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Preface

Mankind has used medicinal plants for thousands of years due to their healing properties. In the

days when there were no synthetic drugs, plants represented the only alternative to treating health

problems. Many plant compounds have anti-inflammatory properties, and they are an essential

source of pharmaceutical drugs. Some modern pharmaceuticals are either directly extracted from

plants or synthesized based on compounds found in plants. The most well-known compounds are

aspirin, morphine, quinine, ephedrine, and atropine.

Since the technological advances achieved during the last decades in all fields, chemical

extraction has become more accurate, and the characterization of plant compounds has become more

rigorous. Moreover, numerous in vitro and in vivo studies have demonstrated the beneficial effects

of plant compounds on human health.

Due to their great diversity and huge number of compounds, plants remain an important source

of compounds and inspiration for the pharmaceutical industry and modern medicine.

Diana Roxana Pelinescu

Editor
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Abstract: Malva parviflora L., Little mallow, has been traditionally used as an alternative food source.
It acts as a medicinal herb containing a potential source of mucilage thus herein; we aimed to
assess the toxicity, anti-inflammatory, antitussive and gastro-protective actions of M. parviflora mu-
cilage extracted from its leaves (MLM) and fruit (MFM). Toxicity studies were investigated by
in vitro hemolytic assay whereas acute anti-inflammatory and antitussive activities were assessed by
carrageenan-induced paw edema and sulphur dioxide induced cough model in rats, respectively.
Gastro-protective effects were studied using ethanol induced acute and chronic gastric ulcer rat
models. Their metabolic profiles were determined using gas chromatography. The results revealed
that MLM and MFM were non-toxic towards human erythrocytes and their lethal doses were found
to be greater than 5 g/kg. Pretreatment with MLM (500 mg/kg) and MFM (500 mg/kg) significantly
reduced the carrageenan-induced paw thickness (p < 0.001). Maximum edema inhibition (%) was ob-
served at 4 h in diclofenac sodium (39.31%) followed by MLM (27.35%) and MFM (15.68%). Animals
pretreated with MLM (500 mg/kg) significantly lower the cough frequency in SO2 gas induced cough
models in contrast to control. Moreover, MLM at doses of 250 and 500 mg/kg reduced the ethanol
induced gastric mucosal injuries in acute gastric ulcer models presenting ulcer inhibition of 23.04 and
38.74%, respectively. The chronic gastric ulcer model MFM (500 mg/kg) demonstrated a remarkable
gastro-protective effect showing 63.52% ulcer inhibition and results were closely related to standard
drug sucralfate. In both models, MLM and MFM decreased gastric juice volume and total acidity
in addition to an increased gastric juice pH and gastric mucous content justifying an anti-secretary
role of this mucilage that was further confirmed by histopathological examination. Meanwhile, GC
analyses of the mucilage revealed their richness with natural as well as acidic monosaccharides. It is
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concluded that MLM and MFM can be used therapeutically for the management of inflammation,
cough and gastric ulcer.

Keywords: anti-inflammatory; antitussive; cytoprotection; gastric ulcer; M. parviflora; mucilage

1. Introduction

Demulcents form a protective coating over mucous membranes alleviating pain and
inflammation becoming slimy upon contact water [1]. They are indicated to heal hot,
irritated, dry and inflamed mucous membranes and for ulcers, sore throat, inflammation
in bowels and upper respiratory tract, and for bladder infections [2]. They can also act as
prebiotics and normalize intestinal flora population. They repair the mucosa by reducing
the irritation of bowel and decreasing sensitivity to gastric acid [3]. Histological studies have
revealed that consumption of demulcent herbs results in the presence of polysaccharides
layers on the membrane surface [4].

Demulcents are medicinally important as they contain high amounts of mucilage. Plant
mucilage is a gelatinous substance chiefly comprising polysaccharides and uronic acid, as
well as glycoproteins with other biologically active substances including tannins, alkaloids
and steroids [5,6]. Mucilage is a renewable and inexpensive source of non-toxic, bioactive
and eco-friendly compounds and have extensive applications in pharmaceutical, food and
nutraceutical, cosmetics, textile, paper and paint industries [7]. The biologically active and
nutraceutical characteristics, along with their possible health blessings, mark mucilage
as an important ingredient in a healthy diet. They have been used as an antioxidant,
antidiabetic, anticancer, antifungal, antimicrobial, anti-inflammatory, wound healer, ACE
enzyme inhibitor, hypolipidemic agent and immune-stimulator. Further, they are used
to treat skin, gastrointestinal, respiratory and urinary disorders [8,9]. It is worthy to
highlight that a number of plant mucilages are available in the literature that have been
approved by FDA for their additive roles in food, cosmetics and pharmaceutical industries
i.e., Fenugreek seed mucilage, Hibiscus rosa-sinensis mucilage Lepidium sativum mucilage,
Aloe vera, Plantago ovata seed mucilage [10].

Moreover, inflammation is the first response of body’s immune system to stress, injury
and infection. Prolonged and persistent inflammation could be harmful leading to the
development of diseases such as fever, asthma, arthritis, atherosclerosis, auto-immune
disorders and cancer [11–13]. The treatment of inflammation usually depends on steroidal
and non-steroidal anti-inflammatory drugs that reveal side effects such as gastrointestinal
ulcer, hypertension, osteoporosis, hepatotoxicity, kidney disorders as well as allergies [14].
Gastric ulcers are a long-lasting illness affecting thousands of people globally. This not only
disturbs everyday life of affected individuals but is also sometimes accompanied by fatal
complications i.e., gastric bleeding and perforations [15].

Traditionally, natural products were utilized to cure and manage stomach ulcers [16–18].
They proposed effective, inexpensive and easily available forms of treatment for individuals
affected by gastric ulcers [19]. Thus, unveiling of the most active and safe ulcer healing and
protective agent from natural products is of great value [20]. This suggests that seeking
new natural anti-inflammatory and gastro-protective agents with limited side effects is
needed for human health [21]. Furthermore, mucilage polysaccharides obtained from
different plants are used in children with acute cough due to their emollient and demulcent
properties. Their mucus-protective and bio-adhesive properties are useful in oral and
gastric disorders [22].

Little mallow plant (Malva parviflora L.) are among the edible crops and have been part
of the Mediterranean diet for a long time [23]. It is generally recognized as cheese-weed,
small whorl mallow and in Pakistan as Sonchal. Traditionally decoction of the entire plant
has been used as a remedy for fever, cold and cough meanwhile its leaves are used as
a vegetable and an emollient. They are used to treat inflammation, wounds, gastritis,

2



Pharmaceuticals 2022, 15, 427

bladder ulcers, diuretic, constipation, abdominal pain, diarrhea, anthelmintic, hair loss,
ocular disease, scorpion sting and profuse menstruation [24]. Immature fruits are used as
snacks. Mallows have a long history of medicinal use due to their high antioxidant activity
and anti-inflammatory potential. Pharmacologically, M. parviflora have been evaluated
for its antioxidant, anti-inflammatory, antimicrobial, antiulcer, antidiabetic, anti-irritant,
hepatoprotective, neuroprotective, analgesic and wound healing properties [25]. Although
anti-inflammatory and gastro-protective effects of crude methanol and ethanol extracts of
M. parviflora leaves have been reported, no research was found in the literature regarding
such activities of M. parviflora leaves and fruit mucilage [26–29].

Hence, our previous study reported the potent antioxidant, DNA damage and skin
protection activity of M. parviflora leaves mucilage [25], thus, herein our main objective
was to compare both M. parviflora leaves and fruit mucilage in virtue of their toxicity, anti-
inflammatory, antitussive and gastro-protective activities aiming to use them as potential
food sources to alleviate many health disorders. In vitro and in vivo toxicity was studied
by hemolytic assay and following the OECD 425 guidelines, respectively. Acute antitussive
and anti-inflammatory activities were investigated using sulphur dioxide induced cough
models and carrageenan-induced paw edema models in rats, respectively. In addition,
ethanol induced acute and chronic gastric ulcer models were used to study the gastro-
protective effects of M. parviflora leaves (MLM) and fruit (MFM) mucilage. Moreover, their
comparative metabolic profiles were determined using gas chromatography. Meanwhile, it
is noteworthy to mention that this is the first study to report the toxicity and antitussive
activity of M. parviflora leaves and fruit mucilage. Previously, no data were available
regarding M. parviflora mucilage, meanwhile the clinical role of mucilage is an emerging
research area and remains still under investigation.

2. Results
2.1. In Vitro Hemolytic Activity

Hemolysis assay is suitable to investigate whether cytotoxicity is associated with direct
damage to cell membrane or not. Hemolytic activity of MLM and MFM was screened
against human erythrocytes at four different concentrations which are 125, 250, 500 and
1000 µg/mL. Full hemolysis (100%) was attained using 0.1% Triton X-100 whereas no
hemolysis was observed with Phosphate-buffered saline (PBS). Both mucilages displayed
little hemolytic result towards human RBCs. Very weak hemolysis was observed for MLM
and MFM even at high concentrations showing 3.81 and 2.43% hemolysis at 1000 µg/mL
respectively. Results for hemolytic activity as depicted in Figure 1 supports the safety of
MLM and MFM towards human erythrocytes.

