy of the medicinal plants considered
in this review.

4.1. Allium sativum L.
4.1.1. Botanical Characteristics

Garlic (Amaryllidaceae) is a herbaceous plant whose bulbs are often used to flavor
different types of food, widely known for its typical smell and taste [41]. Its alimentary
use is widespread throughout the world, and its medicinal use is well-known in popular
medicine as crude drug, standardized extracts, and also as a food supplement [42]. The
bulbs are harvested in late spring and early summer, then dried in the shade at 40 ◦C, to
enable storage [41]. Several traditional uses are known, such as antimicrobial, diuretic,
vermifuge, adjuvant in the prevention of atherosclerosis and the relief of the common
cold [43,44].

4.1.2. Phytoconstituents and Preclinical Activity

Among the most peculiar constituents, there are several sulfur compounds, including
alliin, an odorless compound, which in turn is transformed by the alliinase enzyme into al-
licin that has the typical garlic smell [45–48]. Allicin is a diallyl thiosulfinate considered one
of the most active components, although other sulfur compounds provide garlic properties,
such as ajoene, allyl propyl disulfide, diallyl trisulfide, and S-allylcysteine [49]. Addi-
tionally, garlic contains saponins, flavonoids, vitamins, and minerals [41,50]. Numerous
in vitro and in vivo studies suggested its efficacy in several human diseases [51,52]. Garlic
powder, aged garlic, and garlic oil have shown antiplatelet and anticoagulant effects by
interfering with cyclooxygenase-mediated thromboxane synthesis [49,53]. Garlic extracts
showed antioxidant property, decreased expression of vascular endothelial growth factor
(VEGF), hypoxia-inducible factor 1 alpha (HIF-1α), inducible nitric oxide synthase (iNOS),
and metalloproteinase (MMP)-9 [54–56]. Furthermore, garlic prevents the expression of
inflammatory cytokines such as IL-6 and monocyte chemoattractant protein-1 (MCP-1) in
lipopolysaccharide (LPS)-stimulated 3T3-L1 adipocytes [57].
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4.1.3. Therapeutic Efficacy: Clinical Trials

Garlic is a very well-known plant that is used around the world. Studies on garlic
preparations have mainly tested hypocholesterolemic, antihypertensive, antimicrobial, and,
also, antitumor activities [54–56]. A randomized placebo-controlled trial (RCT) enrolled a
total of 100 pregnant women at high risk of pre-eclampsia who were treated during the
third trimester of pregnancy for 8 weeks with 800 mg garlic tablets (dried garlic powder
containing 1 mg allicin, and ajoene) per day or placebo [60]. The treatment prevented the
increase of total cholesterol and reduced hypertension [60]. Another RCT conducted in
44 pregnant women treated with 400 mg garlic tablet (equal to 400 mg garlic and 1 mg
allicin) for 9 weeks showed reduced serum CRP levels and increased plasma glutathione
in the treated women compared to the untreated group [61]. Another study showed
that garlic supplementation (400 mg/day, garlic extract 2% allicin) positively modifies
endothelial biomarkers of cardiovascular risk, suggesting that treatment can reduce chronic
inflammation in obese individuals of both sexes [58]. Furthermore, one trial also suggested
that 500 mg granulated garlic powder (2–3 mg allicin) can be considered as an adjuvant
treatment in patients with diabetic macular edema [62]. Recently, the acute efficacy of
180 mg fermented garlic extract enriched with 7 mg inorganic nitrite (NO2

−) in healthy
women and men showed a significant decrease in both systolic and diastolic pressure
30 min after ingestion of the product [70].

Systematic reviews and meta-analysis evaluating the effects of garlic supplementation
have generally reported an improvement of lipid profile and insulin-resistance; however,
the low quality of the trials does not permit at the moment the real effectiveness of garlic
preparations to be defined [71,72]. Overall, the data available in the literature support
the use of garlic extracts in the treatment of vascular diseases mainly with an atheroscle-
rotic basis, without apparent differences between the two sexes. However, additional
RCTs with standardized extracts are required to confirm the therapeutic use of garlic in
cardiovascular diseases.

4.1.4. Safety

According to toxicity data from experimental studies and medicinal use, garlic prepa-
rations are generally considered safe in the usual dosage regimen. Female and male rats
treated with 300 and 600 mg/kg day of an aqueous garlic bulb extract for 21 days showed
changes in weight growth, biological parameters, and histological structures [73]. In hu-
mans, common side effects included odor and skin rash, and gastrointestinal upset [60,74,75].
In VigiBase® Allium sativum has 232 reports of potential side effects from all countries,
mainly Europe (31%), in patients of both sexes (female 49%, male 47%, unknown 5%), in
adults and older people [40]. Figure 1 shows the types and percentages of reported side
effects. Among these, there are mainly gastrointestinal disorders (18%, such as vomiting,
gastrointestinal pain, diarrhea, etc.), general disorders (13%, such as drug interaction, asthe-
nis, etc.), nervous system disorders (11%, such as dizziness, hemorrhages, skin disorders,
etc.) and various others (Figure 1). The large number of side effects related to garlic
use may depend on the very high consumption of this plant worldwide. In general, the
use of garlic even for curative purposes is considered safe in humans, avoiding use in
atopic subjects [51,76,77]. The medicinal use of garlic is not recommended during preg-
nancy and breastfeeding due to the absence of clinical evidence showing both efficacy and
non-toxicity [44]. Furthermore, it is also not recommended in patients being treated with
antiplatelet and anticoagulant drugs due to the increased risk of bleeding [44,75].

4.1.5. Future Needs

The use of garlic preparations is widespread both in the diet and for healing purposes.
To optimize its medical use, it is essential to define the type of formulation and the titer
of sulfur derivatives, the dose, and the mode of administration, to standardize treatments
and compare data from different clinical trials. Certainly, double-blind randomized clinical
trials, with a sufficient number of subjects of both sexes are needed, to validate the use of
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garlic in therapy in the treatment of vascular diseases. Otherwise, unfortunately, it would
remain only a traditional use, without valid evidence of effectiveness, the use on the basis
of scientific evidence being renounced.

Figure 1. Allium sativum: potential side effects reported in VigiBasis®.

4.2. Campomanesia xanthocarpa Berg.
4.2.1. Botanical Characteristics

Campomanesia xanthocarpa (Myrtaceae) is a semi-deciduous tree, commonly known
as “guavirova”, which grows in Brazil, Argentina, Paraguay, and Uruguay. It has edible
fruits with a succulent pulp and a sweet flavor [78]. Leaves are traditionally used in herbal
teas to treat inflammatory, urinary, rheumatic diseases, high blood pressure, and high
cholesterol [78,79].

4.2.2. Phytoconstituents and Preclinical Activity

Leaves contain phenolic compounds, such as chlorogenic, gallic, ellagic and rosmarinic
acids, glycosylated flavanols mainly of quercetin and myricetin, and pro-anthocyanidins [80–84].
Alkaloid theobromine (3,7-dimethyl-xanthine) was also identified in an aqueous infusion
of leaves [83]. Acute administration of an aqueous extract showed a dose-dependent
hypotensive effect in rats, by inhibiting the renin–angiotensin system through the block
of the angiotensin II type 1 receptor (AT1R) and of calcium currents, as well as by KATP
channel activation [83,84]. Furthermore, several studies reported the antioxidant activity of
the fruits and leaves [80,82,85].

4.2.3. Therapeutic Efficacy: Clinical Trials

The authors studied Campomanesia xanthocarpa on inflammatory processes, oxidative
stress, and lipid biomarkers of hypercholesterolemia, showing a decrease in total choles-
terol and LDL levels in treated hypercholesterolemic subjects [63,64]. A small trial in
33 hypercholesterolemic subjects treated with 250 and 500 mg capsules that contained dried
Campomanesia xanthocarpa leaves for 90 days revealed a significant reduction in total choles-
terol and LDL levels in hypercholesterolemic subjects with total cholesterol >240 mg/dL
(n = 22) [63]. In addition, another trial involving a larger number of subjects treated for
90 days with 500, 750, and 1000 mg of dried encapsulated leaves also demonstrated antic-
holesterolemic activity [64]. These authors also suggested that this treatment attenuates
oxidative stress and pro-inflammatory reactions, improving blood flow and endothelial
function [64]. Furthermore, healthy subjects were treated with 1000 mg of powdered
Campomanesia xanthocarpa leaves (n = 8) and compared to those treated with 100 mg of
acetylsalicylic acid (ASA, n = 7), or 500 mg of Campomanesia xanthocarpa plus 50 mg of ASA
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(n = 7). The authors showed that Campomanesia xanthocarpa leaves have antiplatelet activity
when administered at 1000 mg for 5 days alone, or at 500 mg with low doses of ASA [65].

4.2.4. Safety

The extract of Campomanesia xanthocarpa leaf administered to male rats at 300 mg/kg
iv caused cardiac depression with a dramatic drop in blood pressure and animal death [84].
In contrast, a 5000 mg/kg ethanol leaf extract administered orally to five male and five
female mice did not show toxicity [81]. Genotoxic effects were observed after treatment
with an aqueous leaf extract administered to male rats at 1000 mg/kg [82]; this observation
should be taken into account in future studies. No adverse reactions were reported for the
use of Campomanesia xanthocarpa (guavirova) in VigiBase® [40]. No information is available
in the literature on its safety during pregnancy or breastfeeding in humans.

4.2.5. Future Needs

Preparations with dry leaves of Campomanesia xanthocarpa seem to have interesting
hypocholesterolemic and antiplatelet activities, potentially useful in vascular diseases.
However, no specific active compounds were identified in the formulations administered to
the subjects, and therefore there is no reference compound for titration. Data from clinical
trials are very limited, and there is certainly a need for double-blind randomized clinical
trials with a sufficient number of subjects of both sexes to define the clinical usefulness of
this medicinal plant.

4.3. Sechium edule (Jacq.) Sw.
4.3.1. Botanical Characteristics

Sechium edule (Cucurbitaceae) is a perennial herbaceous climbing plant cultivated
mainly by Asian and Latino-American populations for food use, in particular for Chayote
fruits [86–88]. Likewise, fruits, roots, and leaves are known in traditional medicine against
kidney stones, as a diuretic and antihypertensive [89–93]. Furthermore, alcoholic extracts
showed a very good antimicrobial efficacy against all strains of multi-resistant Staphylococci
and Enterococci [94]. Moreover, various leaf and seed preparations have shown remarkable
antioxidant activity [95]. Several investigations in different animal models, such as rats,
mice, and dogs, defined the capacity of this plant to reduce blood pressure [86,89,91,96].
The hydroalcoholic extract and the acetone fraction obtained from the roots of Sechium edule
showed antihypertensive activity by a relaxant effect on blood vessels [91,97].

4.3.2. Phytoconstituents and Preclinical Activity

Leaf, seed, stem, and also the fruit Sechium edule are rich in various bioactive com-
ponents, as well as flavonoids, phenolics, vitamin C, and carotenoids [94,95,98]. The
leaves contained the highest concentration of luteolin glycosides, while the most signif-
icant concentration of apigenin derivatives (C-glycosidic and O-glycosidic bonds) was
found in the root extract [92]. Trans-cinnamic acid, phenylacetic acid, and α-linolenic
acid were identified in the leaf extract [99]. Fruits can contain bitter principles called
cucurbitacins [86,100,101].

In isolated aorta rings without endothelium, a hydro-alcoholic root extract caused a
concentration-dependent vasorelaxation of angiotensin II-induced vasocontraction [91].
Furthermore, the authors reported in vivo antihypertensive effects in mice treated with
angiotensin II [91]. The distinctive components of the highest active fraction were identified
as cinnamic compounds, such as cinnamic acid methyl ester [91,97]. An aqueous leaf extract
administered at 200 mg/kg showed nephroprotective activity against various types of
chemically induced renal damage in rats [102]. The extract used at 100–200 mg/kg showed
anti-inflammatory activity reducing levels of TGF-β, TNF-α, and ICAM-1 [103,104]. In rats
fed with a high-fat diet, Sechium edule shoots can prevent hepatic steatosis and attenuate
fatty tissue by inhibiting lipogenic enzymes and stimulating lipolysis by upregulating
AMP-activating protein kinase (AMPK) [105]. The same authors also showed that the
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shoot extracts inhibited the expressions of fatty acid synthase and HMG-CoA reductase in
rats, while also isolated caffeic acid and hesperetin, the main characteristic components of
Sechium edule shoots, prevented hepatic lipid accumulation [105]. The acetone fraction of
the hydro-alcoholic extract of Sechium edule roots administered to female mice at 10 mg/kg
per day, orally, for 10 weeks was able to control hypertension, as well as the oxidative and
inflammatory status in the kidneys, as efficiently as losartan, returning mice to normoten-
sive levels [97,103]. Furthermore, the acetonic fraction was more effective than losartan in
preventing liver and kidney damage. Therefore, the fraction was able to control endothelial
dysfunction and related diseases [97,103].

4.3.3. Therapeutic Efficacy: Clinical Trials

As far as was found in the literature, no clinical studies have been conducted in
patients using this plant as a single treatment. A clinical trial studied a commercial an-
tioxidant supplement containing three components, including Sechium edule, showing an
improvement of the hemorheology in alcoholics [106]. Based on available data, clinical
studies are required on the use of Sechium edule in hypertension, diabetes mellitus, obesity,
and, in general, in vascural-related diseases.

4.3.4. Safety

Acute toxicity was tested in rats and mice that received a single oral dose of 2000 mg/kg
of an aqueous leaf extract. Treated animals showed no change in the normal behavior
pattern and no evidence of toxicity and mortality [102]. Negative effects on humans were
not documented. In VigiBase® there are no reports of potential side effects related to
Sechium edule [40], and the literature does not provide data on the safety of medicinal use
during pregnancy or breastfeeding.

4.3.5. Future Needs

Although traditional use and preclinical data suggest great interest in the use of
Sechium edule in vascular diseases, the total absence of clinical studies strongly limits its
use. Therefore, proper clinical trials are desirable.

4.4. Terminalia chebula Retz.
4.4.1. Botanical Characteristics

Terminalia chebula (Combretaceae), also known as black myrobalan, is a deciduous tree
that grows up to 30 m, widely known in India and Southern Asia for its use in Ayurvedic
medicine [107,108]. Fruits are used in traditional medicine to treat various diseases, such
as used as a laxative, stomachic, tonic, and antispasmodic [107,108].

4.4.2. Phytoconsituents and Preclinical Activity

The main components of the fruit are phenolic compounds, such as hydrolysable
tannins and flavonoids, saccharides, such as D-glucose, D-fructose, and saccharose [67].
The aqueous extract of Terminalia chebula fruits contains chebulagic acid, chebulinic acid,
and other low molecular weight hydrolysable tannins [68]. The leaves contain polyphenols
such as punicalin, punicalagin, terflavins B, C, and D [108].

The antioxidant activity of Terminalia chebula has been reported in vivo and in vitro
assays [108–111]. A study described a significant decrease in glucose level in normal and
alloxan-induced diabetic rats four hours after oral administration of a methanolic fruit
extract (100 mg/kg) [110]. Similarly, Terminalia chebula fruit extract at a concentration of
200 mg/kg administered for 30 days significantly reduced blood glucose, glycosylated
hemoglobin, urea, and creatinine levels in diabetic rats [112]. Furthermore, a cardioprotec-
tive effect of an ethanolic extract of fruits (500 mg/kg) was described in rats [113].
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4.4.3. Therapeutic Efficacy: Clinical Trials

Few trials have been reported in the literature on the potential therapeutic use of
Terminalia chebula. A 12-week prospective trial showed that an aqueous extract of Terminalia
chebula fruits administered at 250 mg and 500 mg, twice daily, significantly improved
endothelial function, systemic inflammation, and lipid profile in 60 subjects with type 2
diabetes mellitus of either gender, compared to placebo treatment [66]. Terminalia chebula
extract significantly increased NO• and GSH levels, reducing oxidative stress, malondialde-
hyde, and CRP levels [66]. Previously, the same authors reported similar beneficial effects in
56 patients of either gender with metabolic syndrome [68]. In this study, Terminalia chebula
reduced malondialdehyde levels and increased glutathione levels, improving antioxidant
status. Furthermore, the treatment significantly decreased total cholesterol, triglycerides,
and low-density lipoprotein cholesterol, and increased high-density lipoprotein cholesterol,
while the placebo did not have a significant effect on endothelial function or any of the
other clinical parameters [68].

4.4.4. Safety

Treatment with Terminalia chebula extracts was well tolerated with very few side effects;
in fact, very few patients experienced dyspepsia [66]. Other authors reported increased
libido, dry mouth, colic, and confusion [114]. In general, the fruit preparations are well-
tolerated and do not adversely affect health [67,108]. In VigiBase®, Terminalia chebula has
five reports of potential side effects, such as gastrointestinal disorders (i.e., diarrhea and
gastrointestinal pain), and other general disorders [40].

4.4.5. Future Needs

The few clinical studies that have evaluated the efficacy of Terminalia chebula fruit
extracts suggest a potential use in the treatment of vascular dysfunction in diabetes mellitus
and/or metabolic syndrome. Unfortunately, data are limited, and other studies are certainly
necessary to determine the efficacy and safety of this medicinal plant.

4.5. Plant-Derived Nanovesicles
4.5.1. General Characteristics

In recent years, various investigations have suggested that plant cells, through an
exosome-like process, may release nanosized particles, which are involved in plant cell-
cell communication [115,116]. Furthermore, various studies suggest that plant-derived
nanovesicles may also play a role in the properties of medicinal plants in human diseases,
mainly based on their biological cargo [117–120]. It is assumed that the interaction between
vegetal extracellular vesicles and mammalian cells may have beneficial effects through
antioxidant and anti-inflammatory activities [121,122]. Plants produce nanovesicles in re-
sponse to numerous biotic and abiotic environmental stresses, including pathogen infection
and attack. Plant nanovesicles carry a wide variety of molecules, including proteins, lipids,
miRNAs, vitamins, and various plant metabolites [123].

4.5.2. In Vitro and In Vivo Studies

Lemon and strawberry-derived nanovesicles showed antioxidant activity in mes-
enchymal stem cells [124,125]. The authors verified the potential anti-osteoporotic effects
of apple-derived nanovesicles using MC3T3-E1 cells, inhibiting osteoporosis by promot-
ing osteoblastogenesis in osteoblastic MC3T3-E1 cells, by regulating the BMP2/Smad1
pathway [126]. Lemon-derived nanovesicles have been found to be rich in citric acid and
vitamin C, which have a significant protective effect on oxidative stress in mesenchymal
stromal cells [124].