Figure 1. Hemolytic activity of MLM and MFM at different concentrations, 125, 250, 500 and
1000 µg/mL; PBS (negative control) showed no hemolysis whereas Triton-X (positive control) showed
100% hemolysis; Significant at p < 0.05 * and 0.01 **.
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2.2. Acute Toxicity Study

In acute toxicity studies, all rats remained alive showing no signs of toxicity or ab-
normalities observed at a dose of 5 g/kg of MLM and MFM, administered orally. For the
period of fourteen days, there were no signs of abnormalities evidenced by no behavioral
changes or alteration in body weight. There was a non-significant difference in serum
biochemical parameters of treated group and control group (Table 1). Histological analysis
showed no signs of hepatic or renal toxicity as compared to control group (Figure 2). Thus,
it was concluded that the oral lethal dose for MLM and MFM would be greater than 5 g/kg.
These results support the safety of MLM and MFM even at high dose.

Table 1. Results of biochemical parameters from acute toxicity studies performed using MLM and
MFM (5 g/Kg) treated rats.

Groups Urea
(mg/dL)

Creatinine
(mg/dL)

Bilirubin
(mg/dL)

SGPT
(u/L)

SGOT
(u/L)

ALP
(u/L)

Normal 42.83 ± 1.05 0.9 ± 0.05 0.89 ± 0.039 107.5 ± 9.98 118 ± 8.88 139 ± 6.96
MLM 38.83 ± 1.8 ns 0.82 ± 0.06 ns 0.76 ± 0.05 ns 105.83 ± 11 ns 114.67 ± 7.8 ns 128.5 ± 5.5 ns

MFM 40.5 ± 1.57 ns 0.73 ± 0.05 ns 0.79 ± 0.04 ns 86.67 0± 6.66 ns 114.67 ± 7.8 ns 133 ± 3.21 ns

All values are represented as (Mean ± SEM), ns = not significant.

Figure 2. Liver and kidney histology of acute toxicity assay (a) Liver of vehicle control group (b) Liver
of MLM treated group (c) Liver of MFM treated group (d) Kidney of vehicle control group (e) kidney
of MLM treated group (f) Kidney of MFM treated group.
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2.3. Acute Anti-Inflammatory Activity

The carrageenan-induced paw edema model was carried out to investigate the anti-
inflammatory potential of mucilage. Sub plantar injection of 1% carrageenan (0.1 mL) to
rat hind paw steadily increased the paw thickness that extends to maximum after 4 h.
Pretreatment with MLM (500 mg/kg) and MFM (500 mg/kg) significantly reduced the
paw thickness with maximum inhibition at 4 h as compared to the disease control group
(p < 0.001). MLM exhibited better inhibition of paw thickness as compared to MFM but not
as much as diclofenac sodium (Table 2). The maximum percentage of anti-inflammatory
activity was observed in diclofenac sodium (39.31%) at 4 h followed by MLM (27.35%) and
MFM (15.68%) as depicted in Figure 3. Percentage inhibition of edema observed by MLM
was significantly comparable with diclofenac sodium (p < 0.05).

Table 2. Paw thickness at different time intervals in rats treated with MLM and MFM at a dose
of 500 mg/kg.

Group Name
Paw Thickness (mm)

0 h 1 h 2 h 3 h 4 h

Control 2.09 ± 0.19 3.0 ± 0.16 3.40 ± 0.16 3.52 ± 0.14 3.55 ± 0.15
Standard 2.10 ± 0.26 ns 2.30 ± 0.25 *** 2.38 ± 0.17 *** 2.28 ± 0.20 *** 2.15 ± 0.25 ***

MLM 2.07 ± 0.25 ns 2.68 ± 0.18 * 2.80 ± 0.09 *** 2.71 ± 0.1 *** 2.58 ± 0.17 ***
MFM 2.05 ± 0.16 ns 2.73 ± 0.18 ns 2.99 ± 0.20 ** 2.97 ± 0.18 *** 2.99 ± 0.16 ***

Results are expressed as mean ± S.D; Control is distilled water (10 mL/kg); the standard is diclofenac sodium
(10 mg/kg). Significant at p < 0.05 *, 0.01 ** and 0.001 ***, ns = not significant.

Figure 3. Percentage inhibition of edema by MLM and MFM (500 mg/kg) at different time intervals;
Significant at p < 0.05 *, 0.01 ** and 0.001 ***.

2.4. Acute Antitussive Activity

Codeine (10 mg/kg) reduced cough frequency from 127.6 to 53.8; marking a 57.8%
inhibition in the incidence of cough. Oral administration of 500 mg/kg of MLM significantly
decreased the number of coughs induced by SO2 gas from 127.4 to 66.2; marking a 47.99 %
inhibition in the incidence of cough. The least antitussive activity was observed in animals
treated with 500 mg/kg of MFM that reduced the cough frequency from 133 to 91.66 with
31.37% inhibition of cough (Figure 4). There was a non-significant difference in percentage
inhibition of cough in MLM treated rats when compared with standard drug.

5



Pharmaceuticals 2022, 15, 427

Figure 4. Number of coughs in control and treated groups with codeine phosphate (10 mg/kg), MLM
(500 mg/kg) and MFM (500 mg/kg); Significant at p < 0.001 ***, ns = not significant.

2.5. Antiulcer Activity
2.5.1. Macroscopic Analysis of Stomach Mucosa

The stomach walls of each rat was observed by the naked eye and then by hand
lens. Macroscopic view of gastric walls of normal group showed smooth surface with-
out noticeable scars. In acute gastric ulcer models, severe lesions with extensive visible
hemorrhagic streaks were observed in the ulcer control group. Moderate lesions were
seen in rats pretreated with MLM (250 mg/kg) and MFM (250 mg/kg and 500 mg/kg).
Low moderate lesions were seen in rats pretreated with ranitidine, sucralfate and MLM
(500 mg/kg). However, mild lesions were observed in omeprazole treated group which
directs high protection against gastric ulcer (Figure 5).

Figure 5. Macroscopic view of gastric mucosa in acute gastric ulcer model of (a) Normal (b) Ethanol
(c) Omeprazole (d) Ranitidine (e) Sucralfate (f) MLM 250 mg/kg (g) MLM 500 mg/kg (h) MFM
250 mg/kg (i) MFM 500 mg/kg groups. Black arrows = hemorrhagic streaks, Blue arrows = Ulcer
spots, Orange arrows = reddish mucosa.

In chronic gastric ulcer models, ethanol induced gastric ulcer scars and lesions that
were visible, but the nature of lesions was different as compared to the acute ulcer models.
The lesions are generally categorized by the existence of white rounded scars with rare
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hemorrhage. Moderate scars were present in gastric mucosa of rats pretreated with ran-
itidine, omeprazole and MLM (250 mg/kg). However, rare scars were observed in rates
pretreated with sucralfate, MLM (500 mg/kg) and MFM (Figure 6).

Figure 6. Macroscopic view of gastric mucosa in chronic gastric ulcer model of (a) Normal (b) Ethanol
(c) Omeprazole (d) Ranitidine (e) Sucralfate (f) MLM 250 mg/kg (g) MLM 500 mg/kg (h) MFM
250 mg/kg (i) MFM 500 mg/kg groups. Blue arrows = Ulcer spots.

2.5.2. Determination of Ulcer Score, Ulcer Index and Percentage Inhibition

The ulcer index (UI) and % ulcer inhibition of experimental and control groups in acute
gastric ulcer are given in Table 3. UI for the ethanol group was 11.36 meanwhile omepra-
zole, ranitidine and sucralfate considerably reduced the UI to 3.46, 5.21 and 5.27 with ulcer
protection of 69.56%, 54.21% and 53.63%, respectively, where omeprazole showed maxi-
mum ulcer protection. Pretreatment with MLM at dosage of 250 mg/kg and 500 mg/kg
decreased the UI to 8.74 and 6.96 and gave ulcer protection of 23.04% and 38.74%, respec-
tively. Pretreatment with MFM at dosage of 250 mg/kg and 500 mg/kg decreased the UI to
10.47 and 7.03 and gave ulcer protection 7.85% and 38.08%, respectively. Thus, it was clear
that pretreatment with MFM and MLM resulted in an increased ulcer inhibition activity in
a dose–dependent manner (Table 3).

Table 3. Effect of MLM and MFM on ulcer score, ulcer index and percentage inhibition in acute ulcer.

Group Name Ulcer No. Ulcer Score Incidence of
Ulcer (%) Ulcer Index Inhibition of

Ulcer (%)

Normal (10 mL/kg p. o) - - - - -
Ethanol (10 mL/kg p. o) 7.83 ± 0.60 5.75 ± 0.57 100 11.36 -

Ranitidine (50 mg/kg p. o) 1 ± 0.52 *** 1.0 ± 0.47 *** 50 5.21 54.21
Omeprazole (20 mg/kg p. o) 0.67 ± 0.42 *** 0.58 ± 0.37 *** 33.33 3.46 69.56
Sucralfate (100 mg/kg p. o) 1.16 ± 0.54 *** 1.5 ± 0.67 *** 50 5.27 53.63

MLM (250 mg/kg p. o) 2.0 ± 0.73 *** 2.08 ± 0.69 *** 83.33 8.74 23.04
MLM (500 mg/kg p. o) 1.16 ± 0.60 *** 1.75 ± 0.70 *** 66.66 6.96 38.74
MFM (250 mg/kg p. o) 2.17 ± 0.48 *** 2.5 ± 0.56 ** 100 10.47 7.85
MFM (500 mg/kg p. o) 1.5 ± 0.5 *** 2.17 ± 0.70 *** 66.66 7.03 38.08

The results are shown in the form of Mean ± SEM. Significant at p < 0.01 ** and 0.001 ***.

Meanwhile, in chronic gastric ulcer model, UI of ulcer control group, ethanol group,
was 10.8. Pretreatment with omeprazole, ranitidine and sucralfate considerably reduced
the UI to 5.22, 3.5 and 3.51 showing ulcer protection of 51.66, 67.59 and 67.5%, respectively.
As compared to acute ulcer model, in chronic gastric ulcer model ranitidine and sucralfate
showed maximum ulcer protection estimated by 3.5 and 3.51 accounting for 67.59 and
67.50%. Pretreatment with MLM at dosages of 250 mg/kg and 500 mg/kg decreased the UI
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to 7.08 and 5.67 and gave ulcer protection of 34.44 and 47.44%, respectively. Pretreatment
with MFM at dosages of 250 mg/kg and 500 mg/kg decreased the UI to 6.95 and 3.95 and
gave ulcer protection of 35.65 and 63.52%, respectively (Table 4). As observed in acute
gastric ulcer models, dose–dependent ulcer inhibition was also observed in chronic gastric
ulcer model; however, in chronic ulcer MFM was found to be more effective in contrast to
acute gastric ulcer models where MLM revealed higher efficacy.

Table 4. Effect of MLM and MFM on ulcer score, ulcer index and percentage inhibition in chronic ulcer.

Group Name Ulcer No. Ulcer Score Incidence of
Ulcer (%) Ulcer Index Inhibition of

Ulcer (%)

Normal (10 mL/kg p. o) - - - - -
Ethanol (10 mL/kg p. o) 3.67 ± 0.71 4.33 ± 0.79 100 10.8 -
Ranitidine (50 mg/kg p. o) 0.67 ± 0.49 *** 1 ± 0.74 *** 33.33 3.5 67.59
Omeprazole (20 mg/kg p. o) 0.83 ± 0.40 *** 1.42 ± 0.70 *** 50 5.22 51.66
Sucralfate (100 mg/kg p. o) 0.83 ± 0.54 *** 0.92 ± 0.58 *** 33.33 3.51 67.5
MLM (250 mg/kg p. o) 1.83 ± 0.79 *** 2.33 ± 1.08 *** 66.67 7.08 34.44
MLM (500 mg/kg p. o) 0.83 ± 0.40 *** 1.58 ± 0.78 *** 50 5.67 47.44
MFM (250 mg/kg p. o) 1.00 ± 3.7 *** 1.83 ± 0.69 ** 66.67 6.95 35.65
MFM (500 mg/kg p. o) 0.83 ± 0.54 *** 1.08 ± 0.76 *** 33.33 3.94 63.52

The results are shown in the form of Mean± SEM. Significant at p < 0.01 ** and 0.001 ***.

2.5.3. Histology of Stomach Wall

Histological examination of gastric mucosa revealed that ethanol caused severe disrup-
tion in the gastric mucosa that pierced deeply, accompanied by mucosal and sub-mucosal
edema and leukocyte infiltration. Thickness of mucosal layer decreased extensively in
chronic ulcer models due to the daily interruption of ethanol with gastric mucosa. The
standard drugs and mucilage established enhanced protection of gastric mucosa in a dose–
dependent manner accompanied by a pronounced reduction in edema and leukocytes
infiltration of sub-mucosal layers. Histological observations in acute and chronic ulcer
model are shown in Figures 7 and 8.

Figure 7. Histological evaluations in acute ulcer model (a) Normal control group (b) Ethanol (Ulcer
control group) (c) Omeprazole (d) Ranitidine (e) Sucralfate (f) MLM 250 mg/kg (g) MLM 500 mg/kg
(h) MFM 250 mg/kg (i) MFM 500 mg/kg. M represents mucosa, SM represents submucosa and ME
represent muscularis externa. Blue arrows indicate areas of ulceration and focal erosion. Black arrows
indicate the mucosal edema. Dark red double headed arrows indicate submucosal edema. White
arrows indicate leukocyte infiltration. Green arrows indicate congestions.
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Figure 8. Histological evaluations in chronic ulcer model (a) Normal control group (b) Ethanol (Ulcer
control group) (c) Omeprazole (d) Ranitidine (e) Sucralfate (f) MLM 250 mg/kg (g) MLM 500 mg/kg
(h) MFM 250 mg/kg (i) MFM 500 mg/kg. M represents mucosa, SM represents submucosa and ME
represent muscularis externa. Blue arrows indicate areas of ulceration and focal erosion. Black arrows
indicate the mucosal edema. Dark red double headed arrows indicate submucosal edema. White
arrows indicate leukocyte infiltration. Green arrows indicate congestions.

2.5.4. Mechanism of Action
Effect on Gastric Juice Parameters

Gastric juice of ulcer control group displayed higher gastric juice volume, lower pH
and high total acidity in contrast to normal animals. Pretreatment with MLM (500 mg/kg)
and MFM (500 mg/kg) significantly (p < 0.001) reduced the gastric juice volume and total
acidity but increased pH when compared with ulcer control group as illustrated in Figure 9.
Similar changes were also observed in chronic gastric ulcer models (Table 5).

Table 5. Effect of MLM and MFM on mucous content and protein content in acute and chronic gastric ulcer.

Acute Gastric Ulcer Chronic Gastric Ulcer

Group Name Mucous Content Total Protein Mucous Content Total Protein

Normal (10 mL/kg p.o) 482.5 ± 15.59 52.16 ± 3.66 504.17 ± 14.52 74.64 ± 3.71
Ethanol (10 mL/kg p. o) 411.17 ± 9.13 19.55 ± 3.44 295 ± 37.13 38.68 ± 3.26

Ranitidine (50 mg/kg p. o) 452.5 ± 13.14 ns 44.27 ± 3.66 ** 445 ± 21.29 ns 72.72± 4.62 ***
Omeprazole (20 mg/kg p. o) 501.67 ± 13.52 *** 38.58 ± 6.37 ns 637.67 ± 32.44 *** 68.41 ± 3.55 ***
Sucralfate (100 mg/kg p. o) 432.5 ± 12.63 ns 28.52 ± 5.93 ns 947.17 ± 65.21 *** 70.46 ± 4.09 ***

MLM (250 mg/kg p. o) 440.5 ± 12.63 ns 23.54 ± 4.46 ns 440.5 ± 12.63 ns 68.58 ± 4.37 ***
MLM (500 mg/kg p. o) 520 ± 17.89 *** 47.47 ± 6.50 ** 960.33 ± 58.24 *** 69.35 ± 3.40 ***
MFM (250 mg/kg p. o) 430 ± 12.11 ns 26.73 ± 5.03 ns 840.17 ± 26.24 *** 48.64 ± 3.31 ns

MFM (500 mg/kg p. o) 488.16 ± 17.09 ** 30.28 ± 3.95 ns 1239.33 ± 54.29 *** 70.05 ± 4.02 ***

Results are expressed in the form of Mean ± SEM.; Significant at p < 0.01 ** and 0.001 ***, ns = not significant;
Mucous content are expressed as µg of Alcian blue/g wet tissue; Total protein is expressed as µg/mL.
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Figure 9. Effect of MLM and MFM on gastric juice volume, pH and total acidity in acute (A) and
chronic ulcer (B); The results are expressed in the form of Mean ± SEM. Significant at p < 0.05 *,
0.01 ** and 0.001 ***.

Effect on Total Protein and Total Mucus Content

The Alcian blue binding capacity was used as a marker for quantification of gastric
mucus content. Ethanol treatment reduced the total gastric mucus content and ultimately
Alcian blue binding capacity. Pretreatment with MLM (500 mg/kg) and MFM (500 mg/kg)
in acute gastric ulcer models significantly (p < 0.01) protected the gastric mucosa increas-
ing the mucus content in contrast to the ulcer control group. However, at low dosages
(250 mg/kg), a non-significant difference was observed in total mucus content of MLM and
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MFM with ulcer control group. Ranitidine and MLM (500 mg/kg) had total protein content
significantly dissimilar from ulcer control group (p < 0.01). However, in all other treated
group a non-significant difference was observed in comparison to ulcer control group.
In chronic gastric ulcers, there was a dramatic rise of total mucous content in animals
pretreated with MLM (500 mg/kg), MFM (500 mg/kg), MFM (250 mg/kg) and sucralfate
(100 mg/kg) significantly different from ulcer control group (p < 0.001). A non-significant
difference was observed between total mucus content of animals pretreated with MLM
(250 mg/kg) and ranitidine when compared with ulcer control group. Total protein con-
tent was also significantly different in the treated group as compared to the ulcer control
group (Table 5).

2.6. Gas Chromatography Analyses of MLM and MFM

GC/MS analysis of MFM revealed the existence of four neutral monosaccharides
which are galactose, rhamnose, arabinose as well as glucose constituting about 50.21,
7.61, 6.18 1.90 mg/g of MFM, respectively, whereas galacturonic acid constitutes the iden-
tified acidic monosaccharide showing 16.02 mg/g of MFM (Figure S1). Regarding the
main monosaccharides detected in MLM, they are previously analyzed by the authors
and reported [25] where GC/MS analysis of MLM showed the presence of five neutral
monosaccharides together with one acidic monosaccharide which are galactose, rhamnose,
arabinose, mannose as well as glucose and galacturonic acid accounting for 51.09, 10.24,
8.90, 1.80, 0.90 and 15.06 mg/g of MLM, respectively. Results showed that the leaves
mucilage showed slightly higher levels of neutral monosaccharides compared to the fruit
mucilage in contrast to the acidic monosaccharide represented by galacturonic acid that
displayed a higher level in the fruit mucilage.