Few studies have been carried out in animal models and humans. Oral administration
of grape exosome-like nanoparticles showed beneficial effects in dextran sulfate sodium
(DSS)-induced experimental colitis in mice, via induction of intestinal stem cells [120]. Sim-
ilarly, broccoli-derived nanoparticles administered orally protected against various types
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of mice colitis, through activation of adenosine monophosphate-activated protein kinase
(AMPK) in dendritic cells [127]. Additionally, ginger-derived nanoparticles protected mice
from alcohol-induced liver injury, activating nuclear factor erythroid 2-related factor 2
(Nrf2) and inhibiting ROS production [128].

4.5.3. Therapeutic Efficacy: Clinical Trials

Very few trials considered the administration of plant-derived nanovesicles in the
treatment of human diseases. In a prospective open-label study, 20 healthy volunteers
(9 women and 11 men) were treated with a commercial preparation of extracellular vesicles
from Citrus limon L., administered at 1000 mg daily for 3 months [69]. A decrease in
waist circumference was found in women after 4 and 12 weeks of treatment, while no
significant reduction was detected in men [69]. In the same study, the authors also observed
a significant reduction in low-density lipoproteins (LDL) [69]. Significant correlations were
also found in the stratified analysis between alkaline phosphatase enzymes (ALP) and
glucose for women and between ALP and LDL for men [69]. A phase 1 clinical trial is
currently underway studying the ability of a grape exosome preparation, administered
orally for 35 days, to act as an anti-inflammatory agent against oral mucositis during
radiation and chemotherapy treatment for head and neck tumors (NCT01668849) [129].
Another clinical study with ginger and aloe-derived exosomes studying the ability to
mitigate insulin resistance and chronic inflammation in patients diagnosed with polycystic
ovary syndrome was withdrawn because the investigator left the university before study
approval (NCT03493984).

4.5.4. Safety

As reported in the literature, there are no toxicity studies or reports of undesirable
effects related to human administration of these types of preparations. The use of plant-
derived extracellular vesicles represents a new and very interesting approach in the treat-
ment of diseases; however, other studies are needed to explore the advantages and, also,
the disadvantages of plant-derived nanovesicles in therapy [129].

4.5.5. Future Needs

Plant-derived nanovesicles are certainly an innovative type of plant preparation,
which also has considerable industrial implications. However, there are many aspects to be
validated, starting from the techniques for obtaining and the definition of the constituents,
up to the possible uses in the prevention or treatment of human pathologies.

5. Conclusions

Based on the data collected, it can be observed that clinical studies concerning the use
of products of plant origin in the treatment of human pathologies and, in particular, in
cardiovascular diseases are few and consider only small groups of subjects. Furthermore,
the studies generally do not examine the differences in treatment response comparing the
female or male gender. In studies in which the efficacy of the products used were reported
separately, women versus men, it was not possible to obtain evidence of the difference in
efficacy because the number of subjects enrolled in the trials was too small to perform any
statistical estimation.

Among the plants considered, garlic has been the most studied and there are several
data on its effectiveness in the treatment of vascular-related disorders. However, the
available data are insufficient to validate the pharmacological use of garlic preparations
for any of the conditions under consideration. Additional research that recruits more
patients is desirable. Some plants, such as Campomanesia xanthocarpa, Sechium edule, and
Terminalia chebula, have been proposed for their potential use in vascular problems in
diabetic or hypertensive subjects. Finally, a new type of innovative preparation based
on plant-derived extracellular vesicles has been suggested, but this is only an idea that
still requires long investigation. Importantly, greater attention must be paid in carrying
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out clinical trials with the aim of obtaining a personalized use of plant products, noting
the differences in the effectiveness between women and men. Improved consideration of
gender-based medicine is required to improve the efficacy of therapeutic interventions and
reduce adverse reactions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/life13040866/s1, Figure S1: Flowchart of criteria used in PubMed research.
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Abstract: Neurological disorders are becoming more common, and there is an intense search for
molecules that can help treat them. Several natural components, especially those from the flavonoid
group, have shown promising results. Ginkgetin is the first known biflavonoid, a flavonoid dimer
isolated from ginkgo (Ginkgo biloba L.). Later, its occurrence was discovered in more than 20 different
plant species, most of which are known for their use in traditional medicine. Herein we have
summarized the data on the neuroprotective potential of ginkgetin. There is evidence of protection
against neuronal damage caused by ischemic strokes, neurotumors, Alzheimer’s disease (AD), and
Parkinson’s disease (PD). Beneficial effects in ischemic strokes have been demonstrated in animal
studies in which injection of ginkgetin before or after onset of the stoke showed protection from
neuronal damage. AD protection has been the most studied to date. Possible mechanisms include
inhibition of reactive oxygen species, inhibition of β-secretase, inhibition of Aβ fibril formation,
amelioration of inflammation, and antimicrobial activity. Ginkgetin has also shown positive effects
on the relief of PD symptoms in animal studies. Most of the available data are from in vitro or in vivo
animal studies, where ginkgetin showed promising results, and further clinical studies should be
conducted.

Keywords: Alzheimer’s disease; biflavonoids; ginkgetin; neuroprotection; ginkgo

1. Introduction

Since 1840, human life expectancy has increased at a rate of nearly 2.5 years per
decade, and this trend has continued to this day [1]. According to the World Health
Organization [2], by 2030, 1 in 6 people in the world will be 60 or older. At that time,
the proportion of the population aged 60 and over is estimated to increase from 1 billion
in 2020 to 1.4 billion. By 2050, the global population aged 60 and older will double
(2.1 billion). Similarly, the number of people aged 80 or older is estimated to triple between
2020 and 2050, reaching 426 million. On a biological level, aging is a complex process
in which a variety of molecules and cellular damage accumulate, leading over time to a
gradual decline in physical performance and cognitive functions, as well as an increased
risk of disease. Older people are more susceptible to various chronic diseases, especially
diseases of the central nervous system, such as strokes, epilepsy, Parkinson’s disease (PD),
Alzheimer’s disease (AD), neuropathy, and other dementias [3]. Neurological disorders
are disorders of the nervous system and can affect the activity and physiology of the
brain, spinal cord, and nerves. They occur in 5% to 55% of people who are aged 55 and
older and are associated with a high risk of adverse health effects, including mortality,
disability, and hospitalization [3]. Therefore, scientists have made considerable efforts to
understand the pathophysiology of these disorders and to develop effective prevention
methods and therapies. However, the reported compounds/active ingredients, which are
mostly synthetic, are not considered to be very reliable and therapeutically effective due to
their complexity and off-target problems [4]. On the other hand, several natural products
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may prove to be viable preventive therapeutics to fill the large gap in the treatment of
neurological disorders [4].

One of the groups of natural products associated with neuroprotective properties is the
flavonoids [5–7], a large and diverse group of specialized plant metabolites characterized
by a 15-carbon flavone backbone (C6-C3-C6) with two benzene rings (A and B) linked by a
trinuclear pyran ring (C) [8]. Flavonoids can be mainly divided into six groups: flavones,
flavonols, flavan-3-ols, flavanonols, flavanones, isoflavones, and anthocyanins. They can
be present in free form in plants, but are more often glycosylated, methylated, acetylated,
prenylated, or polymerized [9]. The pattern of conjugation, glycosylation, or methylation is
responsible for the different chemical and biological properties of these compounds [10].
Flavonoid dimers known as biflavonoids are formed by two linked flavonoid monomers
and consist of flavone-flavone, flavane-flavane, flavane-flavone subunits, and in rare cases,
dimers of chalcones and isoflavones. Today, nearly 600 different biflavonoids are known to
occur in ferns, bryophytes, angiosperms and gymnosperms [11,12]. They are often found
in plants used in traditional medicine and are considered responsible factors in the health
benefits of these plants [13]. Biflavonoids possess diverse biological activities including
therapeutic potential against neurodegenerative diseases [14].

The first biflavonoid isolated was ginkgetin from the yellow leaves of ginkgo (Ginkgo
biloba L.) (Figure 1a). Chemically, it is a 7,4′-dimethyl ether derivative of the 3′,8”-dimer of
the apigenin, known as amentoflavone. Thus, ginkgetin consists of apigenin and apigenin
7,4′-dimethyl ether.

Figure 1. Yellow leaves of Ginkgo biloba L. (a) and the chemical structure of ginkgetin (b).

Ginkgetin is a compound found in ginkgo whose standardized extract (EGb 761) has
been used for many years as a supportive therapy and to prevent cognitive impairment [15].
Ginkgo extract can slow the progression of memory loss in AD, usually at a high dose
of 240 mg or more per day [16,17], and may have supportive and/or protective effects
in the treatment of PD [18]. It is not entirely clear which molecules from the extracts
contribute to this activity. Recently, natural products, especially polyphenols, have been
intensively studied as potential neuroprotective molecules. One of these molecules is
ginkgetin, but as far as we know, there is no review paper summarizing the research to
date. Therefore, the review aimed to summarize the data on the potential of ginkgetin
in the treatment of neurodegenerative diseases in order to highlight the neuroprotective
properties of ginkgetin.

2. Ginkgetin

Ginkgetin (Figure 1b) is a flavonoid dimer, a 7,4′-dimethyl ether derivative of the
apigenin dimer amentoflavone. It is the first isolated biflavonoid obtained in the form of
a yellow powder from the leaves of ginkgo (Figure 1a) and the first biflavonoid whose
structure was described. To date, its occurrence has been confirmed in other ginkgo plant
parts [13,19], as well as in more than 20 other plant species [20]. The list of plant species
in which the presence of ginkgetin was detected is given in Table 1. It should be noted
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that the presence of ginkgetin in mosses and liverworts has not been yet reported, and in
ferns and fern allies it has been reported only in Sellaginela sp. It is commonly found in the
conifers, cycads and allies group, and in flowering plants. So far, it has not been found in
plants commonly used as food, but rather in plants used in traditional medicine.

Table 1. List of plant species with associated division in which the presence of ginkgetin has been
reported.

Division Species

Thallophyta
Unicellular to large algae, fungi, lichens data not available

Bryophyta
Mosses and liverwords data not available

Pteridophyta
Ferns and fern allies

Selaginella doederleinii [21]
Selaginella moellendorffii [22]

Selaginella sinensis [23]

Gymnosperms
Conifers, cycads and allies

Araucaria angustifolia [24]
Cephalotaxus drupacea [25]

Cephalotaxus fortunei var. alpina [26]
Cephalotaxus harringtonia var. harringtonia [27]

Cephalotaxus koreana [28]
Cephalotaxus sinensis [29]

Cycas media [30]
Chamaecyparis obtusa [31]

Ginkgo biloba [32–34]
Metasequoia glyptostroboides [35]

Taxus baccata [35]
Taxus chinesis [36]

Taxus cuspidata [37]
Taxus mairei [38]
Taxus media [38]

Torreya nucifera [39]

Angiosperms
Flowering plants

Capparis spinosa [40]
Celaenodendron mexicanum [41]

Cyperus rotundus [42]
Elateriospermum tapos [43]
Gaultheria yunnanensis [44]

Houttuynia cordata [45]

Most of the plants listed in Table 1 have been used in the traditional medicine systems
of various cultures, suggesting that ginkgetin also may have biological activity. As the first
known biflavonoid, its biological activity has been studied over the last 30 years. Research
shows its potential in treating various inflammation-related diseases such as cancer, car-
diovascular disease, inflammation caused by viruses and bacteria, and neurodegenerative
disorders [20] (Figure 2).

Most commonly, its anticancer activity has been studied. Recently, Adnan et al. [20]
summarized that ginkgetin combats cancer progression by various mechanisms such as
arresting the cell cycle, inducing apoptosis, stimulating autophagy, and targeting many
deregulated signaling pathways such as JAK / STAT and MAPKs in the colon, lung,
prostate, osteosarcoma, breast, leukemia, cervical, medulloblastoma, ovarian, neck, and
kidney cell lines. In animal studies, ginkgetin inhibited tumor growth in xenotransplanted
nude mice, down-regulated p-STAT3Tyr705 and survivin in tumor tissues [46] and de-
creased tumor size and weight without apparent toxicity [47]. Ginkgetin may also enhance
the therapeutic effects of cisplatin [48] and 5-fluorouracil [49].
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Figure 2. Biological activity of ginkgetin.

It may also be useful for the treatment of cardiovascular disease. Cell-based stud-
ies showed its potential as an inhibitor of TRPV4-mediated proatherogenic processes in
macrophages [50]. In addition, ginkgetin showed inhibitory effects on human thrombin, an
important serine protease that regulates the blood coagulation cascade and processes of
thrombosis [51], and pancreatic lipase, an important target that regulates lipid uptake [52].
Animal studies showed its beneficial effects in preventing adipogenesis [53], local vascular
damage associated with atherosclerosis [54], and ischemic reperfusion injury [55].

Due to its anti-inflammatory effects, in vitro studies have shown that ginkgetin can be
used in the treatment of inflammation-related diseases such as airway inflammation [56]
and diabetic nephropathy [57]. It may also be useful as an antiviral [32], antibacterial [30]
and antiparasitic [58] agent and has gained attention in recent years as a target for the
treatment of SARS-CoV-2 infection [59–61].

In this review, we address in more detail the potential role of gingketin in the treatment
of neurodegenerative diseases.

3. Neurodegenerative Diseases

Neurodegenerative disease is a general term for several diseases mainly characterized
by a progressive loss of structure or function of neurons that worsens over time [62]. They
can be genetic or caused by a tumor, stroke, toxins, viruses, etc., and affect millions of
people around the world. Neurodegenerative disorders are caused by various conditions
such as abnormal protein dynamics with defective protein aggregation and degradation
and aggregation, impaired bioenergetics and mitochondrial dysfunction, excessive free
radical formation leading tooxidative stress, and exposure to environntal toxicants such as
heavy metals and pesticides [63] (Figure 3).

Neuroprotection is defined as the ability of a specific molecule to prevent neuronal cell
death by interfering with and inhibiting the pathogenetic cascade that leads to cell dysfunc-
tion and eventual death [64]. AD and PD are the most common neurodegenerative diseases,
but others can cause serious problems for individuals and society, and lead to significant
healthcare costs. These diseases are known that these diseases cause irreversible cognitive
dysfunctions in individuals. It is therefore extremely important for an effective treatment
strategy to slow down the prognosis of neurodegenerative diseases by diagnosing them at
the earliest possible stage. AD, PD, Huntington’s disease (HD), and other neurodegener-
ative disorders share common features at the cellular and subcellular levels, and utilize
similar molecular signaling pathways that can lead to inflammation, apoptosisnecroptosis,
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etc. These diseases are the consequence of misfolding and dysfunctional trafficking of
proteins (Figure 3), mitochondrial dysfunction, oxidative stress, and/or environmental
factors [63].

Figure 3. Multifactorial conditions causing neurodegenerative diseases and examples of diseases
with the main site of pathology and proteins whose degradation and aggregation cause the pathology.

AD is a highly complex disorder characterized by severe synaptic losses and neuronal
death, especially in regions with cognitive functions such as the cerebral cortex, hippocam-
pus, entorhinal cortex, and ventral striatum [65]. Generally, in an average of 10 years, the
stage of mild cognitive impairment passes to the advanced stage of AD, and the patient is
lost in a completely helpless state at the end of this period. Due to the long duration of the
disease and the fact that it affects the vital structures that determine who we are, it creates
a great emotional and financial burden on patients’ relatives and society [66]. Since the
pioneering work of Alois Alzheimer in 1907, neuropathologists have identified amyloid
plaques and NFTs in the brains of patients in autopsy examinations and stated that these
pathologies cause the disease [67]. Amyloid plaques have been found to be extracellular
deposits of amyloid-beta (Aβ) found in the brain parenchyma and cerebral blood vessels.
The NFTs observed in the cell were found to consist of hyperphosphorylated tau protein
associated with microtubules and clustered in helical filaments [68]. Additional patho-
logical data for amyloid plaques and NFTs can be listed as intracellular granulovacuolar
degeneration, decrease in the number of synapses, cholinergic cell losses in Meynert’s
basal nucleus, and astroglial activation [69]. Studies conducted to understand AD indicate
that the disease arises as a result of complex interactions of many genetic, epigenetic, and
environmental factors [69,70]. The main histopathological findings observed in the brain
parenchyma of the patients have extracellularly located amyloid plaques, neurofibrillary
structures consisting of intracellular tau protein clusters, glial activation, and traces of
inflammation [71]. Based on these symptoms, many mechanisms have been proposed
for the pathogenesis of the disease. The main ones can be listed as the amyloid cascade
hypothesis, cholinergic damage hypothesis, neuronal cytoskeleton hypothesis, and oxida-
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tive stress hypothesis [72,73]. Other more debatable AD hypotheses are: inflammatory
hypothesis, vascular hypothesis, cholesterol hypothesis, metal hypothesis, and cell cycle
hypothesis [74].

PD is a progressive neurodegenerative disease that causes involuntary or uncon-
trollable movements such as tremors, stiffness, balance and coordination problems [75].
Symptoms usually begin insidiously and worsen over time. Degeneration of neurons in
the compacta part of substantia nigra and the presence of Lewy bodies in its cytoplasm are
the classic pathological findings of the disease [76]. Over the years of PD progression, a
picture of dementia can develop that can be severe and debilitating, overshadowing the
movement disorder of the disease. Dementia is defined as the presence of impairments in
more than one cognitive domain, such as attention, memory, language, executive function-
ing, practice, and visuo-spatial functioning [77]. These losses reflect a marked decline from
previous levels, and this decline is severe enough to interfere with daily, occupational, and
social life. PD dementia is a mild or moderate dementia that begins insidiously, progresses
slowly, affects some areas of cognitive function, especially executive function, and often
develops psychosis during its course. The mechanisms underlying the pathogenesis of PD
are still unclear, but there are several proposed mechanisms, such as those related to mito-
chondrial dysfunction, oxidative stress, ubiquitin-proteosome system, neuroinflammation,
excitotoxicity, iron ion accumulation, and genetic issues [78].

HD is an autosomal dominant genetic disorder mainly characterized by progressive
motor dysfunction, cognitive decline, and behavioral symptoms [79]. Amyotrophic lateral
sclerosis (ALS) is a fatal late-onset neurodegenerative disorder that is characterized by a
progressive loss of motor neurons of the CNS leading to muscle weakness, wasting, and
spasticity. Patients develop progressive muscle weakness along with fasciculation and
hyperreflexia. Mild cognitive deficits and frontotemporal dementia (FTD) are common.
FTD is characterized by progressive deficits in executive function, behavior, and language.