3. Discussion

Plant derived natural therapeutic agents have become part of primary healthcare
in developing countries. Because of their natural origin some of them are mistakenly
considered as absolute safe drugs. Thus, there is a great need of scientific studies on
toxicities of drugs obtained from natural sources [30]. Erythrocytes are abundantly present
in the human body, and they show vast biological and structural attributes playing an
important role in drug transport. Breakdown of erythrocytes is known as hemolysis
that occurs upon exposure of erythrocytes to toxicants. Some phytochemicals can cause
hemolysis that in turn reflects that given substance is cytotoxic to RBCs [31,32].

Erythrocyte membranes are made up of polyunsaturated fatty acids and proteins,
therefore, more vulnerable to peroxidation. Hemoglobin present in RBCs also catalyzes
the oxidation process. Oxidation of RBCs represents oxidative damage of other biological
membranes. Thus, the chemicals which produced free radicals can damage the erythrocyte
membrane and serve as hemolytic agent [33]. In vitro hemolytic activity of MLM and
MFM was assessed in an effort to check their toxicity to red blood cells. The results clearly
justified the safety of MLM and MFM for RBCs and hence, can be used for further in vivo
studies. Furthermore, acute oral toxicity of extracted mucilage was also performed to
identify the dose that can be safely used for in-vivo studies. It was concluded that MLM and
MFM are totally safe for systemic use and lethal dose is above 5 g/kg. As 5 g/kg showed
no signs of toxicities therefore 1/20 and 1/10 of this lethal dose were selected in the current
study (250 mg/kg and 500 mg/kg, respectively) for in vivo studies.

Regarding inflammation, it is defined as a localized reaction accompanied by soreness,
warmth, swelling, tenderness and loss of function. Inflammatory mediators are released
upon exposure to inflammatory agents. These inflammatory mediators widen the blood
vessels and cause chemotaxis and ultimately lead to many disorders [34]. Red seaweeds
(Rhodophyceae) are the source of carrageenan which is a sulphated polyglactan with
esterified sulphate group that is responsible for its chemical activity. Carrageenan-induced
paw edema is the most often practiced model for acute anti-inflammatory activity [34].
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Carrageenan generates oxygen free radicals by changing the neutrophil membrane.
Neutrophils are responsible for acute external inflammation and rapidly move towards
the site of inflammation. They engulfed the pathogens and trashes of damaged tissues
and consequently produce the reactive oxygen species and proteolytic enzyme to tear
down the engulfed particles. Host tissues are also damaged during this process. As a
result of these activities, a deficiency of ATP occurs resulting in the loss of cell function
ultimately leading to necrosis [35]. The current study determined the anti-inflammatory
activity of mucilage. The results showed that maximum edema inhibition occurred at
the fourth hour by diclofenac sodium followed by MLM and MFM where MLM showed
better anti-inflammatory activity when compared to MFM. Anti-inflammatory activity
of MLM increased with increase in time with maximum results at the fourth hour. This
might be due to the radical scavenging effects of MLM and MFM against free radicals
produced at site of inflammation. The polysaccharides present in this mucilage may be
the active ingredient against inflammation. Previously, mucilage extracted from lemon
demonstrated pronounced anti-inflammatory activity in carrageenan-induced paw edema
model in rats [35]. Okra and Baobab belongs to the family Malvaceae and their mucilage
polysaccharides have been reported to possess anti-inflammatory properties [36].

Concerning the antitussive activity, there are various causes of cough that can be
induced by any type of irritation to bronchi and trachea. This irritation can be the result of
exposure to light, allergens, chemicals or any other foreign matter. As a result, airway sen-
sory nerves are activated followed by increased mucous secretion, release of inflammatory
mediators and damage to airway epithelium. Antitussives suppress cough either by acting
centrally or peripherally. Centrally acting antitussive agents suppress the cough center
in the brain and peripherally acting agents work as a demulcent or local anesthetic [37].
In this study, SO2 gas was used as an irritant to induce cough in rats. SO2 was produced
by chemical reaction between sodium hydrogen sulphite and concentrated sulphuric acid.
As all conditions were kept the same, it was therefore supposed that the quantity and
saturation of SO2 would remain same during each exposure. Therefore, quantification of
SO2 was not performed. The results showed that MLM exhibited 47.99% inhibition against
chemical-induced cough. MLM was a better cough suppressant than MFM thus supporting
the traditional use of leaves of M. parviflora as an antitussive. MLM and MFM might act
peripherally due to the demulcent properties of mucilage. Folk use of M. parviflora is as
a demulcent with mucilage responsible for this demulcent action [38]. Hence, this study
consolidated the demulcent action of mucilage of M. parviflora based on scientific evidence.
Rhamnogalacturonan was previously isolated from Marshmallow (Althea officinalis) mu-
cilage that also belongs to family Malvaceae and showed high cough suppressant action
in guinea pigs [39]. Similarly in an open trial, patients suffering from cough were treated
successfully with herbal cough syrup containing marshmallow root mucilage [40].

Gastric ulcer is the chief health issue of GIT where gastric acid, pepsin and H. pylori are
among the destructive factors that aggravate gastric ulcers, meanwhile the protective factors
include mucin, NO, bicarbonates, blood flow, prostaglandins and growth factors. When
a disturbance occurs between destructive and defensive factors, gastric ulcers occur [41].
The mucosal layer of stomach releases mucous that contains glycoprotein and lipids. Aside
from suppressing the oxygen-derived free radicals it stimulates smooth movement of food
and protects the stomach against the damaging effects of HCl and pepsin by preventing
their penetration in the mucosal membrane [42,43]. Ethanol causes gastric ulcers as it
solubilizes the mucous and diffuses into gastric mucosa. As a result, HCl and pepsin come
in contact with gastric mucosa and injure it, in addition, ethanol increases gastric acid
secretion. Moreover, it ruptures vascular endothelium, increases vascular permeability,
increases oxidative stress in tissue and decreases gastric mucous secretion and thus ethanol
induced gastric ulcer models were found to be suitable [44].

Hence, the antiulcer activities of MLM and MFM were evaluated in ethanol induced
acute and chronic gastric ulcer models. It has been reported that antacids, anti-secretory
agents and cytoprotective agents are the main classes of drugs used for the management
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of ulcers [45]. Therefore, in this study omeprazole, ranitidine and sucralfate were used
as standard drugs. The results showed that M. parviflora mucilage and standard drugs
significantly reduced the ulcer count and ulcer index with increased cytoprotective effects
in both acute and chronic models, whereas the ulcer control group presented severe hem-
orrhagic streaks. The necrotic and petechial lesions in gastric mucosa leading to gastric
ulcers are attributed to ethanol treatment [43]. Extreme stomach mucosa disruption leads
to lower release of bicarbonate ions that in turn lowers the pH via increased production of
gastric contents. Hence, ethanol increases gastric acid secretion that may result in increased
gastric volume, decreased pH, increased total acidity and increased ulcer index [46]. A
significant increase in pH and reduction in gastric volume and acidity was noticed in rats
pretreated with MLM, MFM and standard drugs when compared with ulcer control groups
as represented in Figure 9. This predicted the anti-secretory and antacid mechanism of the
gastroprotective effects of MLM and MFM.

In addition, a reduced amount of protein content in stomach tissue homogenate is
marked as a sign of damage to normal cellular functions. Therefore, treatments that cause
an increase in protein content may be considered to contain auto-healing agents that sup-
port the mucosal regeneration process [40]. The low protein content in the disease control
group of acute and chronic models was a sign of cellular dysfunction. The protein content
in experimental and standard groups was higher compared with the disease control group
thus supporting the presence of auto-healing effects. Treatment with MLM and MFM
augmented the regeneration of epithelial cells and thus considerably amplified the protein
concentration. Meanwhile, gastric mucus also acts as a shield for the protection of gastric
walls against aggressive factors and as a first line of mucosal protection from luminal
acid [47]. It contains viscid, flexible and translucent gel composed of glycoproteins (5%)
and water (95%) and can be identified by the extent of Alcian blue binding. The defensive
role of the mucus shield relies on the structure as well as the density of the layer protecting
the mucosal surface. Furthermore, mucus can also act as an antioxidant and can diminish
free radical-induced mucosal damage [48]. Administration of MLM and MFM significantly
raised the amount of mucous in contrast to the disease control group. MLM and MFM
treatment increased the gastric mucous content directly dependent on dosage. Interestingly,
production of mucus in chronic ulcer models have remarkably been increased. The highest
mucus content was observed in rats pretreated with MFM (500 mg/kg) followed by MLM
(500 mg/kg) and results were comparable with rats pretreated with sucralfate. This unusual
increase in gastric mucus suggested that MLM and MFM may trigger the discharge of
chemical mediators responsible for the gastric mucus production i.e., gastrin, prostaglandin,
secretin and acetylcholine [49]. Hence, it can be predicted that an increased secretion of
mucus by administering MLM and MFM may be one of the potential mechanisms of their
gastroprotective action. Mucilage contains polysaccharides where previous studies re-
ported that polysaccharides possess antiulcer activity. These mucilaginous polysaccharides
may form a protective covering on gastric mucosa or regenerate it [19]. This can be justified
by the high mucus content in both acute and chronic gastric ulcer models.

4. Materials and Methods
4.1. Plant Material

Malva parviflora was collected in February 2018 from Lahore, Punjab, Pakistan. Plant
Taxonomist, Dr. Zaheer-ud-din khan at Department of Botany, Government College Univer-
sity, Lahore authenticated the plant and issued a voucher specimen number GC.Herb.Bot.3533.
Dusty material was removed by washing the leaves and unripe fruits with tap water. Leaves
were dried in shade and concomitantly powdered in a mechanical grinder. The powdered
leaves and fresh unripe fruits were used for the extraction. The mucilage was dried in
an oven at 45 ◦C till it was completely dried. The dried mucilage was then powdered by
mortar and pestle. The powdered mucilage was passed through a sieve#80. Particle size of
the obtained powder was uniform [50–52].
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4.2. Drugs and Chemicals

Omeprazole, sucralfate and ranitidine were used as standard anti-ulcer drugs and
were kindly provided by Schazoo Zaka (Pvt.) Ltd. (Sheikhupura, Punjab, Pakistan),
Highnoon Laboratories (Pvt.) Ltd. (Lahore, Punjab, Pakistan) and Surge Laboratories
(Pvt.) Ltd. (Sheikhupura, Punjab, Pakistan), respectively. Alcian blue dye was obtained
from Unichem, china, bovine serum albumin from Bioshop (Burlington, Ontario, Canada)
and normal saline from Otsuka (Karachi, Pakistan. Diethyl ether and sucrose were ac-
quired from Labscan (Bangkok, Thailand). Sodium hydrogen sulphite, sodium hydroxide,
Sodium carbonate, potassium chloride, Tris HCl and phenolphthalein were purchased from
BDH chemicals (Poole, UK). All other chemicals used in this study were obtained from
Sigma-Aldrich (Steinheim, Germany). All the reagents were prepared freshly and were of
pharmaceutical grade.

4.3. Animals

Wistar albino rats of both sexes (180–200 g) were maintained under standard conditions
at (22–24 ◦C). The relative humidity of 50–60% and photoperiod of 12 h light and 12 h dark
cycle was retained. Animals were fed on commercial pellet food with unrestricted supply
of water. The experiments were performed following the guidelines set by the Institutional
Ethical Committee for animal care and experimentation, College of Pharmacy, University
of the Рunjab, Lahore, Рakistan (AEC/PUCP/1094 dated 11 February 2019).

4.4. Preparation of the Mucilage

Mucilage was extracted from dried powdered leaves and fresh fruits following the
previously described method by Munir et al. [25]. Malva parviflora leaves and fruit mucilage
was labelled as MLM and MFM respectively.

4.5. Evaluation of the Biological Activities of the Mucilage Extracts
4.5.1. In Vitro Hemolytic Activity

Blood (3 mL) was collected in an anticoagulant tube from a volunteer human (male,
26 years, Blood group O+) by a Phlebotomist in Punjab University Healthcentre lab (Allama
Iqbal campus, University of Punjab, Lahore, Pakistan). The sample was centrifuged at
850 rpm for 5 min. The clear supernatant was poured off followed by washing of residue
pellets with 5 mL of chilled (4 ◦C) phosphate buffer saline (PBS) solution (pH 7.4). Washed
cells suspension was made in 20 mL cool sterilized PBS. Cells were calculated using
hemocytometer and for each assay 7.068 × 108 cell/mL were used. 20 µL of plant mucilage
were taken in an Eppendorf tube and PBS and 0.1% TritonX-100 were used as negative and
positive control respectively. 180 µL of diluted blood cell suspension were added into each
tube followed by incubation at 37 ◦C. After incubation for 35 min, suspension was allowed
to cool for 5 min followed by centrifugation at 1500 rpm for 5 min. 100 µL of supernatant
were collected and diluted with 900 µL chilled sterile phosphate buffer saline. An aliquot
of 200 µL of all these samples including positive and negative control were transferred to
96-well plate. ELISA microplate reader was used to measure the absorbance at 630 nm [53].

% Hemolysis =
Abs(Sample absorbance)
Abs (control absorbance)

× 100

4.5.2. Acute Toxicity Study

Acute oral toxicity of MLM and MFM was determined in Wistar albino rats according
to OECD guidelines 425 [54]. Limit test was performed at 5000 mg/kg where the control
group was given only distilled water. The animals were observed for death or any noxious
outcome in earliest four hours after the dosing and regularly for fourteen days. During
this period, parameters such as weight, physical appearance, behavioral changes, injury,
illness signs and mortality were observed. On the 15th day animals were anesthetized and
sacrificed with an overdose of xylazine and ketamine anaesthetic drugs and blood samples
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were obtained by cardiac puncture. Animals were dissected and organs such as liver and
kidney were obtained for histopathological examination.

4.5.3. Anti-Inflammatory Activity

Acute anti-inflammatory activity of MLM and MFM was evaluated by carrageenan-
induced paw edema in rats [55]. The rats were arbitrarily separated in four groups (n = 5).
In the first group, the animals received a dose of 10 mL/kg of distilled water (carrageenan
control); meanwhile in the second group, the animals were orally administered with
diclofenac sodium in a dose of 10 mg/kg (standard group) [56]. In the third and fourth
groups, the animals were orally given 500 mg/kg of MLM (MLM experimental group) and
MFM (MFM experimental group), respectively. After 1 h, all the animals were injected with
0.1 mL of carrageenan in normal saline (1% (w/v)) into subplantar region of left hind paw
of each rat. Thickness of paw was measured using digital vernier caliper at 0 h, 1 h, 2 h,
3 hand 4 h intervals. Edema inhibition (%) was calculated using the following formula:

% inhibition of edema =
Tc − Tt

Tc
× 100

where Tc = Paw thickness of control group and Tt = Paw thickness of experimental group.

4.5.4. Antitussive Activity

Acute antitussive activity of MLM and MFM was evaluated by SO2 induced cough
model in rats [57]. Each animal served his own control due to variation in number of
coughs in each individual animal. Groups were treated in the following manner where in
the first group, the animals were orally given codeine phosphate in a dose of 10 mg/kg.
In the second and third groups, the animals were orally given 500 mg/kg of MLM and
MFM respectively. The animals were exposed to SO2 for 60 s after an hour of receiving
the treatment and the number of coughs was counted. The number of coughs was com-
pared before and after the treatment to determine the reduction in cough. The percentage
inhibition frequency of cough was determined using the following formula:

% inhibition of frequency of cough =

(
CC − CT

CC

)
× 100

where CC is the cough frequency in control animal and CT is the cough frequency in treated
animal [57].

4.5.5. Antiulcer Activity
Study Design

The animals were arbitrarily separated into 9 groups (n = 6) where the first group (nor-
mal group) was orally treated with distilled water (DW) 1 mL/100g [58]. The second group
was orally treated with 1 mL/100 g of ethanol (ethanol group) meanwhile from 3–5 groups,
the animals received orally standard drugs which are ranitidine (50 mg/kg) [59], omepra-
zole (20 mg/kg) [60] and sucralfate (100 mg/kg) [61], respectively. Groups 6–7 were orally
administered MLM in doses of 250 and 500 mg/kg, respectively whereas groups 8–9 were
orally administered MFM in doses of 250 and 500 mg/kg, respectively.

Ethanol Induced Acute Gastric Ulcer

Animals were prevented from food for 24 h with unrestricted excess toward water.
They were deprived of water just 2 h prior starting the experimental procedure. Animals of
all groups were pretreated with drugs and extract as mentioned above. After 30 min all
groups were orally administered 90% ethanol (1 mL/100 g) except normal group. Animals
were euthanized with an overdose of xylazine and ketamine anaesthetic drugs after 1
h of ethanol administration [62]. Animals were dissected, removed the stomachs and
incised along the larger curve. Washed with ice cold normal saline and gastric mucosa was
examined [63].
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Ethanol Induced Chronic Gastric Ulcer

Animals were prevented from food for 24 h with unrestricted excess toward water.
They were deprived of water just 2 h prior to starting the experimental procedure. All
animals were treated with drug and extract for fourteen days as mentioned above. On the
first day of experiment after 30 min above treatment animals were orally administered
with 90% ethanol (1 mL/100 g) except normal group. From the 2nd day 30% (v/v) ethanol
was orally given to all groups for fourteen days except normal group. On 14th day, all
the animals were anesthetized and sacrificed with an overdose of xylazine and ketamine
anaesthetic drugs after 1 h of ethanol administration [62]. Animals were dissected, removed
stomachs and incised along larger curve and washed with ice cold normal saline then gastric
mucosa was examined [64].

Parameters of Gastric Ulcer Evaluation

Macroscopic and Microscopic Evaluation

Normal saline was used to wash the stomach and the apparent changes in inner
walls of stomach were carefully examined macroscopically by using magnifying glass and
microscope. The number of lesions was carefully noted and was used for the determination
of ulcer index. Photos were taken using mobile camera (Oppo A57, Guangdong Oppo
Mobile Telecommunications Corp., Ltd., Dongguan, Guangdong, China) [65].

Ulcer Scoring

Based on severity, the ulcers were given scores as previously reported by Gupta et al. [66]
as follows: 0 = no ulcer; 0.5 = reddish mucosa; 1 = red spots; 1.5 = hemorrhagic streaks;
2 = deep ulcers and 3 = perforations.

Ulcer Index

Ulcer index can be calculated as previously described by Gul et al. using the following
formula [67].

Ulcer index = (UN + US + UP)× 10−1

where UN = average number of ulcers per animal; US = average of severity score;
UP = percentage of animals with ulcer.

Ulcer Protection (%)

Ulcer protection (%) was calculated described by Gul et al. using the following
formula [67].