Neurodegenerative diseases also share some common pathological features such
as the accumulation of characteristic proteins in insoluble aggregates within and/or be-
tween neurons and the loss of synapses and death of neurons [80]. These proteins in-
clude β-amyloid (Aβ) of senile plaques and tau of neurofibrillary tangles (NFTs) in AD,
α-synuclein (α-syn) of Lewy bodies (LBs) and Lewy neurites in PD, polyglutamine (PolyQ)-
rich huntingtin inclusions in HD, TDP-43 aggregates in ALS, and TDP-43 aggregates and
tau in FTD (Figure 3). In line with the above-mentioned explanations, neurodegenerative
diseases occur with the folding and proteasomal disorders of certain proteins due to en-
vironmental or genetic reasons, followed by active glial cells secreting various mediators,
including proinflammatory cytokines [80]. This whole process repeats each other in a
vicious circle, causing apoptosis and developing neuroinflammation. This mechanism
is the underlying cause of all diseases. Therefore, it is necessary to develop treatment
strategies against neuroinflammation. These may include the use of natural sources or their
secondary metabolites with anti-inflammatory effects.

4. Ginkgetin for the Treatment of Neurodegenerative Diseases

4.1. Oxidative Stress Mediation

Oxidative stress is a common trigger that can be associated with the development of
neurodegenerative diseases, so compounds with antioxidant activity can be considered
beneficial for the development of these diseases. Although the physiological cause of
aging is not fully known, the free radical theory states that increasing oxidative stress
of aging and aging-related diseases plays a fundamental role in this process by causing
cellular degeneration. The increase in the number of free radicals observed in age-related
neurodegenerative diseases and the fact that neurons are more sensitive to this damage
have both been determined to be important characteristics. Therefore, it is thought that
free radical production has an important role in the development and progression of
neurological diseases [81]. Neurons are more susceptible to free radical damage [82] for
certain reasons shown in Figure 4.
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Figure 4. Neurons are more susceptible to free radical damage because of differences in some
parameters and biological functions. Higher parameters are marked with ↑, lower parameters with ↓.

Flavonoids are widely recognized as a molecule with good antioxidant activity and
beneficial effects in the treatment of neurological disorders [5–83]. Li et al. [84] measured the
antioxidant activity of ginkgo leaves from plants grown in different locations and reported
that ginkgetin content in the leaves resulted in stronger antioxidant activity and concluded
that ginkgetin together with isoginkgetin were the two most active constituents with a
strong relationship with antioxidant activity. Several cell-based studies have shown that
ginkgetin plays a role in oxidative stress and that ginkgetin can protect fibroblasts from UVB-
induced cytotoxicity [85], alleviate oxidative stress induced by H/R injury [86], inhibited
NO production from lipopolysaccharide (LPS)-induced RAW 264.7 cells [87] and reduced
oxidative stress caused by hyperglycemia [57]. However, reports about the antioxidant
activity of ginkgetin are contradictory. Bedir et al. [40] who compared the antioxidant
activity of 29 compounds isolated from G. biloba reported that ginkgetin was the least
potent antioxidant after amentoflavone, showing only 19% inhibition at a concentration of
62.5 μg/mL. In the same study, monomeric biflavonoids had an IC50 of less than 10 μg/mL,
clearly indicating that ginkgetin itself is not a molecule with antioxidant potential. Kang
et al. [14] tested protective effect of biflavonoids on H2O2-induced cell death in SH-SY5Y
(triple subcloned cell line derived from SK-N-SH neuroblastoma) and showed that all
biflavonoids tested, including ginkgetin, significantly reduced H2O2-induced cell death.
Furthermore, they tested the antioxidant activity of using the well- known 1,1-diphenyl-2-
picrylhydrazyl (DPPH) assay, and none of the nine biflavones showed radical scavenging
activity at concentrations up to 100 μM. These results suggest that the neuroprotection of
biflavonoids may be mediated by direct blockade of cell death cascades rather than by their
antioxidant activity. Therefore, they investigated the neuroprotective effects of biflavonoids
against the cytotoxic insult induced by staurosporine. Staurosporine is known to mediate
apoptosis via the caspase-dependent mitochondrial pathway. Ginkgetin significantly
reduced cell death induced by staurosporine at a concentration of 10 μM. They therefore
suggest that neuroprotection by biflavonoids is mediated in part, if not completely, by direct
blockade of the signaling events that lead to apoptosis during cellular stress. Jeong et al. [31]
investigated the neuroprotective effects of four biflavonoids, including ginkgetin, using
mouse HT22 hippocampal cells, a model system for studying glutamate-induced oxidative
stress. They reported that ginkgetin can protect HT22 neuronal cells from glutamate-
induced oxidative damage by preserving the activities of antioxidant enzymes and/or
inhibiting ERK1/2 activation.
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This example shows that commonly used methods for determining antioxidant activity,
such as DPPH, are not ideal for predicting the ability of compounds to reduce oxidative
stress at the cellular level and even more so at the tissue or organism level.

4.2. Protection against Neuronal Injury Caused by Ischemic Stroke

Ample evidence has supported the role of neuroinflammation in the development
of neurological disorders. Inflammatory components such as astrocytes, microglia, the
complement system, and cytokines have been associated with neuroinflammation in the
CNS. In particular, inflammatory cytokines have been found to play a central role in neu-
roinflammation pathway as a large numberof studies have reported abnormally elevated
levels of interleukin-1β (IL-1β) and tumor necrosis factor (TNF) in AD and PD patients
(reviewd by [88]).

A common method to study the antineuroinflammatory potential of certain molecules
is to use animal models exposed to neuronal injury caused by ischemic stroke. Most
ischemic strokes occur in the middle cerebral artery territory, so many of the animal
models of stroke that have been developed have focused on this artery. In the intraluminal
monofilament model of middle cerebral artery occlusion (MCAO), a surgical suture is
inserted into the external carotid artery and advanced into the internal carotid artery (ICA)
until the tip occludes the origin of the MCA, resulting in interruption of blood flow and
subsequent cerebral infarction in the MCA area [89]. This model has been used also for the
study of the effects of ginkgetin (Figure 5.).

Figure 5. Ginkgetin protection against neuronal injury caused by ischemic stroke.

In a study by Xu et al. [90] animals received ginkgetin at concentrations of 100 and
200 mg/kg i.p. five days prior to induction of MCAO, and they investigated the effect of
ginkgetin against stroke. Treatment with ginkgetin attenuated the increased neurological
score and decreased the water content in the brain. Ginkgetin-treated rats showed that
the levels of pro-inflammatory cytokines NF-κB, IL-1β, and TNF-α were significantly
decreased in brain tissue. The authors concluded that ginkgetin aglycone improved the
PI3K/NF-κB/ TLR-4 inflammatory pathway. Tian et al. [91] used a transient MCAO
procedure to establish the cerebral ischemia/reperfusion model (IR) in rats. Ginkgetin
was injected at doses of 25, 50, and 100 mg/kg 2 hours after the onset of ischemia and its
administration markedly reduced the volume of cerebral infarction and neurologic deficits.
It also reduced the number of apoptotic cells, decreased the amount of cleaved caspase-3
and Bax, and increased the amount of Bcl-2 in rats exposed to IR injury in a dose-dependent
manner. In addition, high-dose ginkgetin treatment (100 mg/kg) significantly increased the
phosphorylations of Akt and mTOR. Blocking PI3K by LY294002 significantly decreased the
antiapoptotic effect and reduced both Akt and mTOR phosphorylation levels. According to
the authors, ginkgetin counteracts cerebral IR-induced injury by inhibiting apoptosis in rats,
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and this effect was attenuated by activation of the PI3K/Akt/mTOR pathway. The same
experiment procedure and the same ginkgetin concentration was used by Pan et al. [92] who
reported that ginkgetin attenuated I/R-induced autophagy activation, pyramidal neuron
death in cerebral I/R, and reduced I/R-induced upregulation of p53. They concluded that
ginkgetin can attenuate cerebral ischemia/reperfusion-induced autophagy and apoptosis
by inhibiting the NF-κB/p53 pathway. Some other researchers [93] used oxygen glucose
deprivation (OGD) cellular and MCAO animal models to study neuroprotective activity
of ginkgetin reported that ginkgetin treatment converted microglia from M1 type to M2
type and inhibited neuroinflammation. Detailed study of the neuroprotective mechanism
suggested that ginkgetin can inhibit neuroinflammation by promoting M2 polarization
of microglia through PPARγ signaling pathway thus promoting recovery of neurological
functions in an ischemic stroke.

4.3. Activity against Neurotumors

Different in vitro and in vivo studies showed that ginkgetin combats cancer progression
by arresting the cell cycle, inducing via apoptosis, stimulating autophagy, and targeting
many deregulated signaling pathways such as JAK/STAT and MAPKs (reviewed by Adnan
et al. [20]). Ginkgetin was also studied as a potential agent for the treatment of neurotu-
mores by Ye et. al. [26], who investigated the potential of natural products in the treatment
of medulloblastoma (MB), a form of malignant brain tumor that occurs predominantly in
infants and children and in which approximately 25% is due to upregulation of the canoni-
cal Wnt pathway, with mutations mainly in CTNNB1. They screened for antagonists of Wnt
signaling from 600 natural compounds and identified ginkgetin as a potential molecule
that showed marked cytotoxicity. Ginkgetin efficiently induced G2/M phase arrest in Daoy
cells, reduced the expression of Wnt target genes, including Axin2, CyclinD1, and Survivin
in MB cells, and decreased the phosphorylation level of β-catenin. They concluded that
ginkgetin is a novel inhibitor of Wnt signaling and, as such, warrants further exploration
as a promising candidate against medulloblastoma.

4.4. Protective Effect against Alzheimers’ Disease

AD is caused by multiple mechanisms such as excessive accumulation of extracellular
amyloid-beta 42 (Aβ42) plaques, intracellular hyperphosphorylated tau neurofibril tangles
in the brain, oxidative stress due to mitochondrial dysfunction, and/or genetic as well as
environmental factors [94]. Aggregation and accumulation of amyloid-β plaques and tau
proteins in the brain are central features in the pathophysiology of AD and are therefore
the focus of most research investigating potential therapeutics for this neurodegenerative
disease [95]. Kang et al. [14] investigated whether biflavones showed protective effects
against Aβ-induced cytotoxicity using SH-SY5Y (triple subcloned cell line derived from
SK-N-SH neuroblastoma) cells and found that ginkgetin showed protective effects at 2 μM,
with an inhibition percentage of 43.6%. In the same study they tested protective effects
against neuronal cell death induced by a DNA-damaging agent, etoposide, but gingetin
did not show a protective effect.

Amyloid-β-42 (Aβ42) is proteolytic derivative of the large transmembrane protein
amyloid precursor protein (APP) and it plays an early and important role in all cases of
AD [96]. Thus, blocking Aβ42 production by specific inhibition of key proteases required
for Aβ42 formation is a major focus of AD therapy research. β-Secretase, the aspartic
protease that generates the N-terminus of Aβ42, has become a major target and researchers
are focused on discovering its inhibitors [96]. Sasaki et al. [97] examined the activity of
twenty-one bioflavonoids against β-secretase and ginkgetin showed a significant inhibitory
effect with an IC50 value of 4.18 μM. The authors indicated that the importance of the
position of hydroxyl groups in two apigenin molecules for the inhibition of β-secretase
and the presence of hydroxyl groups in the C3′ and C8” position might enhance the
inhibitory effects. Ullah et al. [98] reviewed β-secretase inhibitors from plant sources and,
among them, ginkgetin was a significant inhibitor with a low IC50 value. In an in silico
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study performed by Grewal et al. [99], ginkgetin showed a good binding potential on
N-methyl-D-aspartate glutamate receptor (NMDA) and beta secretase-1 (BACE-1), and
was suggested as a neuroprotective agent. In another study conducted by Choi et al. [100],
eight amentoflavone-like bioflavonoids were tested to inhibit amyloid-beta fibrillation and
to disaggregate amyloid-beta fibrils. In the study, the IC50 value of ginkgetin was 4.92 μM
in the inhibition of Aβ fibrils assay. In the same study, ginkgetin exhibited a disaggregation
effect on Aβ fibrils with the IC50 value of 6.81 μM.

Zeng et al. [101] studied ginkgetin therapeutic potential against AD using a transgenic
mouse model of AD, PS1dE9/APPS mice. Prior to the onset of AD-type neuropathology,
mice were randomly assigned to four diet groups: ginkgetin group, curcumin group,
normal diet group, with wild-type littermates used as a control group. All animals were
fed with the above diets for 9 months. The mean daily food consumption of the mice
was 0.08– 0.12 g/g body weight and the corresponding daily ginkgetin and curcumin
were about 200 and 80 mg/kg/day based on a previous report indicating lack of toxicity.
The equivalent consumption in a 60 kg human is about 0.91 g/day for ginkgetin and
0.35 g/day for curcuminas. In their experiments they showed that ginkgetin effectively
reduced the Aβ levels in the brain and blood, decreased cerebral microhemorrhage, lowered
astrogliosis, and ameliorated inflammation in APP/PS1 transgenic model, which indicates
in vivo therapeutic potential of ginkgetin against AD. However, as the authors stated,
pathophysiology mechanisms of Aβ clearance need further research.

It has been noted that the development of amyloid-β plaques occurs about 10–20 years
before the manifestation of AD symptoms, thus the earlier interventions are necessary
to address presymptomatic AD. Studies suggesting that amyloid-β peptides may play a
role in innate immunity as antimicrobial peptides indicate that the buildup of amyloid-β
plaques may be a response to the presence of viruses and bacteria [94]. This has led to
the establishment of the antimicrobial hypothesis for AD and the use of antimicrobial and
antiviral drugs as potential therapeutics targeting the root cause of AD. Biflavonoids are in
the focus of the sciences as a potent antimicrobial, expecially antiviral agents [13,94] where
ginkgetin stands out as a compound with antiviral capabilities against herpes simplex
virus type 1 (HSV-1) and type 2 (HSV-2) [25], cytomegalovirus (HCMV) [25], influenza
A virus [32], and SARS-CoV-2 virus [59,60,102]. Ginkgetin also shows antifungal activity
against Alternaria alternate, Cladosporium oxysporum, and Fusarium culmorum [35], and
antibacterial activity against Streptococcus suis [103] (Figure 6).

Figure 6. Antimicrobial activity of ginkgetin.

278



Life 2023, 13, 562

At this point, researchers have not linked any specific bacterium or virus alone to
the development of AD. Thus, a number of viruses and bacteria may be involved in the
progression of neurodegenerative diseases independently or simultaneously with other
pathogens. Given the good antimicrobial, especially antiviral, activity of ginkgetin, its
potential role in mechanisms related to the antimicrobial hypothesis for AD is worthy of
future research.

Considering all these results, it is obvious that ginkgetin has potential for the treatment
of AD, but further studies should be performed to confirm this activity, especially in a
clinical trial. Possible mechanisms of ginkgetin related to the protection of AD are shown
in Figure 7.

Figure 7. Biological activity of ginkgetin related to protection against AD.

4.5. Protective Effect against Parkinson’ Disease

PD is reported to be the second most common neurodegenerative disorder after
AD [104]. Therefore, great efforts have been made to search for new molecules that could
be effective in the treatment of PD. Although there are several in silico and in vitro models
for finding new active molecules, our literature search did not yield any results related to
ginkgetin. The animal model commonly used is a model where PD is induced by 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which is the gold standard for researchers
in order to induce all aspects of PD hallmarks in animal model of the disease [104]. Wang
et al. [105] investigated the neuroprotective ability of ginkgetin in vivo in a model of
PD induced by MPTP. Animals received ginkgetin (80 mg/100 g body weight) via the
stomach for 5 days and then were injected intraperitoneally with MPTP (20 mg/kg) once
daily for 5 days. The authors showed that ginkgetin significantly improved sensorimotor
coordination in a mouse model PD by dramatically inhibiting the decline in tyrosine
hydroxylase expression in the substantia nigra and superoxide dismutase activity in the
striatum. They reported that ginkgetin can strongly chelate iron ions, thereby inhibiting
the increase in intracellular labile iron pool by downregulating L-ferritin and upregulating
transferrin receptor 1, suggesting that the neuroprotective mechanism of ginkgetin against
neurological damage induced by MPTP is via the regulation of iron homeostasis. In another
animal study [106], mice were treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (25 mg/kg) and probenecid (250 mg/kg) for five consecutive days to induce
PD. Ginkgetin (5, 10, 20 mg/kg) and bromocriptine (10 mg/kg), which is used to treat
PD, were administered orally to PD mice for 26 days, including a five-day pretreatment
period. The authors reported that in MPTP-induced PD mice, movements and muscle
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functions improved with ginkgetin. The number of tyrosine hydroxylase-positive cells
was reduced and later recovered without degeneration. The level of glial fibrillary acidic
protein (GFAP) decreased, while the level of brain-derived neurotrophic factor (BDNF)
increased significantly after treatment with ginkgetin. In summary, the authors concluded
that ginkgetin effectively protects dopaminergic neurons by reducing oxidative damage,
activating microglia, and increasing neurotrophic potential, indicating that it is a potential
candidate for the treatment of PD.

5. Conclusions

Ginkgetin is the first biflavonoid isolated from ginkgo, after which it was named. All
biflavonoids belong to the flavonoid group, well-studied specialized metabolites from
plants, but they are much less studied compared to monomeric flavonoids. In this review,
we have summarized the available data on the neuroprotective potential of ginkgetin. The
available data are in vitro studies or in vivo animal studies, and as far as we know, there
have been no clinical studies performed as yet. There is evidence of protection against
neuronal damage caused by ischemic stroke, neurotumors, AD, and PD, but further studies
and clinical trials should explain the mechanisms of action and the effective and safe
concentration of ginkgetin for clinical use. The focus of future research should be primarily
on the potential to cross the blood-brain barrier, as there is currently a lack of information
in this regard.
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Abstract: Ziziphus jujuba Mill. (jujube) is a well-known medicinal plant with pronounced wound
healing properties. The present study aimed to establish the chemical composition of the lyophilized
ethanolic extract from Romanian Ziziphus jujuba leaves and to evaluate the healing and anti-inflammatory
properties of a newly developed lipophilic ointment containing 10% dried jujube leaves extract. The
ultra-High-Performance Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometry
method was used, and 47 compounds were detected, among them the novel epicatechin and caffeic
acid. The extract contains significant amounts of rutin (29.836 mg/g), quercetin (15.180 mg/g) and
chlorogenic acid (350.96 μg/g). The lipophilic ointment has a slightly tolerable pH, between 5.41–5.42,
and proved to be non-toxic in acute dermal irritation tests on New Zealand albino rabbits and after
repeated administration on Wistar rats. The ointment also has a healing activity comparable to
Cicatrizin (a pharmaceutical marketed product) on Wistar rats and a moderate anti-inflammatory
action compared to the control group, but statistically insignificant compared to indomethacin in
the rat-induced inflammation test by intraplantar administration of kaolin. The healing and anti-
inflammatory properties of the tested ointment are due to phenolic acids and flavonoids content, less
because of minor components as apocynin, scopoletin, and isofraxidin.

Keywords: Ziziphus jujuba leaves; rutin; quercetin; chlorogenic acid; lipophilic ointment; healing
activity; anti-inflammatory properties

1. Introduction

Research concerning healing wound therapy focuses on finding new herbal remedies
that are assumed to have fewer side effects, lower cost and similar efficacy compared
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to conventional synthetic drugs [1,2]. Wound healing involves mainly an inflammation
process with vasoconstriction and mediators release, the proliferation of fibroblasts and
keratinocytes, formation of granulation tissue, and maturation with collagen fibers remod-
eling [3–7]. There are different classes of compounds which promote wound healing, such
as phenolic derivatives, flavonoids, non-flavonoid polyphenols (phenolic acids as caffeic
acid, chlorogenic acid), tannins, lignans, and essential oils such as lavender, chamomile, tea
tree, thyme, ocimum oil, isoquinoline alkaloids from the Papaveraceae and Berberidaceae fam-
ilies, terpenes, saponins, and phloroglucinol derivatives (arzanol) [8–12]. These bioactive
substances manifest antioxidant, anti-inflammatory, antimicrobial or antifungal proper-
ties, positively influencing wound healing by preventing the development of pathogens,
enhancing cell proliferation, increasing collagen production, improving wound contrac-
tion, and promoting epithelialization, vascularization and a normal regeneration avoiding
fibrosis [13–17].

Among the notable species used throughout the world for their wound healing ac-
tion are Plantago major L., Plantago lanceolata L. [18], Calendula officinalis L. [19], Aloe vera
(L.) Burm.f. [20], Hypericum perforatum L. [21,22], Achillea millefolium L. [23], Matricaria
chamomilla L. [24,25], Centella asiatica (L.) Urb. [26], Symphytum officinale L. [27], and Helichry-
sum italicum (Roth) G. Don [28,29]. Another plant with considerable wound healing and
anti-inflammatory potential is Ziziphus jujuba Mill. (jujube), from the Rhamnaceae family.
It is a native species of China, found today in temperate and subtropical climates. It is
known for its nutritional (from its fruits) and medicinal value, several of its organs (leaves,
fruits, seeds, and bark) being used in various ailments [30,31]. Its leaves are tradition-
ally used to treat bleeding, boils, and diarrhea [32], for weight loss purposes [33], and to
heal wounds and aphthous ulcers [34]. It contains phenolic derivates, especially phenolic
acids, flavonoids, tannins, damarane-type saponins, triterpene acids, and cyclopeptide
alkaloids [35,36].

The healing effects and the anti-inflammatory properties of the species’ leaves har-
vested from Romania have been attributed to phenolic acids and flavonoids, which are
predominant, and the most active principles have been previously evaluated in two pre-
clinical studies [37,38]. The principles examined include its anti-inflammatory, antioxidant,
and anti-allergic property and its pain reducing and boosting of collagen synthesis prop-
erty [39,40].

This study aimed to characterize chromatographically the phenolic and flavonoid
content and other minor compounds of ethanolic dried extract obtained from Ziziphus
jujuba Mill. leaves harvested from Romania. The study also aimed to evaluate in vivo
the healing and anti-inflammatory properties of the dried ethanolic extract leaves after
inclusion into a hydrophobic ointment base. For the selection of the ointment base, the aims
were to choose safe, biocompatible, emollient, and inexpensive ingredients. Cholesterol
is an important component of the extracellular lipophilic matrix of stratum corneum, one
that ensures the skin barrier function [41]. It has been proven that it has a beneficial effect
on damaged skin [42]. It has a higher melting point than the other components but will
dissolve in their mixture. Cetyl alcohol has good moisturizing qualities, and skin-protective
characteristics useful for skin irritations caused by stings, bites, and rashes [43]. Vaseline
has, also, an emollient role, being recommended by the American Academy of Dermatology
for the moisturization of skin injuries [44]. Different compendial tests were used to analyze
the semi-solid pharmaceutical dosage form to establish its pharmaco-technical properties.
Dermatological irritation testing was also performed. All investigations were carried out
in comparison to the base alone, and for in vivo activity assessment, two pharmaceutical
products were used as references.
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2. Materials and Methods

2.1. Materials

The dried ethanolic extract of Ziziphus jujuba Mill. leaves of indigenous plant harvested
from Research Institute for Fruit Growing Pitesti, Romania was obtained according to
the method indicated in a previously published paper [37]. Briefly, the dry leaves were
powdered, then refluxed three times with 70% ethyl alcohol (m/V, the ratio between the
herbal product and solvent being 1:10). The solutions thus obtained were mixed and
concentrated at 60 ◦C in an Ingos RVO 004 rotary evaporator. The concentrated solution
was subjected to a lyophilization process using a Scanvac CoolSafe Freeze Dryer.

Cetyl alcohol, cholesterol, refined coconut oil and petrolatum were provided by Fa-
gron, Greece. Butylhydroxyanisole was purchased from Merck KGaA, Germany. Kaolin
was purchased from Health Chemicals Co., Ltd., Zhangjiagang City, China and urethane
from Sigma-Aldrich, Hamburg, Germany. Cicatrizin, produced by Pharmaceutical TIS,
Bucharest, Romania, is an ointment that contains extracts of Hypericum perforatum (St.
John’s wort), Calendula officinalis (marigold), Symphytum officinale (sorrel), Plantago lanceolata
(plantain) and Chamomilla recutita (chamomile) containing as active principles phenolic
acids, flavonoids and essential oil.

Indomethacin 40 mg/g ointment, used as a reference product in the anti-inflammatory
assessment, is produced by Hyperion, Ias, i, Romania.

2.2. Methods
2.2.1. Ointment Production and Pharmacotechnical Assessment
Formulation

For the formulation of the lipophilic semi-solid pharmaceutical dosage form containing
10% (w/w), Ziziphus jujuba Mill. leaves extract, cetyl alcohol, cholesterol and Vaseline were
selected to form a single-phase basis suitable for active ingredient suspension. The coconut
oil was chosen to adjust the ointment consistency and also for its antioxidant and natural
fragrance properties [45–47]. To ensure the stability of the product, butylhydroxyanisole,
as an antioxidant and preservative agent, was added [48,49]. The formulation is presented
in Table 1.

Table 1. Formulation of the semi-solid pharmaceutical form for cutaneous application.

Ingredients Quantity (g)

Ziziphus jujuba dried ethanolic leaves extract 10.00

Cetyl alcohol 2.00

Cholesterol 2.00

Petrolatum 80.70

Coconut oil 5.00

Butylhydroxyanisole 0.30

TOTAL 100.00

Production

All ingredients were weighed according to the amounts mentioned in the formulation,
using a Mettler Toledo AT261 (0.01 mg sensitivity) balance. The hydrophobic components
(cetyl alcohol, cholesterol and Vaseline) were melted together on a water bath heated at
about 50 ◦C, and then the basis was cooled to 35 ◦C when butylhydroxyanisole was added
and dissolved. Ziziphus jujuba Mill. leaves extract was first mixed with the coconut oil, and
then the lipophilic base was added, continuing the stirring at 700 rpm, at room temperature.

The ointment base to be used alone as a control for the assessment tests, was prepared
similarly but without extract inclusion.
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Quality Control

Organoleptic Properties and Homogeneity
The organoleptic characterization included appearance, consistency, and homogeneity,

together with absence of phase separation, and instabilities of color [50,51]. Grit and
consistency were assessed by touch. The homogeneity was determined according to
Romanian Pharmacopoeia requirements by spreading 0.5 g of the ointment in a thin layer
on a glass slide and examining it with a hand magnifier (4.5×) [52]. The appearance,
absence of phase separation and instabilities of color were assessed by visual observation.

pH

The pH measurements were determined as the European Pharmacopoeia recommen-
dations by the potentiometric method [53]. An inoLab level 1 pH meter, produced by WTW
GmbH & Co. KG, Weilheim, Germany, was used. It was previously calibrated with a
7.00 pH buffer solution. 0.5 g of ointment was mixed with 10 mL of water by cold stirring,
then filtered and the pH of the filtrate was recorded at 19.2 ◦C. The pH was measured six
times for each sample (ointment and base) and the average value and standard deviation
were reported.

Ultra-High-Performance Liquid Chromatography Electrospray Ionization Tandem
Mass Spectrometry

Target phenolic acids and flavonoids analysis was performed with an UltiMate
3000 UHPLC System, coupled with a Q Exactive Focus Hybrid Quadrupole-Orbitrap
mass spectrometer equipped with Heated Electrospray Ionisation (HESI) probe, all from
Thermo Fisher Scientific, Bremen, Germany. Separations were performed on Kinetex (C18,
100 × 2.1 mm, 1.7 μm, Phenomenex, Torrance, CA, USA) column (reverse-phase UHPLC
column) and a gradient elution of a binary solvent system consisting of solvent A (water
with 0.1% formic acid) and solvent B (methanol with 0.1% formic acid). Mass spectra were
recorded in the negative ionization mode in the 100–1200 m/z range, at 70,000 resolution.
Nitrogen was used as collision, sheath, and auxiliary gas at 11–48 arbitrary unit flow rates.
The spray voltage was 2.5 kV, and the capillary temperature 320 ◦C. The energy of the
collision-induced dissociation cell was varied in the 30–60 eV range. Calibrations were
carried out in the 50–2000 μg/L concentration range, by serial dilution of the 10 mg/L
methanolic standard mix. The lyophilized jujube leaves extract was dissolved in methanolic
solution and filtered through a 0.45 μm polytetrafluoroethylene membrane before injection
into the UHPLC-MS system. Quantitative data were evaluated by the Quan/Qual Browser
Xcalibur 2.3 (Thermo Fisher Scientific). The mass tolerance window was set to 5 ppm for
the two analysis modes. Individual phenolic acids and flavonoid contents were reported as
μg/g lyophilized jujube leaves extract. Also, data processing, analysis, and interpretation
using Compound Discoverer v. 2.1 (Thermo Scientific, Waltham, MA, USA) software was
performed using an untargeted metabolomics working template.

Spreadability

For materials in the semi-solid form, spreadability is an essential characteristic that
reunites the rheological and structural properties. It is an important test in the assessment of
topical semi-solid products, as it can accurately predict the behavior during dose disposal
and application. The ointments’ spreadability mostly depends on the consistency and
flowability of the base, but in the case of incorporating high amounts of active ingredients,
they can influence the final performance.

The spreadability was determined by using the extensiometric method, analyzing the
deformation ability of the product when different weights were applied. The procedure
was performed on both the base alone and on the pharmaceutical ointment, in triplicate.
The device consists of two square plates of glass with 11 cm sides. The bottom plate is
positioned over a millimetric graph paper on which five concentric circles are drawn. On
the lower plate in the center of the first circle, 1 g of the sample was brought, then the
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second glass plate was placed. The diameter of the circle occupied by the ointment, after
pressing with the glass plate weighing 145 g, was registered. At intervals of one minute, on
the top plate of the extensiometer, weights of 50, 100, 200, and 500 g were gradually applied.
The diameters of the circles formed by sample spreading were recorded each time [54–56].

The spreadability is calculated by the equation:

S = πr2 (1)

where S is the spreading area in mm2 and r is the radius in mm.

2.2.2. In Vivo Evaluation

The experiments were performed on animals purchased from the Cantacuzino Insti-
tute Biobase (Bucharest). The animals were acclimatized to laboratory conditions for five
days before the start of the experiments. The room temperature during the treatment was
23 ± 1 ◦C, and the relative humidity was 50 ± 2%. The lighting was artificial, with a succes-
sion of 12 h of light and 12 h of darkness. The animals had unlimited access to conventional
laboratory water and food (grains for mice and rats, Cantacuzino Institute, Bucharest).

All the experiments complied with Directive 2010/63/EU of the European Parliament
and of the Council of 22 September 2010 on the protection of animals used for scientific
purposes and the implementing Law no. 43/2014 on the protection of animals used for
scientific purposes and were approved by the Bioethics Commission of the Faculty of Phar-
macy, University of Medicine and Pharmacy Carol Davila, Bucharest (997/7 October 2016).

Local Tolerability

Two tests were performed to determine the local tolerability of the newly formulated
ointment, in accordance with the relevant OECD guidelines: acute irritation/corrosion and
dermal irritation after repeated administration for 21 days. The OECD Guidelines for the
Testing of Chemicals is a set of testing methods developed by experts from the OECD and
used by various governments, companies, and independent laboratories to identify and
characterize potential hazards of chemicals [57] and are often used in the assessment of
herbal extracts [58].

Determination of Acute Dermal Irritation/Corrosion (OECD 404)

To determine acute dermal irritation [59], the sample is applied in a single dose to the
skin of the experimental animal. Untreated areas of the animal’s skin serve as a control.
The degree of irritation/corrosion is determined at specified intervals, and is described in
detail to provide a full assessment of the effects. The study’s duration should be sufficient
to assess the reversibility and irreversibility of the irritant/corrosive action.

A male New Zealand albino rabbit (4.55 ± 0.07 kg) was used. About 24 h before the
test, the fur on the back was removed very carefully, so as not to damage the skin, using
scissors and an electric razor.

The studied ointment (ZIZ-L) (0.5 g) and lipophilic base (B-L) (0.5 g) were applied on
a self-adhesive patch on a soft non-woven pad Cosmopore Advance 7.2 × 5 cm (Hartmann,
Germany) and then affixed to the back of the rabbit, at a 5 cm distance from each other.

After 4 h of application, the patch was detached, and the ointment was removed by
gently wiping it with a cloth soaked in water.

Following patch removal, the rabbit was evaluated for signs of erythema and/or
edema immediately, and at 1, 24, 48 and 72 h. The observed dermal reactions were classified
according to Table 2.
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Table 2. Dermal reactions classification.

Dermal Reactions to the ZIZ-L and B-L Application

Erythema or ulceration Score

No erythema 0

Mild erythema (difficult to perceive) 1

Well defined erythema 2

Medium to severe erythema 3

Severe erythema until ulceration is formed 4

Edema occurs

No edema 0

Very mild edema (difficult to perceive) 1

Mild edema 2

Medium edema (height approx. 1 mm) 3

Severe edema (greater than 1 mm in height and extending beyond the
exposed surface) 4

A histopathological examination should be performed to clarify an equivocal response

Determination of Dermal Irritation after Repeated Administration (OECD 410)

A determination of subchronic dermal toxicity [60] can be performed after obtaining
initial information by testing for acute dermal toxicity. The determination of subchronic
dermal toxicity provides information on the potential health risks that may result from
repeated dermal exposure over a limited period of 21 or 28 days. For the present study,
21 days were used.

If a dose of at least 1000 mg/kg bw of a sample does not produce detectable toxic
effects, it is not necessary to use three levels of concentration. Previous research has shown
that the dried ethanolic extract obtained from Ziziphus jujuba Mill. leaves is virtually
nontoxic after single dose administration [38], and therefore, a full study is not required.

The sample is applied daily to the skin of the experimental animals (rats), in graduated
doses, using several groups of laboratory animals, one dose for each group, for 21 days.
During the application period, the animals are observed daily for signs of toxicity. Rats
dying during the test are necropsied, and at the end of the test, surviving and uncropped
animals are sacrificed.

A community of 16 rats of 9 week old, Wistar strain, 8 females (214 ± 10 g) and
8 males (259 ± 13 g), were subjected to the tests. The animals were distributed into
4 groups, as follows:

• Group 1F: ZIZ-L-F: consisting of 4 females, who received the lipophilic ointment
ZIZ-L;

• Group 1M: ZIZ-L-M: consisting of 4 males, who received the lipophilic ointment
ZIZ-L;

• Group 2F: B-L-F: consisting of 4 females, who received the lipophilic base B-L;
• Group 2M: B-L-M: consisting of 4 males, who received the lipophilic base B-L.

The fur was removed from the dorsal area of the torso 24 h before the test. This
operation was repeated at intervals of about a week.

Ointment and ointment base (an amount of ointment corresponding to the dose of
1000 mg/kg bw plant extract for the test batches and the appropriate amount of ointment
base for the control batches, respectively) were applied on a self-adhesive patch on a soft
non-woven pad Cosmopore Advance 7.2 × 5 cm (Hartmann, Germany) and then affixed to
the animal’s back to prevent it from gaining access to them. The animals were followed, the
patch remaining set for at least 6 h after application. As OECD Guide 410 allows, ointments
were applied 5 days/week for 21 days.
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Animals were monitored, in particular, for changes in the skin, fur, and mucous
membranes, as well as in somatic-motor activity and for behavioral changes. The animals
were weighed weekly.

Wound Healing Activity

Male Wistar rats weighing 200 ± 10 g were used for the study. The rats were depilated
in the dorsal area. After ethyl ether anesthesia, the animals suffered burn wounds using
a metal device consisting of a disc with a 1 cm diameter which was heated in water with
5% NaCl at 105 ◦C. The heated disc was applied to the depilated dorsal area and held for
10 s [16,61–63].

The rats were distributed by the randomization method in groups of 10 animals and
were treated as follows:

Group 1—control group, untreated;
Group 2—group treated with lipophilic ointment ZIZ-L;
Group 3—group treated with lipophilic base L-B;
Group 4—group treated with Cicatrizin ointment, taken as a reference product (it

contains extracts of St. John’s wort, papaya, chamomile, and marigold, herbs recognized
for their beneficial effect in wound healing).

The treatment was given daily in a single application for 12 days. The evolution of the
wounds was followed every two days by measuring the areas in the treated animals (in
mm2) and comparing them with those of the untreated controls, respectively, with those of
the treatment with Cicatrizin, the reference product.

The clinical condition of the rats was also monitored during the study.

Anti-Inflammatory Activity

The anti-inflammatory action of a substance can be quantified by studying the effect
of reducing rat paw edema induced by intraplantar administration of kaolin [64].

The animals (30 male rats, Wistar strain, 270 ± 32 g) were divided into three groups of
10 animals each, which were named according to the treatment received, as follows:

• Group ZIZ-L: ZIZ-L: lipophilic ointment;
• Group B-L: B-L lipophilic base;
• Group IND: Indomethacin HYPERION, ointment, 40 mg/g.

The rats were anesthetized with a 13% urethane solution, administered intraperi-
toneally, in a dose of 130 mg/kg body weight. After the installation of general anesthesia,
the initial volume of the right paw was determined.

A quantity of 0.2 g of each ointment was applied to the surface of the right paw and
massaged 50 times. Inflammation was generated by intraplantar administration of 0.2 mL
kaolin 10% suspension, and the evolution of the induced edema was followed at 1, 2, 3
and 4 h.