% Protection =
Ulcer index of ethanol treated group − ulcer index of treated group

ulcer index of ethanol treated group
× 100

Histological Analysis

Samples of stomach walls were fixed in formalin solution (10%) for 48 h and then
dehydrated by washing with ascending grades of ethanol. Samples were cleaned by xylene
and embedded in paraffin wax. The rotary microtome was used to cut sections of 5–6 mm
thickness followed by staining with hematoxylin and eosin. The sections were examined
under a microscope for histopathological variations such as ulceration, congestion, edema,
necrosis and leukocyte infiltration [68].

Mode of Gastro-Protective Activity

Estimation of the Gastric Volume

After opening the stomach gastric content was squeezed out in a falcon tube followed
by centrifugation at 1000 rpm) for 15 min, then the supernatant was collected, and its
volume was determined [69].
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Determination of the pH Value and Total Acidity

Gastric juice pH was determined using a digital pH meter as previously described
by Sen et.al [68]. A 1 mL volume of gastric juice was obtained in a vial then 2 drops of
phenolphthalein were added as indicator. Then, it was titrated against 0.1 N NaOH until
the end point that is the change from colorless to light pink. The volume of NaOH used was
determined then the following formula was used to calculate total acidity where results
were expressed in terms of clinical unit mEq/L [70].

Total acidity =
Volume of NaOH used × Normality of NaOH used × 100

0.1

Determination of Gastric Mucin Content

The glandular portion of stomach was excised and weighed, and this portion was
soaked for 2 h in 10 mL of 0.1% Alcian blue solution in 0.16 M sucrose buffered with 0.05 M
sodium acetate adjusted to pH = 5. Excess uncomplexed dye was removed by rinsing
with 0.25 M sucrose solution at an interval of 15 min and 45 min respectively. Dye forms a
complex with mucus that was extracted with 10 mL of 0.5 M magnesium chloride solution
for 2 h with consecutive shaking for one minute after 30 min interval. A 4 mL volume of
this solution was shaken with an equal volume of diethyl ether. The resulting emulsion
was centrifuged at 3000 rpm and the absorbance of aqueous layer was taken at 580 nm.
The mucin content of the sample was determined from the standard curve, which was
expressed in microgram of Alcian blue extracted per gram of wet gland tissue [71].

Determination of the Total Protein Content

Total protein of glandular tissues homogenate was estimated by Lowry method [72].
The tissue homogenate of glandular portion of stomach was mixed with 1 mL of 0.1 M
Tris-HCl buffer (pH 7.4) by a homogenizer followed by centrifugation at 1500 rpm for
15 min at 4 ◦C. The homogenate was diluted with 0.1 M tris-HCl buffer to reach 10 mL.
Bovine serum albumin (BSA) was used as standard and 0.1 N of NaOH was used as blank.
A 1 mL volume of the sample was mixed with 4.5 mL of reagent I that is formed by mixing
48 mL of 2% Na2CO3 in 0.1 N NaOH with 1 mL of 1% NaK Tartrate in H2O and 1 mL of
0.5% CuSO4·5 H2O in H2O followed by addition of 0.5 mL of reagent II (1 part Folin-Phenol
[2 N]: 1 part water) after 10 min. The test tubes were placed in the dark for 30 min and the
absorbance was taken at 750 nm. BSA standard calibration curve was used to interpret
the results.

4.6. Gas Chromatography Coupled with Mass Spectrometry Analysis

Monosaccharide composition of MLM and MFM was analyzed using a modified GC-
MS analytical procedure previously adopted by Xia et al. [73] depending upon trimethylsilyl
dithioacetal (TMSD) derivatization. A 1 µL volume of the sample was applied to Agilent
7890A Gas Chromatography coupled to Agilent 5975C Mass spectrometer (Agilent Tech-
nologies, Santa Clara, CA, USA) with HP-5MS column using a temperature range of 80 ◦C
for 0 min, 80–90 ◦C at 2.5 ◦C/min, 190–252 ◦C at 2 ◦C/min, 252–300 ◦C at 25 ◦C/min,
300–310 ◦C at 25 ◦C/min and held for 15 min. Mass spectra were recorded employing total
ion chromatogram (TIC) mode and interpreted using NIST 5 software [25].

4.7. Statistical Analysis

GraphPad prism 8.4.3 was used for statistical analysis. Statistical significance dif-
ference was calculated using one way ANOVA followed by Dunnett’s test. The values
p < 0.05 *, 0.01 ** and 0.001 *** were considered as statistically significant.

5. Conclusions

In conclusion, the current findings suggest that mucilage extracted from the leaves
and fruit of M. parviflora are safe for in vivo studies and could be incorporated in many
significant therapeutic applications after clinical trials. Treatment with mucilage reduced
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cough, inflammation and ulcers in animal models. The underlying mechanism of gastro
protection is in the anti-secretory and mucus protective potential of mucilage. However,
further in vivo studies are recommended to comprehensively understand its exact mech-
anism of action. This study clearly highlights the application of M. parviflora mucilage
in adjuvant therapy of gastric ulcers. Further studies are in progress to isolate bioactive
polysaccharides and glycoprotein from this mucilage.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15040427/s1, Figure S1: GC/MS chromatograms of neutral
(A) and acidic (B) polysaccharides in M. parviflora mucilage obtained from the fruits (MFM).
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Abstract: Benign prostatic hyperplasia (BPH) is a common urological disease affecting aging men.
Its pathogenesis is regarded as complex and multifactorial, with sex hormones and inflammation as
key contributory factors. In the current study, we investigated the anti-BPH potential of terpenoids
present in the fruits of Sorbus intermedia (EHRH.) PERS. Not only the effects on testosterone-stimulated
normal prostate epithelial PNT2 cells, namely suppression of 5-α-reductase activity, PSA secretion,
and cell proliferation, were determined but also the inhibitory activity on heat-induced protein
denaturation, hyaluronidase, as well as IL-6, TNF-α, and NO release in LPS-treated macrophages.
Sorbus terpenoids significantly inhibited 5-α-reductase activity and reduced PSA secretion in PNT2
cells, reversing the stimulatory effect of testosterone. PNT2 cell proliferation was also found to be
attenuated. Subsequently, all compounds reduced the release of pro-inflammatory mediators in RAW
264.7 cells. In addition, ursolic acid (UA) and its aldehyde (UAL) were the most potent hyaluronidase
inhibitors of all compounds, with IC50 values of 225.75 µg/mL and 369.77 µg/mL, respectively. For
better understanding and interpretation of the overall effect of Sorbus terpenoids on different aspects
of BPH pathogenesis and development, cluster analysis was applied.

Keywords: Sorbus intermedia; terpenoids; benign prostatic hyperplasia; antiproliferative activity;
antiandrogenic activity; anti-inflammatory activity; fruits

1. Introduction

Benign prostatic hyperplasia (BPH) is a non-malignant enlargement of the prostate
gland. It is a very common urological disease affecting aging men. Histopathologically, it is
manifested by an increase in the number of cells of the epithelial and fibromuscular tissues
of the transition zone of the prostate gland and the periurethral region [1].

The aetiology and pathophysiology of BPH are still not fully understood. Several theo-
ries of its origin and development have been proposed [2,3], and various permissive factors
have been indicated to date [1,4]. The role of sex hormones and chronic inflammation are
highly disputed. Animal and human studies suggest a significant role of dihydrotestos-
terone (DHT), which is the main androgen of the prostate [5]. As for chronic inflammation,
it is also thought to play an important role in the development of BPH, particularly in the
occurrence, progression, and severity of clinical symptoms associated with BPH [1,5–7].

Although BPH is not life-threatening, pathological changes within the prostate gland
often affect urinary function, leading to clinical symptoms known as LUTS (lower urinary tract
symptoms), which are mainly related to urination dysfunction. However, it should be noted
that not all men experience LUTS, and a relatively low correlation between prostate volume,
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urinary tract symptoms, and urinary flow rate has been observed [8,9]. Recent studies have
shown that the lifetime prevalence of BPH-associated LUTS is estimated at 26.2% worldwide
and increases from 14.8% to 36.8% in men aged 40 and ≥80, respectively [10]. Nevertheless,
urinary symptoms cause discomfort and inconvenience in performing daily activities and
significantly reduce quality of life [5]. Furthermore, as BPH is closely associated with age, the
incidence and prevalence rates of this disorder are expected to increase in an aging population,
and this expected burden will challenge health care systems [8,11].

Current treatments of BPH include watchful waiting, pharmacotherapy (mainly 5-α-
reductase inhibitors and α1-blockers), phytotherapy, and several forms of active interven-
tion, such as various surgical and non-surgical procedures [8,9]. The appropriate therapy
is selected on the basis of the clinical manifestation of the disease as well as the patients’
health status and individual preferences [8].

Herbal medicines are very popular among patients and administered in mild to
moderate BPH. It is also not without significance that they are easily available and usually
well tolerated. They also appear to be suitable for prevention, as BPH is characterized by
high morbidity and a long latency period [3]. Several modes of action of natural products
used in BPH have been proposed, including antiandrogenic, antiproliferative, and anti-
inflammatory activity, but most studies refer to the activity of herbal extracts [2,3]. Some
studies point to triterpenes as potential anti-BPH agents and, although the literature is
scarce, provide encouraging results [12–17].