The evolution of paw edema was calculated using the following formula (Vx is the
paw volume measured x hours after the induction of inflammation, and V0 is the initial
paw volume):

% = (V_x − V_0)/V_0 × 100

Statistical Analysis

The statistical analysis was carried out using GraphPad Prism v. 5.0. (GraphPad
Software, San Diego, CA, USA) and the computing and programming environment, R v.
4.2.0 (R Foundation for Statistical Computing, Vienna, Austria).

Results were expressed as mean ± standard deviation.
Distribution normality was estimated using the D’Agostino & Pearson global test [65].

The t Student test was applied to compare two groups. One-way ANOVA and Tukey’s
HSD were used to compare multiple groups. The statistical significance threshold was set
at 0.05.
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3. Results and Discussion

3.1. Ointment Quality Control
3.1.1. Organoleptic Properties and Homogeneity

A greasy, unctuous, dark green ointment with a characteristic coconut and plant
odor was obtained. It contains Ziziphus jujuba Mill. leaves extract homogeneously sus-
pended in the base, presented as fine particles, without the tendency to agglomerate or
phase-separation. All these characteristics remained unchanged during the six months of
preservation at room temperature.

3.1.2. pH

The pH of the lipophilic ointment was in the 5.41–5.42 range, while for the base the
registered values were between 5.67 and 5.70. According to European Pharmacopoeia spec-
ifications, both semi-solid products have an easily tolerated pH, not being irritating when
applied to the skin. After maintaining the products for six months at room temperature, a
slight decrease in the pH values was remarked for both samples (5.36 for ointment and 5.62
for base).

3.1.3. Ultra-High-Performance Liquid Chromatography Electrospray Ionization Tandem
Mass Spectrometry

The analytical approach based on a target UHPLC-ESI/MS analysis allows the quan-
tification of some bioactive compounds responsible for the bioactive potential of jujube
leaves extract. The recorded chromatogram is presented in Figure 1.

Figure 1. TIC chromatogram of Ziziphus jujube leaves extract in negative ionization mode.

Quantitative analysis indicates that chlorogenic, 3,4-dihydroxybenzoic, and syringic
acids were the primarily phenolic acids identified, while quercetin and rutin were the main
flavonoids in the Ziziphus jujube Mill. leaves, similar to results being obtained by Xue
(2021) [66]. However, epicatechin and caffeic acid were not identified in the previous study.

The lyophilized jujube leaf extract contains relevant amounts of rutin (29.836 mg/g)
and quercetin (15.180 mg/g), and also chlorogenic acid (350.96 μg/g). The compounds
which could be responsible for the anti-inflammatory activity of the ointment obtained with
Ziziphus jujuba Mill. leaves extract are quercetin [67,68], rutin [69], chlorogenic acid [70],
catechin [71], pinostrobin [72], and ferulic acid [73].
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The analytical approach based on non-target UHPLC-Q-Orbitrap HRMS analysis
allows the identification of other bioactive compounds and specialized metabolites that
occur in jujube leaf extract, which are also responsible for the anti-inflammatory activity.
Phytochemical compounds such as flavonoids, organic acids, fatty acids, and other specific
compounds such as apocynin, scopoletin, and isofraxidin show excellent anti-inflammatory
activity [74–77].

The compound’s name, retention time, exact mass, and accurate mass of m/z adduct
ions in negative ESI mode for the identified compounds are shown in Table 3.

Table 3. Identification and quantification of phenolic bioactive compounds in lyophilized Ziziphus
jujuba leaf extract by UHPLC-Q-Exactive high-accuracy analysis of deprotonated precursors and
fragment ions of specific components.

Compound
Retention Time

[min]
Exact Mass

Accurate Mass
[M-H]−

Experimental
Adduct Ion (m/z)

Concentration
(μg/g)

Phenolic acids

Gallic acid 1.65 170.0215 169.0142 169.0130 11.72

Syringic acid 3.61 198.0528 197.0455 197.0444 80.42

3,4-dihydroxybenzoic acid 3.92 154.0266 153.0193 153.0189 81.03

4-hydroxy benzoic acid 6.72 138.0316 137.0243 137.0230 69.51

p-coumaric acid 8.16 164.0473 163.0400 163.0387 31.39

Ferulic acid 8.84 194.0579 193.0506 193.0495 29.31

Caffeic acid 9.40 180.0422 179.0349 179.0337 24.19

Chlorogenic acid 9.749 354.0950 353.0877 353.0871 350.96

Cinnamic acid 10.18 148.0524 147.0451 147.0440 20.61

Flavonoids

Catechin 8.78
290.0790 289.0717 289.0712

96.45

Epicatechin 10.93 20.73

Pinocembrin 19.69 256.0735 255.0662 255.0656 1.29

Pinostrobin 15.39 270.0892 269.0819 269.0821 87.64

Chrysin 20.66 254.0579 253.0506 253.0498 7.66

Apigenin 18.89 270.0528 269.0455 269.0450 1.10

Quercetin 17.29 302.2357 301.0354 301.0347 15180.65

Isorhamnetin 18.01 316.0582 315.0509 315.0500 3.48

Kaemferol 18.57 286.0477 285.0404 285.0399 16.05

Galangin 20.93 270.0528 269.0455 269.0450 2.63

Rutin 15.18 610.1533 609.1460 609.1447 29,836.97

Naringin 16.86 580.1791 579.1718 579.1703 9.79

Quercetin-3-glucoside 15.06 464.0954 463.0881 463.0873 -

Kaempferol-3-glucoside (astragalin) 11.60 448.10056 447.0932 447.0955 -

Kaempferol-7-O-glucoside 16.11 448.10056 447.0932 447.0923 -

Quercetin 3,4′-diglucoside 14.04 626.1483 625.1410 625.1401 -

Procyanidin C 8.51 866.2058 865.1985 865.1974 -

Isorhamnetin-3-rutinoside 16.41 624.1690 623.1617 623.1609 -

Quercetin-3-(6-O-acetyl-beta-
glucoside) 15.53 506.1060 505.0987 505.0978 -
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Table 3. Cont.

Compound
Retention Time

[min]
Exact Mass

Accurate Mass
[M-H]−

Experimental
Adduct Ion (m/z)

Concentration
(μg/g)

Quercetin-3-D-xyloside 15.61 434.0849 433.0776 433.0769 -

Kaempferol-3-O-arabinoside 16.36 418.0899 417.0827 417.0822 -

Kaempferol-O-rhamnoside 17.17 432.1056 431.0983 431.0974 -

Fatty acids

Trihydroxy octadecadienoic acid 19.69 328.2249 327.2177 327.2170 -

Trihydroxy octadecenoic acid 20.33 330.2406 329.2333 329.2327 -

Hydroxy octadecadienoic acid 24.10 296.2351 295.2278 295.2271 -

Linolenic acid 25.89 278.2245 277.2173 277.2166 -

Organic acids

Aconitic acid 0.90 174.0164 173.0091 173.0077 -

Itaconic acid 1.26 130.0266 129.0193 129.0177 -

Uric acid 0.86 168.0283 167.0210 167.0197 -

Quinic acid 0.69 192.0633 191.0561 191.0549 -

Malic acid 0.74 134.0215 133.0142 133.0127 -

Gluconic acid 0.69 196.0583 195.0510 195.0498 -

Other compounds

Apocynin 10.18 166.0629 165.0557 165.0542 -

Scopoletin 12.13 192.0422 191.0349 191.0338 -

Isofraxidin 8.44 222.0528 221.0455 221.0445 -

Azelaic acid 15.20 188.1048 187.0975 87.0963 -

3-p-Coumaroylquinic acid 12.23 338.1001 337.0929 337.0924 -

3.1.4. Spreadability

Figure 2 displays the variation of the surface occupied by 1 g of each sample depending
on the applied weight, and the registered standard deviations.

 

Figure 2. The Spreadability of Ointment and Base.

It is noted that the prepared ointment has proper plasticity, allowing it to easily
spread on the skin [78]. When repeating the test after six months of storage, the registered
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values were similar to the initial ones, confirming the pharmaco-technical stability of the
semi-solid product.

3.2. Local Tolerability
3.2.1. Determination of Acute Dermal Irritation/Corrosion (OECD 404)

Areas exposed to the newly formulated ointment, as well as those exposed to the
ointment base, were examined 4 h after application on rabbit, immediately after removal of
the self-adhesive patches.

In none of the cases was erythema or edema observed. The examination was repeated
at 1, 24, 48, and 72 h after patch removal, and no signs of erythema or edema were detected
(Table 4).

Table 4. Irritation/corrosion response scores for tested products.

Sample
Erythema/Edema Score

Immediately * 1 h * 24 h * 48 h * 72 h *

ZIZ-L 0 0 0 0 0

B-L 0 0 0 0 0
* after patches removal.

After testing for acute dermal irritability according to OECD Guideline 404, it can
be stated that the ointment obtained from Ziziphus jujuba Mill. leaves is not irritating or
corrosive following a single cutaneous application.

3.2.2. Determination of Dermal Irritation after Repeated Administration (OECD 410)

For dermal irritation after repeated administration tests, the experimental results
regarding the evolution of body weight during the 21 days can be found in Table 5 and
Figures 3 and 4.

Table 5. Differences in rats’ body weight and statistical interpretation of the differences.

Group Initially Day 7 Day 14 Day 21

Group 1

M ± SD 231.4 ± 23.22 254.6 ± 16.72 272.5 ± 21.37 294.4 ± 16.47

Δ% vs. initial - 10.03 17.76 27.23

t Student test (p) - ***
0.0006

***
<0.0001

***
<0.0001

Group 2

M ± SD 236.9 ± 28.52 253.9 ± 24.66 273.0 ± 20.82 287.8 ± 21.06

Δ% vs. initial - 7.18 15.24 21.49

t Student test (p) - ***
0.0005

***
<0.0001

***
<0.0001

M = mean; SD = standard deviation; Δ = difference; *** p < 0.001.

The experimental results indicated no changes in the external appearance (fur, skin,
mucus) or the motor performances of the rats in the two groups tested. Also, there were no
alterations in somatic-motor activity or behavior.

For all tested batches, the body weight increased (statistically significant) throughout
the treatment, which indicates the lack of toxicity of both the base and the ointment
containing the Ziziphus jujuba Mill. dried leaves extract.
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Figure 3. Average body weight evolution of the rats in Group 1, with standard deviations. Letters
a–c show statistically significant differences between groups.

Figure 4. Average body weight evolution of the rats in Group 2, with standard deviations. Letters
a–c show statistically significant differences between groups.

3.3. Wound Healing Activity

The results registered for the wound healing effect are shown in Table 6.

Table 6. The evolution of the wound healing effect.

Sample
Wound Surface (mm2)

¯
X ± SD

Group 1—control

Day 1 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12

99 ± 1.41 82.4 ± 4.33 73.6 ± 4.92 62.8 ± 4.20 49.2 ± 3.27 33.8 ± 5.44 23 ± 7.81

E% - 16.76 25.65 37.37 50.30 66.85 76.76

Group 2—ZIZ-L
95.6 ± 5.17 75 ± 4.15 66.6 ± 4.21 * 53.6 ± 2.96 * 43.8 ± 2.04 * 34.4 ± 3.20 20 ± 3.24

E% - 21.54 30.33 43.93 54.18 64.01 79.07

Group 3—L-B
96 ± 5.47 79.6 ± 4.92 * 70.8 ± 7.59 * 56.6 ± 3.50 * 46.6 ± 1.812 40 ± 5.14 * 28.2 ± 2.94 *

E% 17.08 26.25 41.04 51.45 58.33 70.62

Group 4—Cicatrizin
92.6 ± 7.92 77 ± 7.81 * 61.4 ± 7.30 * 47 ± 4.94 * 37 ± 4.11 * 20.2 ± 4.38 ** 13.8 ± 5.67 **

E% - 16.84 33.69 49.24 60.04 78.18 85.09

X ± SD = average ± standard deviation. Group 1—control group, untreated; Group 2—group treated with
lipophilic ointment ZIZ-L; Group 3—group treated with lipophilic base L-B; Group 4—group treated with
Cicatrizin ointment. Data were analyzed by Student’s test. Statistical significance: * p < 0.05, ** p < 0.01 compared
to initial.

The experimental results on the wound healing are summarized in Figures 5 and 6
and Table 6.
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(a) 

   
(b) 

Day 2 Day 6 Day 8 

Figure 5. The scarring evolution of the animals treated with (a) the lipophilic ointment and
(b) Cicatrizin.

Figure 6. Kaolin-induced edema values, with standard deviations, for the ZIZ-L group. Letters a–c
show statistically significant differences between groups.

The control rats showed an initial burn area of 99 mm2; after 12 days, it was sized
23 mm2, and showed a cure of 76.76% compared to the primary stage. Total healing
occurred after 26 days.

The ointment used in the study as a reference product (Cicatrizin) resulted in 85.09%
healing after 12 days of treatment and a burn area of 13.8 mm2. Complete recovery occurred
after 18 days.

The lipophilic Ziziphus jujuba Mill. ointment generated wound healing of 79.07%
healing compared to the first day of treatment and a burn area of 20 mm2. Complete
recovery occurred after 18 days.

In the case of the animals treated with lipophilic base, 70.62% of healing was registered
after 12 days and the burn area reached 28.2 mm2. Complete recovery occurred after
20 days.
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3.4. Anti-Inflammatory Activity

The experimental results on the evolution of edema induced by intraplantar injection
of 0.2 mL 10% kaolin suspension are found in Figures 6–8 and Table 7.

Figure 7. Kaolin-induced edema values, with standard deviations, for the B-L group. Letters a–d
show statistically significant differences between groups.

Figure 8. Kaolin-induced edema values, with standard deviations, for the IND group. Letters a–c
show statistically significant differences between groups.

The administration of the inflammatory agent produced an increase in the volume
of the rat paw for all three tested groups. As expected, the most pronounced increase in
volume was observed in the case of rats from the control group, treated with B-L, 4 h after
kaolin administration (58.2%, p < 0.001). At 4 h after administration of the inflammatory
agent, the average increases in rat paws for the ZIZ-L and IND groups were similar (42.24%
and 44.33%, respectively, p < 0.001).

When compared to B-L activity, ZIZ-L ointment displays an anti-inflammatory effect,
with a difference between average paw volume increases of 13.81% (p < 0.05) at three hours
and 15.78% (p < 0.05) at four hours, respectively.

The anti-inflammatory effect of the ZIZ-L ointment occurs about 3 h after the applica-
tion, whereas the reference product leads to a faster response.
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Table 7. The effect of ointments application on the inflammatory process induced by intra-plantar
administration of kaolin.

Group
Moment of determination

Initial 1 h 2 h 3 h 4 h

ZIZ-L (Mean ± SD) 1.25 ± 0.09 1.61 ± 0.12 1.73 ± 0.12 1.76 ± 0.09 1.78 ± 0.10

Paw volume increase (%) # 28.8 *** 38.56 *** 40.56 *** 42.24 ***

B-L (Mean ± SD) 1.21 ± 0.07 1.6 ± 0.06 1.75 ± 0.1 1.87 ± 0.12 1.91 ± 0.14

Paw volume increase (%) # 32.13 *** 44.24 *** 54.37 *** 58.02 ***

IND (Mean ± SD) 1.27 ± 0.05 1.55 ± 0.11 1.75 ± 0.12 1.85 ± 0.13 1.83 ± 0.11

Paw volume increase (%) # 22.05 *** 37.64 *** 45.33 *** 44.33 ***

ZIZ-L vs. B-L (%) a# 3.33 5.68 13.81 * 15.78 *

IND vs. B-L (%) b# 10.08 6.60 9.04 13.69
# t Student’s test; *** p < 0.001; * p < 0.05; a difference between paw volume increase (%) seen for ZIZ-L and B-L;
b difference between paw volume increase (%) seen for IND and B-L.

The results of our research indicate that the proposed topical dosage form is of ap-
propriate quality and has demonstrated its efficacy and safety in animal models. From an
organoleptic point of view, a clear difference was observed in the aspect and the texture
between the base alone and the Ziziphus jujuba Mill. hydrophobic ointment. Still, both
displayed adequate characteristics, typical for the corresponding pharmaceutical semi-solid
preparations. Even if a high amount of extract was incorporated into the base, a homoge-
nous and stable ointment was obtained. Hydrophobic ointment bases have been reported
in the literature also for other healing extracts of herbal origin, such as Urtica simensis
Hochst. ex A.Rich. [79], a mixture of herbal extracts from Salvadora persica L., Azadirachta
indica A. Juss, and Calendula officinalis L. [80], or an extract from the Acanthus polystachyus
Delile leaves [81].

Regarding pH, a slight decrease in the value was observed after including the extract
in the base, but of little practical significance, as it is within the limits imposed by the
compendial standards [52]. Taking into account the results recorded for cutaneous tolerance,
the ointment pH seems proper for the recommended use. Additionally, the pH proved to
be stable during the evaluated period.

In terms of spreadability (an important parameter for ointments), a minor difference
in the behavior was noticed after adding the extract to the base [82]. The final spreading
ability of the ointment was mainly influenced by the base and less by the extract included.
The spreading properties displayed by the studied ointment reveal suitable structural and
viscoelastic attributes and appropriate viscosity. The rheological behavior remains constant
over time, confirming the product’s stability.

Concerning the tolerance of the developed ZIZ-L ointment, the dermal irritation tests
proved that it was well accepted, not inducing any reversible or non-reversible skin damage,
and not affecting the somatic-motor functions. As animal skin is considered to be very
sensitive to most pharmaceutical ingredients [83], the results obtained provided strong
evidence for the lack of risk when applying the proposed formulation even for a prolonged
time. This is in part due to the selected lipophilic base, as shown by the results, but also to
the plant extract. The dried extract of Ziziphus jujuba leaves was included in a high amount
and was incorporated by suspension, leading to no deleterious dermal responses, including
erythema and edema.

This in vivo experiment confirmed that ZIZ-L ointment treatment significantly accel-
erated wound healing in Group 2, compared to control Groups 1 (untreated) and 3 (B-L
treated). Wound healing resulted in a considerable decrease in the damaged epidermis
length compared to controls. Visual examination showed that the epidermis recovery was
faster in the wound treated with the ointment containing Ziziphus jujuba Mill. extract than
those treated with the lipophilic base, suggesting that the extract owns a potent therapeutic
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effect in the wound healing process. The wound closure percentage displayed by the
ZIZ-L ointment application was similar to the one achieved after the reference product
administration, confirming that the proposed formulation has the potential for treating
skin wounds. This supports the traditional use of this species leaves for wound healing, as
reported in India. Whereas previous research reported wound healing activity for extracts
prepared from this species’ fruits, bark or roots, our research was focused on a leaf extract
prepared with 70% ethyl alcohol [84–86].

Ziziphus jujuba Mill leaves extract enhances skin wound healing through multiple
mechanisms. The major active ingredients that were identified in the extract were chloro-
genic acid, quercetin and rutin. The mechanisms of action are complex. Chlorogenic
acid promoted fibroblastic and remodeling phases of wound healing. It accelerated the
wound closure in the presence of keratinocyte [87]. Quercetin improves wound healing
by inhibition of matrix metalloproteinases, which are normally inhibited by plasminogen
activator inhibitor 1 (PAI-1) [88]. Also, it promotes a normal regeneration, not a fibrosis
because it influences positive cell migration and proliferation, increases surface αV inte-
grin and decreases β1 integrin in wounds, and increases the production of collagen fibers
which are well oriented in sub-epidermal tissue [89,90]. Rutin promotes wound healing by
several mechanisms: it enhances the production of antioxidant enzymes in the presence of
erythroid 2-related factor 2 (NRF2), inhibits the expression of matrix metalloproteinases
(MMPs) and decreases the expression of vascular endothelial growth factor (VEGF). It also
induces the expression of the neurogenic-related protein (UCH-L1) [91].

Regarding the in vivo anti-inflammatory effect of Ziziphus ointment, the registered
results show its potential properties. Even though the activity proved to be slower than the
one displayed by the reference product, it was significantly higher than the lipophilic base
action. The results support using the ointment as an herbal remedy for curative purposes in
various topical inflammatory processes. Considering the chemical composition of Ziziphus
jujuba Mill. leaves extract, its anti-inflammatory effect is due to its major constituents.
Chlorogenic acid has antioxidant properties and because of that, it reduces the expression
of inflammatory molecules. It inhibits phospholipase A2, cyclooxygenases and lipoxyge-
nases, and reduces the concentrations of prostanoids and leukotrienes, especially PGE2
(Prostaglandin E2), IL-1β (Interleukin 1 beta), interferon-γ, monocyte chemotactic protein-1,
and macrophage inflammatory protein-1α [92,93]. Quercetin inhibits cyclooxygenase (COX)
and lipoxygenase (LOX) which catalyzes the production of inflammation molecules es-
pecially LTB-4 [94,95]. Also, it inhibits lipopolysaccharide (LPS)-induced tumor necrosis
factor α (TNF-α) production in macrophages and LPS-induced IL-8 production [96,97].
It can also inhibit the production of tryptase and histamine and the downregulation of
vascular cell adhesion molecule 1 (VCAM-1) and CD80 expression [98]. Rutin inhibits
cytokines (e.g., TNF-a, IL-6) that are highly expressed and secreted by macrophages in
inflammations [99]. It also activates nuclear factor-κB and extracellular regulated kinases
1/2 by HMGB1 (High mobility group box 1) [100].

We have several reasons to consider that the wound healing process from this study
consists of regeneration and not fibrosis. The injuries that we treated with the Ziziphus
ointment are mild and the epithelial tissue that are involved has an important regenerative
potential [101]. The time of complete healing was short, less than a month. Furthermore,
the stage of inflammation within the healing process is shortened (several days) by phenolic
compounds and flavonoids from the Ziziphus extract that have anti-inflammatory properties.
This fact may avoid a determination of fibrosis [102,103].

Ziziphus jujuba Mill. leaves’ ointment exhibited pronounced wound-healing effects
and moderate anti-inflammatory characteristics, thereby supporting its usefulness as a
medicinal therapy.

4. Conclusions

The present evaluated an ointment containing 10% dried ethanolic extract from Zizi-
phus jujuba Mill., formulated in a hydrophobic base consisting of petrolatum, but also cetyl
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alcohol, cholesterol, coconut oil and butylhydroxyanisole. The leaf extract used to prepare
the ointment contains chiefly rutin (29.836 mg/g), quercetin (15.180 mg/g), and chlorogenic
acid (350.96 μg/g); it also contains various amounts of phenolic acids, other flavonoids,
fatty acids, organic acids and other compounds.

The formulated ointment has stable organoleptic properties related to those of the
extract, is homogeneous, has a slightly acid pH (5.41–5.42), and appropriate rheological
properties. It has demonstrated good tolerability following single and repeated administra-
tion in rat experiments. In rat wound models, the ointment resembled Cicatrizin in terms
of its healing ability; both products accelerated healing, the effect being comparable.

The tested ointment showed an anti-inflammatory effect compared to the control
group. In comparison to indomethacin, although the effect was slightly more pronounced
for the herbal ointment, the difference was not statistically significant.

Due to its accessibility, good tolerance, and efficacy demonstrated in experimental
models, the developed ointment is a promising therapy for wound healing and would be
worth further exploring its benefits in a clinical setting.
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Abstract: The objectives of this work were to determine the phytochemical composition and an-
tioxidant, anti-diabetic, antibacterial, anti-inflammatory, and anti-acetylcholinesterase properties of
Arbutus unedo L. and Laurus nobilis L. EOs. The antioxidant effects were estimated using four comple-
mentary methods. In addition, the anti-diabetic activity was assessed by targeting three carbohydrate-
hydrolyzing enzymes, namely α-amylase, α-glucosidase, and lipase. The anti-inflammatory and
anti-acetylcholinesterase effects were evaluated by testing the inhibitory potential of both plants on
lipo-oxygenase and acetylcholinesterase (AChE), respectively. The antimicrobial activity of these oils
was evaluated using disc-diffusion, minimum inhibitory concentration (MIC), and minimum lethal
concentration (MLC) tests. The chemical composition of L. nobilis essential oil (EO) was dominated by
eucalyptol (36.40%), followed by α-terpineole (13.05%), α-terpinyl acetate (10.61%), linalool (10.34%),
and northujane (5.74%). The main volatile compounds of A. unedo EOs were decenal (13.47%),
α-terpineol (7.8%), and palmitic acid (6.00%). L. nobilis and A. unedo EOs inhibited α-amylase with
IC50 values of 42.51 ± 0.012 and 102 ± 0.06 μg/mL, respectively. Moreover, both oils inhibited the
activity of α-glucosidase (IC50 = 1.347 ± 0.021 μg/mL and IC50 = 76 ± 0.021 μg/mL) and lipase
(IC50 = 21.23 ± 0.021 μg/mL and IC50 = 97.018 ± 0.012 μg/mL, respectively). In addition, L. nobilis
EO showed an anti-AChE activity (IC50 = 89.44 ± 0.07 μg/mL) higher than that of A. unedo EO
(IC50 = 378.57 ± 0.05 μg/mL). Regarding anti-inflammatory activity, in vitro assays showed that
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L. nobilis significantly inhibits (IC50 = 48.31 ± 0.07 μg/mL) 5-lipoxygenase compared to A. unedo
(IC50 = 86.14 ± 0.05 μg/mL). This was confirmed in vivo via a notable inhibition of inflammation
recorded after 6 h of treatment in both plants at a dose of 50 mg/kg. The microbiological results
revealed that EOs from both plants inhibited the growth of all tested organisms except P. aerugi-
nosa, with the highest antimicrobial effect for L. nobilis. The results of these tests showed that these
two plants possess remarkable biological and pharmacological properties, explaining their medicinal
effects and suggesting them as promising sources of natural drugs.

Keywords: Laurus nobilis; Arbutus undeo; volatile compounds; anti-diabetic; anti-inflammatory;
antimicrobial

1. Introduction

Despite the current emphasis on synthetic pharmaceuticals, medicinal plants have
always been and will continue to be the primary source of drugs [1]. Even today, medicinal
plants are believed to be the main source of health care for up to 80% of the world’s
population, most of whom live in developing countries [2]. Plant extracts, especially
essential oils (EOs), include several phytochemicals with diverse physiological effects on
the body [3–13]. EOs are mixtures of molecules extracted from plants primarily through
steam distillation, which collects the major aromatic compounds such as terpenoids and
phenolic compounds [13,14].

Indeed, different methods of extraction have been developed recently for the isolation
of secondary metabolites [15–18]. The secondary metabolites have many medical uses,
including antioxidants, antibacterial, antifungal, antiviral, anticancer, anti-inflammatory,
and antiprotozoal [1,19–22].

Antioxidants have recently gained scientific attention following recent studies demon-
strating various health benefits, including anti-inflammatory and anti-aging properties [23].
Moreover, free radicals are considered pathophysiological agents. Hence, antioxidant
intake protects against oxidative stress by preventing the formation of reactive species [24].
Experimental evidence shows that high levels of antioxidants may be beneficial in inhibit-
ing several types of free radical damage related to the development of diabetes mellitus
(DM) [25–27]. Medicinal plants are widely popular in many countries and are used in
alternative medicine and as supplementary foods [28,29].

With the recent spread of microbial infections and the growing concern that antibiotics
may not be able to inhibit the growth of antibiotic resistant pathogens in the future, there
is an urgent need for new sources of drugs such as natural products rich in antimicrobial
compounds [30,31]. Many studies have been conducted on the antimicrobial properties
of extracts and EOs from medicinal plants or their isolated compounds such as phenolics,
flavonoids, lactones, terpenes, naphtoquinones, or alkaloids [32–36]. Some of these phy-
tochemicals were identified after discovering antibacterial activity in the plant, and this
process is called bioguided isolation and determination of phytochemicals [13]. In addition,
recent studies have been able to decipher the molecular mechanisms through which plants
or their active ingredients act. Indeed, natural antimicrobial molecules can act at several
levels; sub-cellular (cell wall and membranes), cellular (intracellular signaling of microbes),
and molecular (DNA replication and transcription, as well as protein synthesis) [37].

On the other hand, scientific research on the management of DM has attracted world-
wide attention because it is a growing global health problem and often significantly in-
creases the risk of many cardiovascular issues, such as coronary artery disease with chest
discomfort, heart attacks, strokes, arterial constriction, and nerve damage [38]. Sulfony-
lureas, α-glucosidase inhibitors, biguanides, and thiazolidinediones are some of the cur-
rently available anti-diabetic drugs that are often used to manage hyperglycemia. However,
the progression of diabetes complications is not dramatically changed by these medications.
Due to unfavorable clinical circumstances and high risks of subsequent failure, they are
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only sometimes used. It is, therefore, crucial to seek more effective antidiabetic treatments
with fewer adverse effects [39]. Today, there are more than 410 medicinal plants with
antidiabetic activities whose effectiveness in the treatment of hyperglycemia, a metabolic
disorder, has been scientifically proven in various ways (in vitro, in vivo, and in clinical
studies) [40].

Arbutus unedo L. (Ericaceae), is widely distributed in Mediterranean countries, such as
Morocco, Algeria, Tunisia, Spain, Portugal, France, Syria, Turkey, Greece, and Croatia [41].
In Morocco, it is commonly called “sasnou” or “Bakhano”. It has been used in folk medicine
as an antiseptic, anti-diabetic, anti-hypertensive, diuretic, and laxative [42–45]. A. unedo
is already known as a good source of organic acids and antioxidants, including phenolic
compounds, vitamins (C and E), and carotenoids [44,46]. Laurus nobilis L. (Lauraceae), is an
evergreen tree cultivated in many warm regions of the world, especially in Mediterranean
countries such as Morocco, Algeria, Spain, Portugal, Turkey, and Greece [47]. It has long
been used to treat diabetes, rheumatism, dermatitis, stomach problems, snakebites, and
migraines [48].

Therefore, the aims of this study were to determine the chemical profile and investigate
the antioxidant, anti-diabetic, anti-inflammatory, anti-acetylcholinesterase, and antimicro-
bial properties of Arbutus unedo EO (AUEO) leaves and Laurus nobilis EO (LNEO) leaves.
Although the biological activities of these two plants have been previously studied, certain
biological tests such as the anti-inflammatory effects remain to be developed. Moreover,
the two studied plants were collected from a region where they have yet been studied.

2. Material and Methods

2.1. Chemicals and Reagents

2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid (ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), and ascorbic
acid were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Lipoxygenase
(5-LOX) and linolenic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Mueller–Hinton Agar (MHA), Sabouraud dextrose agar (SA), Tryptone Soy agar, dimethyl
sulfoxide (DMSO), and chloramphenicol were purchased from Biokar (Beauvais, France).
All the other reagents were of analytical grade.

2.2. Collection of Medicinal Plants

Leaves of both (2 kg) used medicinal plants (A. unedo and L. nobilis) were collected
from the region of Taza, Morocco. The botanical identification of both plants was car-
ried out at the botany department of the Scientific Institute (Mohammed V University in
Rabat). RAB10549 and RAB10143 are the attributed voucher specimens for A. unedo and
L. nobilis, respectively.

2.3. Isolation of Essential Oils

Essential oils of A. unedo and L. nobilis leaves were isolated by a hydrodistillation
procedure using Clevenger apparatus. The dry leaves are deposited in the Clevenger
apparatus with water for 3 h. The volatile compounds (essential oils) are vaporized with
the water and subsequently separated after cooling by density difference.

2.4. Identification of Chemical Compounds

The analytical technique of gas chromatography-mass spectrometry (GC-MS) was used
to characterize and identify the chemical compounds of AUEO and LNEO as published by
Al-Mijalli et al. [49].

A 5% phenylmethyl silicone HP-5MS capillary column (30 m × 0.25 mm × film
thickness of 0.25 μm) was used in GC. The temperature of the column was increased from
50 ◦C for 5 min to 200 ◦C with a 4 ◦C/min rate. The used carrier gas was helium with a
1.5 mL/min flow rate and a split mode (flow: 112 mL/min, ratio: 1/74.7). The hold time
was 48 min, and the injector and detector were both at 250 ◦C. MS operating conditions
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functionned at 70 eV ionization voltage, 230 ◦C ion source temperature, and a 35–450 (m/z)
scanning range. The identification of chemical composition was done by comparing the
MS spectra with the library and matching the Kovats index (Library of NIST/EPA/NIH
MASS SPECTRAL LIBRARY Version 2.0, 1 July 2002). Moreover, an internal normalization
of the total area of peaks detected in each chromatogram was done for the quantification of
each compound.

2.5. Determination of Antioxidant Activity
2.5.1. Hydroxyl Radical Scavenging Assay

Hydroxyl radical scavenging activity was carried out according to a slightly modified
method by Basak et al. [48]. The hydroxyl radicals produced by the Fe3+/ascorbate/EDTA/
H2O2 system were measured to assess the hydroxyl radical scavenging activity. Deoxyri-
bose is attacked by the hydroxyl radical, which causes the production of compounds that
react with thiobarbituric acid (TBARS). A volume of 100 μL of each sample (1000 μg/mL)
was added to a reaction mixture containing 100 μL of 3.0 mM deoxyribose, 100 μL of
0.1 mM FeCl3, 100 μL of 0.1 mM EDTA, 100 μL of 0.1 mM ascorbic acid, 100 μL of 1 mM
H2O2, and 20 mM phosphate buffer (pH = 7.4) in a final volume of 1.0 mL. Then, the
absorbance was measured at 532 nm against a blank containing deoxyribose and buffer.
The percentage inhibition (I) of deoxyribose degradation was calculated as follows:

% I = (A0 − A1/A0) × 100

where A0 is the absorbance of the control reaction and A1 is the absorbance of the
test compound.

2.5.2. Inhibition of Superoxide Radical Assay

Superoxide radical generation by the xanthine/xanthine oxidase system was deter-
mined according to Basak et al. [48]. Briefly, a 100 μL of each sample (1000 μg/mL) was
added to a reaction mixture containing 100 μL of 2 nM xanthine, 100 μL of 12 nM NBT,
100 μL of 1.0 U/mL xanthine oxidase, and 0.1 M phosphate buffer (pH = 7.4), making
a final volume of 2.0 mL. After incubating the mixture at 25 ◦C for 10 min, the percent
inhibition of superoxide anion was calculated using the following equation:

% Inhibition = (A0 − A1/A0) × 100

where A0: the absorbance of the control and A1: the absorbance of the samples.

2.5.3. DPPH Assay

The method (DPPH), described by Basak et al. [48], follows the bleaching of a purple
methanol solution of DPPH. Briefly, 50 μL of the essential oil (1000 μg /mL) was added to
5 mL of a 0.004% solution of DPPH in methanol. The absorbance was measured at 517 nm
after 30 min of incubation at dark conditions. The DPPH radical scavenging activity was
calculated using the following formula:

DPPH inhibition percentage = (A0 − A1/A0) × 100

where A0 is the absorbance of the control and A1 is the absorbance of the presence
of samples.

2.5.4. Lipid Peroxidation Inhibition Assay

Non-enzymatic lipid peroxidation assay was realized according to the procedure
described by Basak et al. [48], with minor changes. The reaction mixture contained 100 μL
of each sample (1000 μg/mL), 100 μL of supernatant, 20 μL of 1 mM FeCl3, and 20 μL of
1 mM ascorbic acid to induce hydroxyl radical generation. After a 1 h incubation period at
37 ◦C, the extent of lipid peroxidation was measured by the TBA reaction. After cooling,
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2.5 mL of n-butanol was added and the samples were centrifuged at 3500 rpm for 5 min.
The absorbance was read at 532 nm. The percentage inhibition of activity was calculated
using the formula:

% inhibition = (A0 − A1/A0) × 100

In this equation, A0 is the absorbance of the control (without sample) and A1 is the
absorbance of the samples.

2.6. In Vitro Anti-Diabetic Assay

The potential of oils of A. unedo and L. nobilis to inhibit the enzymatic activity of α-
amylase and α-glucosidase was assessed according to previously published research [50,51],
and the assay of the lipase inhibitory activity was conducted according to the method
described by Hu et al. [52].

2.7. Anti-Acetylcholinesterase Activity

Inhibition of acetylcholinesterase (AChE) activity was measured using an adaptation
of the method described by Ingkaninan et al. [53], with some modifications. Briefly, 10 μL
solution of EOs in Tween 80 (0.5% v/v) at different concentrations and 25 μL of AChE
enzyme were mixed with 0.1 M of TrisHCl buffer at 0.1 M concentration and pH 8. The
solutions were incubated for 15 min at room temperature. After incubation, 10 μL of a
solution of acetylthiocholine iodide (ASCh) of 0.5 mM concentration and 10 μL of 5,5′-
dithio-bis-2-nitrobenzoic acid (DTNB) of 3 mM concentration were added. The absorbance
of the mixture was measured at 412 nm in a UV-visible spectrophotometer.

2.8. In Vitro Anti-Inflammatory Assays

The in vitro anti-inflammatory effect of AUEO and LNEO were assessed by the
5-Lipoxygenase (5-LOX) inhibitory activity, according to the previously published
method [48]. Briefly, 20 μL of EOs and 20 μL of 5-LOX from Glycine max (100 U/mL)
were pre-incubated with 200 μL of phosphate buffer (0.1 M, pH 9) at room temperature
for 5 min. Then, 20 μL of linolenic acid (4.18 mM in ethanol) was added in order to start
the reaction, which was followed for 3 min at 234 nm.