Recently, we reported on isolation of ursane terpenoids, i.e., ursolic acid (UA), ursolic
aldehyde (UAL), 3-O-β-acetoxy-ursolic acid (AUA), 3-O-β-acetoxy-19α-hydroxy-ursolic
acid (AHUA), and uvaol (UO), as well as β-sitosterol (βSIT), from fruits of Sorbus inter-
media (EHRH.) PERS (Rosaceae), which is a popular ornamental tree native to northern
Europe [18]. Some of these compounds were found to exhibit cytotoxic activity against,
among others, human prostate cancer cell lines DU145 and PC3, with almost null toxic
effects on normal prostate epithelial PNT2 cells. Satisfactory results against PC3 cells after
48 h of incubation were obtained for UA, AUA, and UAL, with IC50 values of 4.45 µg/mL,
16.40 µg/mL, and 22.45 µg/mL, respectively [18]. Previously, chloroform extracts also pre-
pared from S. intermedia fruits at different developmental stages were found to reduce the
viability of prostate cell lines [19]. This prompted us to extend our investigations to another
prostate-related health problem, namely BPH. Therefore, the aim of the current study was to
further investigate terpenoids isolated from S. intermedia with regard to their anti-BPH po-
tential. Given the complexity of BPH pathogenesis, these compounds have been subjected
to a number of in vitro studies to assess their multidirectional effects on different aspects
of BPH. We designed and proposed an in vitro model based on testosterone-stimulated
PNT2 cells and assessed whether these compounds could affect 5-α-reductase activity, PSA
release, and cell hyperproliferation. We then determined the anti-inflammatory properties
of all compounds. Finally, we applied hierarchical agglomeration cluster analysis to investi-
gate the similarities between the activities of these compounds in the different experiments
performed in this work to better interpret their overall effect in the human BPH model and
inflammation and possibly identify the most promising multi-target compounds.

2. Results and Discussion
2.1. Antiandrogenic Effects of S. intermedia Terpenoids on Testosterone-Stimulated PNT2 Cells

Dihydrotestosterone (DHT) is the main androgen of the prostate. More than 90% of
testosterone is converted in stromal cells to the more active DHT by 5-α-reductase. More-
over, the prostate remains sensitive to androgens throughout life, and simultaneously,
intraprostatic DHT levels remain high despite aging [20]. Animal and human studies sug-
gest its significant involvement in the development of BPH, as DHT is believed to play a key
role in maintaining homeostasis between cell proliferation and apoptosis [5,20]. DHT binds,
with higher affinity than testosterone, to the androgen receptor, which ultimately promotes
transcription of androgen-dependent genes and further protein synthesis, differentiation, as
well as cell growth. Moreover, androgens act indirectly by stimulation of production of sev-
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eral growth factors, e.g., EGF (epidermal growth factor), KGF (keratinocyte growth factor),
and IGFs (insulin-like growth factors), involved in cell proliferation [3,5,20]. The prostatic
stroma and epithelium interact through cell signalling mechanisms mediated by DHT and
DHT-stimulated growth factors. DHT influences prostate cells in both an autocrine and
paracrine manner [5]. For this reason, 5-α-reductase has become a pharmacological target
in the treatment of BPH, and subsequently, inhibitors of this enzyme, such as dutasteride
and finasteride, were introduced to the therapeutics. These drugs effectively reduce DHT
levels and prostate volume; however, they are burdened with some bothersome side effects,
such as decreased libido and impotence.

On this basis, we investigated the effect of natural terpenoids (Figure 1) from
S. intermedia on 5-α-reductase activity in testosterone-stimulated PNT2 cells. Although the
post hoc analysis showed no significance between the control groups in this study, there is
a strong and obvious trend that clearly indicates a stimulating effect of the hormone on
prostate cells. We also measured PSA (prostate-specific antigen) secretion, as the PSA gene
(KLK3) is regulated by androgens, and PSA serves as biomarker for prostate diseases such
as prostate cancer and BPH [21]. The results of our experiments are shown in Figure 2. In
this study, we used dutasteride as a reference drug. It is one of the 5-α-reductase inhibitors
that is indicated in moderate to severe BPH.
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Figure 1. Chemical structures of terpenoids isolated from S. intermedia fruits [18].

All Sorbus compounds tested, including ursane derivatives and β-sitosterol, signifi-
cantly inhibited 5-α-reductase activity and reduced PSA secretion in testosterone-stimulated
PNT2 cells. UA, AUA, and βSIT showed suppression of the enzyme activity by approxi-
mately 20% at a concentration of 40 µg/mL, which was comparable to the reference drug.
Both dutasteride and Sorbus compounds reversed the stimulatory effect of testosterone on
5-α-reductase activity. In addition, all compounds reduced PSA release in PNT2 cells to
76–86% at the highest concentrations, and there were no statistically significant differences
between tested compounds and dutasteride. Although we did not observe a strict dose–
effect relationship, some compounds showed a tendency to act in dose-dependent manner,
especially UA, UAL, and AUA.

Of the Sorbus compounds tested in the current work, only βSIT has been studied
more extensively, including by in vivo human studies, as a potential anti-BPH agent.
Systematic reviews indicate that βSIT improves urinary symptoms but does not reduce
prostate size [22,23]. Previously, βSIT was found to reduce 5-α-reductase activity in the
hamster prostate in a dose-dependent manner [24]. In addition, there is evidence for the
antiandrogenic activity of several herbs used in the treatment of BPH, such as Serenoa repens,
Pygeum africanum, and Urtica dioica, whose main active constituents are sterols [25,26].
Interestingly, a standardized saw palmetto extract enriched in βSIT was recently studied,
and no significant inhibitory activity on 5-α-reductase was observed [27].
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Figure 2. The effects of S intermedia terpenoids on 5-α-reductase activity (A) and PSA secretion (B)
in PNT2 cells stimulated by testosterone. PNT2 cells were incubated with terpenoids at different
concentrations (the numbers in parentheses indicate concentrations in µg/mL) in the presence of
testosterone (T). The results are expressed as the mean ± SD of three experiments. The results
are set together with untreated PNT2 cells (UNTREATED) and cells treated with testosterone and
dutasteride as the reference drug (DUT+T). Statistical analysis was performed using one-way ANOVA
and T3 Dunnett post hoc test with * p < 0.05, ** p < 0.01, against the testosterone-stimulated cells.
Abbreviations: UA, ursolic acid; UAL, ursolic aldehyde; AUA, 3-O-β-acetoxy-ursolic acid; AHUA,
3-O-β-acetoxy-19α-hydroxy-ursolic acid; βSIT, β-sitosterol; UO, uvaol.

To the best of our knowledge, literature reports on the anti-BPH potential of ursane-
based triterpenes are extremely scarce. One study in a rat model of testosterone-induced
BPH showed that treatment with ursolic acid resulted in a reduction of prostate volume
as well as in serum and prostate tissue DHT levels [12]. Interestingly, an isomer of ursolic
acid–oleanolic acid downregulated 5-α-reductase II expression in a rat model of BPH while
inhibiting prostate growth and serum DHT levels, and the results were comparable to
finasteride [17].

2.2. Antiproliferative Activities of S. intermedia Terpenoids

The development of BPH is related to excessive and abnormal cell proliferation. Patho-
logical hypertrophy of prostate gland is considered to be associated with the imbalance
between cell proliferation and apoptosis, which is modulated predominantly by prostatic
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androgens. Therefore, we investigated the antiproliferative activity of S. intermedia ter-
penoids and βSIT towards testosterone-treated PNT2 cells. Effects were observed after
24 h, 48 h, and 72 h and were compared with dutasteride, which was used as a reference
drug. The results are shown in Figure 3.
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Figure 3. The anti-proliferative effects of S intermedia terpenoids on testosterone-stimulated PNT2
cells. PNT2 cells were incubated with terpenoids at different concentrations (the numbers in parenthe-
ses indicate concentrations in µg/mL) in the presence of testosterone (T). The results obtained after
24 h, 48 h, and 72 h of incubation are presented separately on each bar chart and expressed as the mean
± SD of three experiments. The results are set together with untreated PNT2 cells (UNTREATED)
and cells treated with testosterone and dutasteride as the reference drug (DUT+T). Statistical analysis
was performed using one-way ANOVA and T3 Dunnett post hoc test with * p < 0.05, ** p < 0.01, and
*** p < 0.001 against the testosterone-stimulated cells. Significant differences (p < 0.01) between tested
compounds and reference drug are marked by black line. Abbreviations: UA, ursolic acid; UAL,
ursolic aldehyde; AUA, 3-O-β-acetoxy-ursolic acid; AHUA, 3-O-β-acetoxy-19α-hydroxy-ursolic acid;
βSIT, β-sitosterol; UO, uvaol.
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All compounds reduced cell proliferation, with better results obtained after 24 h and
48 h of incubation. With the exception of the results obtained after 24 h for AHUA, βSIT,
and UO, all other compounds supressed or tended to supress cell proliferation in a dose-
dependent manner. UA, UAL, and AUA were more potent than the reference drug, causing
an approximately 45% decrease in cell proliferation at a concentration of 60 µg/mL after
24 h. Although their cytostatic effect was less pronounced after 72 h of incubation, they
were still as active as the reference drug.

UA was previously reported to exert cytotoxic [18,28–30] or cytostatic [31] activities
against various prostate cell lines. For example, a 24 h incubation of PC3 cells with
40 µM of UA resulted in a significant increase in the number of cells in the G1 phase [31].
Its combination at a low dose (4.1 µM) with oleanolic acid (5.47 µM) induced cytotoxic
autophagy and inhibited the growth of BPH-1 cells by 50%, which proved more effective
than administration of UA alone (50% growth inhibition at a concentration of 67 µM) [16].
In addition, UA arrested the cell cycle in several other cells of non-prostatic origin [32–35].
Similarly, the antiproliferative activity of βSIT against cells of various cancer types is quite
well documented [36], including its activity towards PC3 cells, where a 1-day incubation
with 16 µM of βSIT led to a 35% growth inhibition [37].