2.9. In Vivo Anti-Inflammatory Assay

The anti-inflammatory effects were investigated using a rat model of carrageenan-
induced paw edema (Rege et al. [54]). Briefly, Wistar rats (150 to 180 g) were fasted for 18 h
and then randomly divided into eight groups (n = 6 per group). The groups of rats received
different concentrations of the studied drugs (AUEO and LNEO, (1:1)) (50 and 100 mg/kg).
The control group received distilled water while the other groups received indomethacin
(10 mg/kg) as the reference drug. After 60 min, all rats were injected subcutaneously
with carrageenan solution (0.05 mL of 1% carrageenan suspended in 0.9% NaCl) into the
subplantar region of the left hind paw. The paw volumes of the tested rats were recorded
using a LE 7500 digital plethysmometer controlled by SeDaCOM software before the
injection of carrageenan (V0), and after the carrageenan injection at three different times 1 h,
3 h, and 6 h (Vt). The anti-inflammatory effect is calculated using the following equation:

% inhibition =
(Vt − V0) control − (Vt − V0) treated group

(Vt − V0) control
× 100

2.10. Antimicrobial Activity
2.10.1. Tested Microorganisms

Microorganisms were used to test for antimicrobial activity, including four Gram-
negative bacterial strains: Escherichia coli (ATCC 25934), Proteus mirabilis (ATCC 25933),
Salmonella typhimurium (ATCC 700408), and Pseudomonas aeruginosa (ATCC 27853); three
Gram-positive bacterial strains: Bacillus subtilis (ATCC 6633), Listeria monocytogenes (ATCC
13932); one yeast strain: Candida albicans (clinical isolate); and two fungal strains: Trichophy-

310



Life 2022, 12, 1876

ton rubrum (clinical isolate) and Aspergillus niger (food-spoilage isolate). Microorganisms
were generously provided by the Laboratory of Microbial Biotechnology and Bioactive
Molecules, Science and Technologies Faculty, Sidi Mohamed Ben Abdellah University,
Morocco. All isolates were preserved at −20 ◦C until used. The bacterial strains were
sub-cultured on MHA medium (brought from the Laboratory of Microbial Biotechnology
and Bioactive Molecules) at 37 ◦C for 18 h. Yeast and fungal isolates were sub-cultured
on SA medium (brought from the Laboratory of Microbial Biotechnology and Bioactive
Molecules) at 25 ◦C for 48 h and five days, respectively.

2.10.2. Inoculum Preparation

Fresh microbial cultures were adjusted to 0.5 McFarland Standard’s turbidity. To make
the McFarland standard, 99.5 mL of 1% (vol/vol) sulfuric acid was combined with 0.5 mL
of a solution of barium chloride dihydrate (BaCl2•2H2O), which has a weight-to-volume
ratio of 1.175%. The adjusted sample of the suspension contains about 108 colony forming
units (CFU/mL) for bacteria, approximately 106 CFU/mL for yeast, and around 104 spore
forming/mL for fungi [13,55].

The adjustment of the microbial suspensions for reactivation was carried out by
inoculating MHA medium with a loopful of the frozen (−20 ◦C) stock and incubating it at
37 ◦C for 24 h for bacteria and for 48 to five days for yeast and fungi. The antimicrobial
testing was conducted using modified microbial innocula.

2.10.3. Disc-Diffusion Assay

The antimicrobial screening of AUEO and LNEO was performed using the disc diffu-
sion technique according to previously reported methods [56,57]. The culture suspension
was inoculated on MHA medium for bacteria and SA medium for yeast and fungal strains.
Sterile paper discs, 6 mm in diameter sterile paper discs soaked in 10 μL of each EO (com-
bined with 5% DMSO) were then placed on each plate. The positive control for bacteria was
chloramphenicol (30 μg), the positive control for yeasts and fungi was nystatin (100 I.U.),
and the negative control was DMSO (10 μL; 5%). The bacterial plates were incubated
at 37 ◦C for 24 h, while the fungal and yeast plates were incubated at 25 ◦C for 48 and
72 h, respectively. The widths of the inhibitory zones were measured in millimeters af-
ter incubation, and the findings were expressed as the mean and standard deviation of
three replicates.

2.10.4. Determination of Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) was determined using the microtube
dilution method as described in [58]. Briefly: in sterile microtubes consisting of 100 μL of
MHA broth (for bacteria) or SA broth (for yeast and fungi) and containing 5% Tween 80
(emulsifier), a decreasing concentration of EOs from 4% to 0.0625% (v/v) were prepared.
Then, 5 μL of the adjusted microbial suspension (adjusted to 0.5 McFarland as previously
described) were added to each tube. Another set of tubes containing liquid media without
EOs and inoculated with the adjusted microbial suspensions, and un-inoculated tubes
containing liquid media plus EOs served as negative controls. A microtube set containing
serial dilutions of chloramphenicol and nystatin instead of EOs served as positive controls.
After incubation, microtubes with low concentrations and without visible microbial growth
were considered the MIC [57].

2.10.5. Determination of Minimum Lethal Concentration

The minimum lethal concentration (MLC) was carried out following the MIC test. In
aseptic conditions, 5 μL of each tube that had no apparent growth on the MIC test was
poured onto plates containing MHA (for bacteria) or SA agar (for yeast and fungi) and
incubated at 35–37 ◦C for 24 h for bacteria, or at 25 ◦C for 48 and 72 h for yeast and fungi,
respectively. Then, incubated plates were inspected. The lowest concentration of EO at
which a microorganism can be killed (no visible growth) was deemed the MLC [59,60].
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2.11. Statistical Analysis

The findings of each experiment were run in triplicate, and they are presented as
mean ± standard deviations (SD). The data were analyzed using IBM SPSS Statistics for
Windows, Version 21.0 Armonk, NY, USA, and one-way ANOVA in addition to the Tukey
test were used to compare means. When p < 0.05, the differences between the means were
deemed significant.

3. Results

3.1. Chemical Composition

Chemical analyses of AUEO and LNEO constituents, the percentage content of each
compound, elution order, structural subclass, and retention index are presented in Table 1.
Chemical analysis of EOs from A. undeo and L. nobilis found 15 and 18 chemical compounds,
which make up 53.33% and 89% of the total composition of these oils, respectively.

Table 1. Chemical composition of AUEO and LNEO.

Number
AUEO LNEO

RT Compounds % RT Compounds %

1 0.479 Caryophyllene 0.26 2.036 α-Thujene 0.43

2 0.805 Myrtenol 0.78 2.115 α-Pinene 3.34

3 1.481 Geraniol 0.57 2.262 Camphene 0.47

4 1.741 β-Eudesmol 1.28 2.791 β-Thujene 5.74

5 2.439 γ-Eudesmol 1.43 4.132 Eucalyptol 36.40

6 3.228 Nonanoicacid 4.38 5.947 Linalool 10.34

7 4.445 Decenal 13.47 7.479 α-terpineol 13.05

8 5.099 Palmitic acid 6.00 10.048 4-Thujen-2-α-yl acetate 0.91

9 5.211 (E,Z)-2,6-Nonadienal 0.62 10.150 Bornyl acetate 0.87

10 5.420 (E)-2-Undecenal 0.7 12.426 α-Terpinyl acetate 10.61

11 8.186 (E)-Geranylacetone 3.36 12.595 Eugenol 1.58

12 10.057 α-Terpineol 7.8 14.071 Methyleugenol 3.74

13 10.125 Linalool 1.82 15.018 Naphthalene 0.64

14 10.226 Nonanal 3.8 17.441 β-Neoclovene 0.50

15 10.384 Dodecanoicacid 1.2 17.666 Isoelemicin 0.38

16 11.409 β-Ionone 1.26 - - -

17 11.815 Octanol 0.64 - - -

18 17.167 Myristic acid 3.96 - - -

Total identified compounds % 53.33% Total identified compounds % 89%

Monoterpene hydrocarbons % - Monoterpene hydrocarbons % 4.88%

Oxygenated monoterpenes % 24.44% Oxygenated monoterpenes % 72.18%

Sesquiterpene hydrocarbons % 1.52% Sesquiterpene hydrocarbons % 6.24%

Oxygenated sesquiterpenes % 2.71% Oxygenated sesquiterpenes % 0.38%

RT: retention time.

The AUEO was characterized by a high level of decenal (13.47%) accompanied by other
constituents with variable content, such as α-terpineol (7.8%) and palmitic acid (6.00%).
For LNEO, monoterpenes constituted the largest class of terpenes (72.18% oxygenated
monoterpenes and 4.88% monoterpene hydrocarbons). Moreover, the EO of this plant was
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dominated by eucalyptol (36.40%), followed by α-terpineole (13.05%), α-terpinyl acetate
(10.61%), linalool (10.34%), and β-thujene (5.74%).

3.2. Antioxidant Activity

In this study, four different in vitro assays, namely hydroxyl radical, superoxide radi-
cal, lipid peroxidation, and DPPH radical scavenging activity, were adopted to determine
the antioxidant properties of AUEO and LNEO. The IC50 values in Table 2 showed signifi-
cant differences (p < 0.05) between the antioxidant activities of AUEO, LNEO, and buty-
lated hydroxytoluene (BHT), used as a positive control. Based on the antioxidant potency
achieved using the hydroxyl radical (OH) test, it was found that the IC50 value of AUEO
(0.527 ± 0.01 μL/mL) and LNEO (0.354 ± 0.02 μL/mL) exhibited the highest inhibitory
activity against hydroxyl radicals compared to the antioxidant BHT (12.027 ± 0.01 μL/mL).

Table 2. Antioxidant activity of AUEO and LNEO.

EOs
Hydroxyl

IC50 (μL/mL)
Superoxide

IC50 (μL/mL)

Lipid
Peroxidation
IC50 (μL/mL)

DPPH
IC50 (μL/mL)

Laurus nobilis 0.354 ± 0.02 a 0.133 ± 0.01 a 0.101 ± 0.05 a 0.489 ± 0.07 a

Arbutus unedo 0.527 ± 0.01 b 0.275 ± 0.07 b 0.207 ± 0.03 b 0.711 ± 0.04 b

BHT 12.027 ± 0.01 c 43.307 ± 0.001 c 2.022 ± 0.031 c 21.057 ± 0.051 c

Different letters in the same column represent significant differences at p < 0.05.

In this sense, LNEO has been reported to be able to scavenge hydroxyl radicals gen-
erated by an in vitro Fe3+/ascorbate/EDTA/H2O2 system [48]. Moreover, AUEO and
LNEO were found to scavenge superoxide with an IC50 of 0.275 ± 0.07 μL/mL and
0.133 ± 0.01 μL/mL, respectively. In comparison, the standard BHT had a superoxide radi-
cal scavenging activity of 43.307 ± 0.001 μL/mL. For the lipid peroxidation method, the IC50
values were found to compare favorably (0.207 ± 0.03 μL/mL and 0.101 ± 0.05 μL/mL for
AUEO and LNEO, respectively) with that obtained by BHT (IC50 = 2.022 ± 0.031 μL/mL).
In addition, strong DPPH free radical scavenging activity was recorded for AUEO and
LNEO with IC50 of 0.711 ± 0.04 μL/mL and 0.489 ± 0.07 μL/mL, respectively. These
results may be compared to BHT showing an IC50 equal to 21.057 ± 0.051 μL/mL.

3.3. Anti-Diabetic Activity

One of the most widely used approaches to reducing postprandial hyperglycemia and
managing diabetes is to inhibit digestive enzymes such as α-amylase and α-glucosidase [61].
Table 3 shows the results of the α-amylase, α-glucosidase, and pancreatic lipase inhibition
activities of AUEO and LNEO. Indeed, AUEO and LNEO were discovered to have a sig-
nificant inhibitory effect on the α-amylase enzyme, with IC50 values of 102 ± 0.06 μg/mL
and 42.51 ± 0.012, respectively. The results were compared to those of acarbose, a refer-
ence antidiabetic, which showed an IC50 of 32.14 ± 0.016 μg/mL. Interestingly, LNEO
showed a much higher α-glucosidase inhibitory activity (IC50 = 1.347 ± 0.021 μg/mL)
than that of the control (IC50 = 22.0 ± 0.005 μg/mL), while AUEO showed an activity of
76 ± 0.021 μg/mL against the same enzyme. With respect to lipase inhibition, AUEO and
LNEO inhibited pancreatic lipase activity with IC50 values of 97.018 ± 0.012 μg/mL and
21.23 ± 0.021 μg/mL, respectively, when compared to the reference compound, orlistat,
which had lipase inhibitory activity with an IC50 value of 14.12 ± 0.023μg/mL (Table 3).
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Table 3. The inhibition of the digestive enzymes α-glucosidase, α-amylase, and lipase by AUEO
and LNEO.

IC50 (μg/mL) α-Amylase α-Glucosidase Lipase

Arbutus unedo EO 102 ± 0.06 c 76 ± 0.021 c 97.018 ± 0.012 c

Laurus nobilis EO 42.51 ± 0.012 b 1.347 ± 0.021 a 21.23 ± 0.021 b

Acarbose 32.14 ± 0.016 a 22 ± 0.005 b _

Orlistat _ _ 14.12 ± 0.023 a

Different letters in the same column represent significant differences at p < 0.05. AUEO: Arbutus unedo EO. LNEO:
Laurus nobilis EO.

3.4. Anti-Acetylcholinesterase Activity

Acetylcholinesterase (AChE) is an enzyme implicated significantly in neurodegenera-
tive diseases, particularly Alzheimer’s disease (AD). Moreover, its inhibition constitutes
a major therapeutic and preventive pathway. In this work, the inhibitory effects of the
two EOs and the control (rivastigmine) were tested against AChE. The results are expressed
in IC50 and presented in Table 4. As indicated in the table, LNEO showed a greater in-
hibitory effect (IC50 = 89.44 ± 0.07 μg/mL) than AUEO (IC50 = 378.57 ± 0.05 μg/mL);
rivastigmine showed high activity (IC50 = 2.24 ± 0.03 μg/mL).

Table 4. AChE inhibitory activities of EOs compared to the standard drug rivastigmine.

IC50 (μg/mL ± SEM) AUEO LNEO

AChE 378.57 ± 0.05 b 89.44 ± 0.07 a

Rivastigmine - 2.24 ± 0.03 c

Different letters in the same column represent significant differences at p < 0.05. AUEO: Arbutus unedo EO. LNEO:
Laurus nobilis EO.

3.5. Anti-Inflammatory Activity

A large number of aromatic medicinal plant species contain various bioactive com-
pounds with beneficial health properties, especially anti-inflammatory effects. Therefore, us-
ing EOs as natural additives is a good approach to prevent abnormal inflammation [62,63].

In this context, the determination of anti-inflammatory effect of the AUEO and LNEO
in our work was investigated both in vitro, using 5-LOX enzyme, and in vivo using
carrageenan-induced mouse paw edema.

Both EOs tested showed more or less promising inhibitory activity of 5-LOX with
IC50 values of 86.14 ± 0.05 μg/mL for AUEO and 48.31 ± 0.07 μg/mL for LNEO in com-
parison with the control (quercetin), which showed an IC50 value of 17.59 ± 0.01 μg/mL
(Table 5). Moreover, the results of an in vivo experiment showed a significant inhibition of
carrageenan-induced hind paw edema volume after 6 h of treatment with these oils at a
dose of 50 mg/kg, with a percentage inhibition of 58.82% for AUEO and 70.59% for LNEO
compared to the anti-inflammatory drug, indomethacin (72.55%), used as a positive control
(Table 6).

Table 5. In vitro anti-inflammatory activity of AUEO and LNEO.

Assays.
(IC50 μg/mL) Control

AUEO LNEO Quercetin

5-Lipoxygenase 86.14 ± 0.05 c 48.31 ± 0.07 b 17.59 ± 0.01 a

Different letters in the same column represent significant differences at p < 0.05. AUEO: Arbutus unedo EO. LNEO:
Laurus nobilis EO.
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Table 6. Inhibition percentage of the left hind paw volume in rats treated with AUEO and LNEO.

Compounds Dose (mg/kg)
Carrageenan-Induced Hind Paw Edema Volume (mL; Mean) and % of Inhibition

T0 1 h % inh. 3 h % inh. 6 h % inh.

Control - 0.84 1.43 - 1.63 - 1.86 -

L. nobilis
50 0.89 1.31 28.81 1.27 51.90 1.19 70.59

100 0.89 1.23 42.37 1.15 67.09 1.01 88.26

A. unedo
50 0.76 1.24 18.64 1.25 37.97 1.18 58.82

100 0.82 1.26 25.42 1.23 48.10 1.19 63.72

Indomethacin 10 0.85 1.14 50.85 1.16 60.76 1.13 72.55

3.6. Antimicrobial Activity

The disc diffusion method was carried out to evaluate the antimicrobial activity of
EOs from AUEO and LNEO. The results are shown in Table 7. The findings revealed
that EOs from both plants had significant antimicrobial activity against all tested mi-
croorganisms compared to the conventional antibiotics; chloramphenicol for bacteria and
nystatin for yeasts and fungi (ANOVA, p < 0.05). It should be noted that, although su-
perior to chloramphenicol, P. aeruginosa showed the weakest activity (in vitro). In gen-
eral, the Gram-positive bacteria recorded the highest mean zone of inhibition (varying
between 15.4 ± 0.2 and 19.3 ± 0.2 mm) compared to Gram-negatives (varying between
8.0 ± 0.0 and 16.2 ± 0.1 mm), and the mean inhibition zones of yeasts (ranging from
16.2 ± 0.2 to 19.8 ± 0.3 mm) were higher than the fungal strains (ranging from 13.0 ± 0.3
to 16.2 ± 0.2 mm), although antibiotics remained the most effective (Table 7).

Table 7. The antimicrobial activities of A. unedo and L. nobilis EOs assessed using disc diffusion test
(diameter equals 6.0 mm means no inhibition).

Microorganism
Arbutus unedo EO

(100%)
Laurus nobilis EO

(100%)
Chloramphenicol

(30 μg/mL)
Nystatin
(100 I.U.)

Escherichia coli ATCC 25922 14.6 ± 0.2 16.2 ± 0.1 22.9 ± 0.1 0.0

Proteus mirabilis ATCC
25933 14.2 ± 0.1 15.6 ± 0.2 22.6 ± 0.2 0.0

Salmonella typhimurium
ATCC 700408 11.0 ± 0.1 12.7 ± 0.8 13.6 ± 0.0 0.0

Pseudomonas aeruginosa
ATCC 27853 8.0 ± 0.0 8.0 ± 0.0 6.0 ± 0.0 0.0

Bacillus subtilis
ATCC 6633 16.2 ± 0.3 18.0 ± 0.2 16.3 ± 0.1 0.0

Staphylococcus aureus
ATCC 29213 15.4 ± 0.2 18.3 ± 0.2 25.6 ± 0.1 0.0

Listeria monocytogenes
ATCC 13932 16.9 ± 0.2 19.3 ± 0.2 28.6 ± 0.2 0.0

Candida albicans 16.2 ± 0.2 19.8 ± 0.3 0.0 28.8 ± 0.3

Trichophyton rubrum 13.0 ± 0.3 15.6 ± 0.3 0.0 25.0 ± 0.02

Aspergillus niger 13.4 ± 0.2 16.2 ± 0.2 0.0 25.8 ± 0.1

Diameter equals 6.0 mm means no inhibition, mean ± standard deviation.

The results of the MIC and MLC tests are shown in Table 8. According to the MIC
values, the lowest concentration of AUEO and LNEO inhibiting a microbe’s visible growth
ranged between 2 and 1% for the tested Gram-negative bacteria (except for P. aeruginosa
which was >4%), 1 and 0.5% for all Gram-positive bacteria tested, 0.5 and 0.25% for yeasts
(Candida albicans), and 2 and 1% for the tested fungal strains, respectively. On the other
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hand, the MLC values are represented, in this study, by the lowest concentration of the EOs
killing the test organism under in vitro conditions.

Table 8. MIC and MLC values of AUEO and LNEO.

Microorganisms

EOs % (v/v) Controls (μg/mL)

AUEO LNEO Chloramphenicol Nystatin

MIC MLC MIC MLC MIC MIC

Escherichia coli ATCC 25922 1.0 2.0 1.0 1.0 4.0 NT

Proteus mirabilis ATCC 25933 2.0 2.0 1.0 1.0 4.0 NT

Salmonella typhimurium ATCC 700408 2.0 4.0 1.0 2.0 64.0 NT

Pseudomonas aeruginosa ATCC 27853 >4.0 >4.0 >4.0 >4.0 >64.0 NT

Bacillus subtilis
ATCC 6633 1.0 2.0 0.5 1.0 32.0 NT

Staphylococcus aureus
ATCC 29213 1.0 2.0 0.5 1.0 4.0 NT

Listeria monocytogenes ATCC 13932 1.0 1.0 0.5 1.0 2.0 NT

Candida albicans 0.5 NT 0.25 NT NT 4.0

Trichophyton rubrum 2.0 NT 1.0 NT NT 16.0

Aspergillus niger 2.0 NT 1.0 NT NT 16.0

NT: not tested.

In the current study, the MLC values of AUEO and LNEO ranged between 2 and 1%
(except with P. aeruginosa which was >4%); the Gram-positive bacteria ranged between 2–1
and 1%, respectively. Interestingly, P. aeruginosa was not susceptible to AUEO and LNEO.

4. Discussion

4.1. Chemical Composition

The analysis of phytochemical composition is an indispensable tool in the development
of active ingredients derived from plant tissues. In our study, several natural substances
have been identified from the studied plants that could be responsible for their various
biological activities.

Indeed, the AUEO was characterized by a high rate of decenal (13.47%), accompanied
by other constituents with variable content, such as α-terpineol (7.8%) and palmitic acid
(6.00%). It should also be noted that the EO of the same species in Algeria showed a
significant amount of some major chemical constituents such as palmitic acid (35.2%),
linoleic acid (18.8%), and 2,6-di-tert-butyl-p-cresol (6.2%) [64]. Likewise, AUEO from
Turkey showed a significant amount of various chemical constituents. Indeed, thirty-seven
constituents were characterized as present, including (E)-2-decenal (12.0%), α-terpineol
(8.8%), hexadecanoic acid (5.1%), and (E)-2-undecenal (4.8%) as the major constituents [65].
This variation in chemical profiles of essential oils could be attributed to several factors,
such as harvest season, plant age, soil composition, and geographical variation [50,51,66,67].

In our work, from a practical point of view, our results are comparable to other
studies on EOs extracted from Moroccan L. nobilis (northern Morocco) [47], identify-
ing about 26 compounds, with the predominance of eucalyptol (52.43%), followed by
α-terpinyl acetate (8.96%), sabinene (6.13%), limonene (5.25%), β-pinene (3.72%), linalool
(3.14%), terpinene-4-ol (2.56%), α-terpinene (2.12%), β-terpineol (1.56%), bornyl acetate
(1.89%), α-phellandrene (1.28%), myrcene (1.13%), camphene (1.05%), p-cymene (0.94%),
α-terpinene (0.98%), and eugenol (0.56%).

Numerous studies have evaluated the chemical composition of LNEO in different
countries. In Argentina, Lira et al. [68] showed a predominance of eucalyptol (45.1%), then
linalool (11.9%), sabinene (9.3%), α-terpinyl acetate (8.0%), and methyl eugenol (2.8%).
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In Bulgaria, Fidan et al. [69] revealed the presence of eucalyptol (41.0%), followed by
α-terpinyl acetate (14.4%), sabinene (8.8%), methyl eugenole (6.0%), β-linalool (4.9%), and
α-terpineol (3.1%), and in Iran, Mohammadreza [70] identified a preponderance of euca-
lyptol (55.80%), α-terpinyl acetate (15.14%), terpinene-4-ol (5.27%), α–pinene (5.26%), p-
cymene (2.70%), linalool (1.40%), and terpinene-4-yla cetate (1.13%). In Turkey, Dadalioǧlu
and Evrendilek [71] found eucalyptol (60.72%), α-terpinene (12.53%), sabinene (12.12%),
and α-pinene (6.11%) as major constituents.

In Algeria, Nabila et al. [72] revealed chemical variations of LNEO with a predom-
inance of oxygenated monoterpenes (59%), eucalyptol (30.1%), and α-terpynil acetate
(21.6%) as major compounds. The second-most-abundant class was phenylpropanoids
(18.7%), which were made up of methyl eugenol (16.9%), elemicin (0.9%), and apiole (0.9%).

4.2. Antioxidant Activity

The evaluation of the antioxidant activity was carried out using several in vitro tests.
This allows one to have complementary of results. Indeed, the antioxidant reaction mecha-
nisms in the different tests are variable, and ideally an antioxidant should respond positively
to different mechanisms. In this context, the antioxidant power of L. nobilis and A. unedo was
evaluated by four tests, namely hydroxyl radical, superoxide radical, lipid peroxidation,
and DPPH radical scavenging activity. In fact, the ability to prevent lipid peroxidation
could only be determined in lipophilic samples, including essential oils [29].

From our results, it was clear that AUEO and LNEO possess important antioxidant
characteristics and, therefore, could be considered as a promising source of natural an-
tioxidants. This capacity of A. unedo leaf extracts has already been reported by other
authors [29,73].

It is well known that the antioxidant effect of an extract or compound is generally
associated with their redox properties, allowing them to act as reducing agents [74]. This
significant antioxidant activity of both plants could be attributed to the presence of an-
tioxidant compounds. Some monoterpenes and oxygenated sesquiterpenes have been
reported to have an inhibitory oxidation power [75]. Thus, the antioxidant activity of
AUEO and LNEO might be attributed to the presence of high concentrations of, mainly,
eucalyptol (1,8-cineole) (36.40%), linalool (10.34%), α-terpinen-4-ol (13.05%), α-terpinyl
acetate (10.61%) for LNEO, and (+)-isomenthone (4.23%), α-terpineol (7.8%), and myristic
acid (3.96%) for AUEO. Our findings are similar to those reported by previous studies on
the antioxidant activity of AUEOs and LNEOs [29,48,76,77]. Hence, these results confirm
the role of EOs as natural antioxidants as well as their natural protective role for human
health to preserve many physiological functions.

4.3. Anti-Diabetic Activity

The evaluation of the anti-diabetic activity of both selected plants was carried out
by testing their capacity to inhibit the activity of two carbohydrate-hydrolyzing enzymes
(α-amylase and α-glucosidase) and also that of lipase, allowing them to slow down the
absorption of fatty acids and, subsequently, induce the degradation of internal glucose.

From our results, essential oils obtained from A. unedo and L. nobilis showed remark-
able anti-diabetic activity against the three selected enzymes. Furthermore, it has been
reported that A. unedo aqueous extract exhibits a potent inhibitory effect against α-amylase
and α-glucosidase activity with IC50 values of 730.15 ± 0.25 and 94.81 ± 5.99 μg/mL,
respectively [78].

On the other hand, previous studies have reported that LNEO possesses a potent
inhibitory effect of more than 90% on α-glucosidase inhibitory activity, with an IC50 value
of 1.748 ± 0.021 μL/mL [48]. Thus, this supports our suggestion that AUEO and LNEO
have significant anti-hyperglycemic activities.

Based on the results of the lipase test and the fact that anti-diabetic activity was found,
it seems likely that AUEO and LNEO could be natural sources of agents that stop fat
from being absorbed and could be used to treat obesity. Despite numerous studies on
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the chemical composition and antimicrobial activity of AUEOs and LNEOs, there is little
information on their anti-diabetic activity. In this study, our results revealed that both EOs
exhibit high inhibitory activities towards α-amylase, α-glucosidase, and pancreatic lipase.
This interesting anti-hyperglycemic effect may be due to several bioactive compounds, in
particular those with high concentrations. Previous work showed that 1,8-cineole, α-pinene,
and limonene inhibit α-glucosidase and α-amylase activities [48,79,80]. The combination of
limonene and linalool has been reported to provide potent anti-hyperglycemic activity [81].
Other studies have revealed that terpinen-4-ol has remarkable anti-diabetic activity [75].
On the other hand, and as mentioned above, the most abundant volatile components in
A. unedo were (+)-isomenthone, α-terpineol, and myristic acid and therefore the inhibition
of the enzymes could be related to the presence of these components in the EOs. Moreover,
AUEOs showed a highly significant correlations between their bioactive compounds and
the percentage of α-glucosidase inhibition [82]. Similarly, the in vitro inhibitory activity of
LNEOs against pancreatic lipase might be due to their volatile compounds. Our results are
promising and suggest that EOs may be able to treat diabetes, but more research is needed
to prove this assumption.

4.4. Anti-Acetylcholinesterase Activity

AChE is an important pathogenic factor in AD and its main role is to stimulate the
hydrolysis of acetylcholine (ACh) to choline. Indeed, ACh deficiency is responsible for
AD pathogenesis [83]. Several pharmacological investigations have focused on AChE
inhibitors to reduce cholinergic deficits and improve neurotransmission [84]. However,
these inhibitors have certain limitations, such as their short half-lives and the associated
hepatotoxicity, which represents the main side effect [85]. This prompted several researchers
to develop new anti-AChE agents [86].

In our study, EOs from A. unedo and L. nobilis showed significant anti-AChE activity
that could be associated with their main compounds. Indeed, other studies have already
shown that terpenes have anti-cholinesterase properties [87–90]. The mechanisms of action
often involve competitive inhibition of the enzyme following the binding of bioactive
molecules to the active site of the enzyme [91,92].

4.5. Anti-Inflammatory Activity

Inflammation is a natural response of the immune system, characterized by a mecha-
nism that represents a chain of organized and dynamic responses comprising both cellular
and vascular events with specific humoral secretion. These pathways involve physical
changes in the localization of white blood cells (monocytes, basophils, eosinophils, and
neutrophils), plasma and fluids at the inflamed site [93]. It is characterized by leukocyte
activation, increased vascular permeability, edema, and pain [94].

The results of our tests (both in vivo and in vitro) show that the EOs we obtained
from the leaves of A. unedo and L. nobilis have strong anti-inflammatory properties. These
effects could be attributed to the presence of various bioactive molecules such as eucalyptol
(1,8-cineole), α-terpinen-4-ol, camphor, α-terpinyl acetate, linalool, limonene, α-pinene,
and camphene. Indeed, AUEO showed less 5-LOX inhibitory activity compared to LNEO.
Moreover, AUEO exhibited remarkable activity (IC50 = 86.14 ± 0.05 μg/mL), which may
be due to the presence of certain chemical compounds.

Furthermore, AUEO contains other molecules such as geraniol, which have already
demonstrated a significant inhibitory effect, inhibiting pro-inflammatory cytokines as well
as NF-κB signaling pathways [95]. In another study, Su and his colleagues [96] found
that geraniol has a promising effect on nitric oxide and prostaglandin E2 (PGE2), which
are pro-inflammatory molecules. On the other hand, previous studies have reported the
anti-inflammatory effects of A. undo extracts [97,98]. However, the mechanisms underlying
this effect have yet to be clarified.

Eucalyptol was reported as a major compound of LNEO (36.40%), and may provide
gastroprotection via anti-inflammatory mechanisms; it could possess an inhibitory activity
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against 5-LOX, one of the key mediators involved in inflammatory responses [99]. Moreover,
eucalyptol in interaction with limonene has been shown to cause partial potentiation of anti-
inflammatory action [100]. In fact, limonene has been shown to inhibit lipopolysaccharide-
induced inflammation and inflammatory cell migration [99].

Furthermore, monoterpenoid compounds have demonstrated potential anti-inflammatory
effects. Indeed, several studies have shown that linalool is an anti-inflammatory agent, control-
ling the release of anti-inflammatory cytokines and regulating the activation of transcription
factor-κB (NF-κB) and its translocation in the nucleus [101]. Similarly, camphene appears to
be responsible for inhibiting the incorporation of arachidonic acid into the active site of the
corresponding enzymes, thus inhibiting the production of inflammatory prostaglandins and
leukotrienes [32].

Therefore, LNEO contains interesting bioactive compounds responsible for anti-
inflammatory activities. Indeed, several studies have examined the effectiveness of LNEO
as an effective anti-inflammatory agent [102–104]. Our results showed that LNEO com-
pounds can be effective at inhibiting 5-LOX.

5. Antimicrobial Activity

In recent years, antibiotic resistance has become one of the most serious threats to
global health, food security, and development. It is a natural phenomenon, but the misuse
of antibiotics in humans and animals accelerates the process. The search for anti-microbial
agents of natural origin will therefore provide a promising alternative. As has already
been indicated, the tested EOs exerted significant anti-microbial activities against the
different microorganisms.

Indeed, there have been many scientific publications on medicinal plant research
indicating the remarkable sensitivity of Gram-positive bacteria to plant extracts or EOs
compared to Gram-negative bacteria, which can initially be attributed to the cell wall
structure [13,105,106]. Some previous studies have reported that AUEO has remarkable
antimicrobial activity. It has been published that the methanol, ethanol, and ethyl acetate
extracts of A. unedo leaves exhibit different levels of antibacterial activity against E. coli,
S. aureus, L. monocytogenes, and P. aeruginosa strains that cause food-borne diseases; however,
only the methanol extract showed antibacterial activity against P. aeruginosa with no effect
from the ethanol and ethyl acetate extracts [107]. This is in harmony with the current results,
which showed that P. aeruginosa was the least susceptible bacterium to the tested EOs. On
the other hand, a previous study showed that the fruits, twigs, and leaves of L. nobilis
recorded good antimicrobial activity against almost all microorganisms tested, includ-
ing Gram-positive and Gram-negative bacteria, yeasts, and fungi; however, P. aeruginosa
showed the lowest response [69]. Indeed, P. aeruginosa is a difficult-to-treat microorgan-
ism. It is highly resistant to numerous antibiotics, including ciprofloxacin, gentamicin,
tobramycin, imipenem, and ceftazidime [108]. The general resistance of P. aeruginosa is well
documented, and its genes can express a wide range of resistance mechanisms; mutations
in chromosomal genes that control resistance genes can occur, and it can acquire resistance
genes from other organisms through plasmids, transposons, and bacteriophages [109].
Therefore, P. aeruginosa was classified by the WHO as a resistant pathogen on a list of
antibiotic-resistant bacteria that are in urgent need of new alternative treatments [110].

Our findings regarding MIC and MLC are consistent with previously published
reports, suggesting that EOs from these plants can be used as nutraceuticals and functional
foods as well as antimicrobial agents, The MIC and MBC of the leaves of Laurus nobilis was
reported to be as low as 2.5 g/L for Escherichia coli and 1.25 g/L (MIC) and 2.5 g/L (MBC)
for Yersinia enterocolitica, where the Arbutus Unedo root extracts showed relatively high
MIC compared with Laurus nobilis leaves against S. aureus (MIC = 12.5 mg/mL) [111–114].
Essential oils mostly have higher inhibitory activity against microorganisms than crude
extracts as they have more aromatic compounds with antimicrobial effects [115].

Overall, the findings of our current investigation are consistent with those of previous
publications using the diffusion method that showed potent broad-spectrum antibacterial
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ability [116,117]. It is claimed that the mode of action of the EOs against target microorgan-
isms is different from the regular antibiotics; when exposed to EOs, bacterial cells might be
destroyed by the irregular disruption of the intracellular structure and the bursting of cell
walls and membranes [105]. This aspect needs much future study, since so far medicinal
plants have not been used as a drug alternative to antibiotics.

6. Conclusions

Here, we currently report the identification of phytochemicals as well as some bio-
logical properties of AUEO and LNEO. Phytochemical analysis revealed a diversity of
volatile compounds in both EOs. The results showed significant antioxidant, anti-diabetic,
and antimicrobial effects with very low EO concentrations. Other results are needed to
highlight the mechanisms by which these EOs act. The major compounds of these oils
must also be investigated for their biological effects. In addition, toxicity studies should be
performed to verify the safety of EOs and bioactive compounds.
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Abbreviations
ABTS 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
Ach Acetylcholine
AChE Acetylcholinesterase
AD Alzheimer’s Disease
ASCh Acetylthiocholine Iodide
BHT Butylated Hydroxytoluene
AUEO Arbutus unedo Essential Oil.
DM Diabetes Mellitus
DMSO Dimethyl Sulfoxide
DNA Deoxyribonucleic Acid
DPPH 2,2-diphenyl-1-picrylhydrazyl
DTNB 5,5′-dithio-bis-2-nitrobenzoic acid
EO Essential Oil
EDTA Ethylenediaminetetraacetic acid
FeCl3 Chlorure ferrique
GC-MS Gas Chromatography-Mass Spectrometry
LNEO Laurus nobilis Essential Oil.
MHA Mueller-Hinton Agar
MFC Minimum Fungicidal Concentration
MIC Minimum Inhibitory Concentration
MLC Minimum Lethal Concentration
NBT Nitro Blue Tetrazolium
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NF-κB Transcription Factor-κB
OH Hydroxyl Radical
PGE2 Prostaglandin E2
RT Retention Time
SA Sabouraud dextrose agar
TBA Thiobarbituric Acid
TBARS Thiobarbituric Acid Reactive Substances
TCA Trichloroacetic Acid
Trolox 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
WHO World Health Organization
5-LOX Lipoxygenase
TBA Thiobarbituric Acid
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