For other Sorbus terpenoids, i.e., UAL, AUA, AHUA, and UO, there is a lack of
information in the literature, especially with regard to their effects on prostate cells. In a
previous work, we already determined their cytotoxic effects against DU145, PC3, and PNT2
cells using the lactate dehydrogenase assay, which indicates a cell death. AHUA and UO
showed no effects on all cells tested, while UAL and AUA selectively affected the viability
of DU145 and PC3 cells without toxicity towards normal PNT2 cells [18]. Nevertheless, to
the best of our knowledge, there is no other report relating to the antiproliferative activity
of these compounds on any cells of prostatic origin. With regard to non-prostatic cell lines,
AUA and UO inhibited the growth of A375 [38] as well as HepG2 and MCF-7 cells [39,40],
respectively, while UAL, in a mixture with oleanolic aldehyde, exerted an antiproliferative
effect on MCF-7 cells with GI50 value equal to 202 µM [41]. To the best of our knowledge,
no similar studies on in vitro hyperproliferation of prostate cells were found for any of the
terpenoids tested.

2.3. Anti-Inflammatory Activities of S. intermedia Terpenoids

The impact of inflammation on the development of BPH appears to be complex and
reciprocal, as inflammation can not only promote the development of BPH alone or in
interaction with sex hormones, but it can also be induced during BPH, thus leading to
expansion of its severity [7]. Several studies have found that chronic inflammation is
associated with higher prostate volume, IPSS (international prostate symptom score), acute
urinary retention, and/or higher risk of prostatectomy [42]. Therefore, we decided to assess
the anti-inflammatory potential of S. intermedia compounds.

2.3.1. Inhibition of Albumin Heat-Induced Denaturation

As part of anti-inflammatory experiments, Sorbus ursane terpenoids and βSIT were
first screened for their ability to stabilize serum albumin against heat-induced denaturation,
as protein denaturation is considered part of the inflammation process. Non-steroidal
anti-inflammatory drugs, e.g., indomethacin or diclofenac sodium, were found to exhibit
anti-denaturation effect and stabilize serum albumin. In our study, however, most of the
compounds tested failed to inhibit heat-induced denaturation of albumin, and only AHUA
and UO (Table 1) slightly protected the protein, showing approximately 30% inhibition in
the concentration range of 25–1000 µg/mL and 100–1000 µg/mL, respectively. The results
were compared to diclofenac sodium, which was used as a reference drug.
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Table 1. The effects of S. intermedia terpenoids against heat-induced albumin denaturation.

Concentration Albumin Denaturation Inhibition (%)

(µg/mL) AHUA UO DS

5 NE NE 34.29 ± 2.07
10 19.61 ± 6.76 9.35 ± 2.50 52.45 ± 2.84
25 28.85 ± 2.50 * 11.17 ± 1.69 * 81.06 ± 3.04
50 31.46 ± 3.07 * 18.35 ± 5.37 95.75 ± 1.71

100 30.63 ± 3.34 * 28.49 ± 3.82 * 99.06 ± 0.26
250 22.79 ± 5.00 31.98 ± 2.34 * 99.76 ± 0.26
500 28.67 ± 2.72 * 30.78 ± 1.56 * 100.00 ± 0.00
750 30.24 ± 2.72 * 29.30 ± 1.28 * 100.00 ± 0.00

1000 32.81 ± 4.75 * 30.37 ± 3.36 * 100.00 ± 0.00
IC50 >Cmax >Cmax 8.61

Inhibition of albumin denaturation was measured using turbidimetric assay. Values are presented as the mean ±
SD of three experiments. Statistical analysis was performed using one-way ANOVA and T3 Dunnett post hoc test
against positive control. * p < 0.05 indicates significant denaturation inhibition. UA, UAL, AUA, and βSIT were
not active. Abbreviations: AHUA, 3-O-β-acetoxy-19α-hydroxy-ursolic acid; UO, uvaol; DS, diclofenac sodium;
NE, not examined.

2.3.2. The Effects of S. intermedia Terpenoids on the Release of Pro-Inflammatory Mediators
in LPS-Stimulated RAW 264.7 Macrophages

Robert et al. (2009) showed that more than 80% of surgically treated patients had CD8
T-lymphocyte and macrophage infiltrates in prostate tissues [43]. Some have identified BPH
as an autoimmune disease and TNF-α as a potential therapeutic target, pointing to the ability
of TNF antagonists to reduce epithelial hyperplasia, NFκB activation, and macrophage-
mediated inflammation [44,45]. A retrospective study indicated that prostate tissues from
TNF-antagonist-treated patients had a lower level of inflammation when compared to
untreated group [44]. Tong et al. (2022) attempted to investigate the relationship between
DHT and inflammation in BPH development and progression. The authors revealed that
DHT stimulates the prostate stromal cells’ proliferation by increasing TNF-α expression in
LPS-stressed M1 macrophages. Moreover, they analysed tissues from BPH patients and
found that TNF-α expression was increased in patients with larger prostate volume [46].
Subsequently, elevated levels of other pro-inflammatory cytokines, including IL-6, IL-8,
and IL-17, were found in BPH tissues [16]. A higher risk of BPH is also linked to metabolic
syndrome, in which increased levels of C-reactive protein, IL-1β, IL-6, IL-8, and TNF-α
were observed [42].

Hence, we decided to test whether compounds isolated from fruits of S. intermedia
are able to influence the release of selected pro-inflammatory mediators in LPS-stimulated
RAW 264.7 macrophages. The results are shown in Figure 4. In this assay, dexamethasone,
a glucocorticoid with an anti-inflammatory properties, was used as a reference drug.

All compounds at sub-cytotoxic concentrations significantly reduced the release of all
tested mediators in LPS-stimulated RAW 264.7 macrophages. The strongest suppression
of IL-6 release was observed with UA (about 30% at concentration of 10 µg/mL), and this
effect was dose-dependent (p < 0.001). UAL was most effective towards TNF-α and reduced
its secretion up to 72% at a concentration of 20 µg/mL. Sorbus terpenoids reduced NO
release in LPS-stimulated RAW cells comparably by approximately 20–25% at their most
effective concentrations. A strong dose–effect relationship (p < 0.001) was observed only
for UA.
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Figure 4. The impact of S intermedia terpenoids on the release of IL-6, TNF-α, and NO in LPS-
stimulated RAW 264.7 macrophages. RAW cells were pre-treated with terpenoids at different con-
centrations (the numbers in parentheses indicate concentrations in µg/mL) for 1 h, followed by
the addition of 10 ng/mL of LPS to induce inflammation. Exceptionally, due to high cytotoxi-
city towards RAW cells, UA were analysed at lower concentrations. Values are presented as the
mean ± SD of three experiments. The results are set together with untreated RAW cells (UNTREATED)
and cells treated with LPS and dexamethasone as the reference drug (DEX+LPS). Statistical analysis
was performed using one-way ANOVA and T3 Dunnett post hoc test with * p < 0.05, ** p < 0.01, and
*** p < 0.001 against the LPS-stimulated cells. Abbreviations: UA, ursolic acid; UAL, ursolic aldehyde;
AUA, 3-O-β-acetoxy-ursolic acid; AHUA, 3-O-β-acetoxy-19α-hydroxy-ursolic acid; βSIT, β-sitosterol;
UO, uvaol.

Biological studies on the anti-inflammatory activity of UAL and AHUA are extremely
unaddressed. Only UA and UO are reasonably well examined. Du et al. (2020) showed that
in LPS-treated macrophages, UO significantly suppressed NO production as well as mRNA
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expression and secretion of several mediators, including IL-6 and TNF-α [47]. Significant re-
ductions in NO production at concentrations of 3 µM, 10 µM, and 30 µM were also reported
by Wang et al. (2020), but 50% inhibitory activity was not achieved [48]. UO was also
considered to lack activity against NO production in LPS and IFN-γ -treated [49] and LPS-
stressed RAW 264.7 cells, with IC50 above 100 µM [50]. With regard to UA, several studies
indicate its inhibitory activity against NO production in stimulated macrophages [49,51,52].
In contrast, in the study of Zhou and Wink (2019), UA did not cause a statistically significant
decrease in NO level in RAW264.7 cells at the concentration range of 3–9 µM; however,
it downregulated the TNF-α expression [53]. In one study, UA and AUA suppressed the
expression and production of TNF-α and IL-6 in TNF-α-stimulated RA synovial fibrob-
lasts [54]. βSIT was also previously reported to reduce TNF-α and IL-6 production in
LPS-stimulated RAW 264.7 cells [55]. However, it was also regarded as inactive against NO
secretion in LPS and IFN-γ-treated RAW cells with an IC50 above 100 µM [48].

2.3.3. The Effects of S. intermedia Terpenoids on Hyaluronidase Activity

The extracellular matrix is a network composed of macromolecules such as collagens,
elastin, proteoglycans/glycosaminoglycans (e.g., hyaluronic acid), and different glyco-
proteins [56]. It not only serves as a structural scaffold but also contributes to several
cellular processes, such as proliferation, migration, differentiation, autophagy, and angio-
genesis. For example, hyaluronic acid and its degradation products interact with CD44 in
a size-dependent manner. Long-chain hyaluronic acid induces receptor clustering, while
low-mass molecules induce various signalling pathways involved in the regulation of
cytoskeletal organization, cell growth, and proliferation [57].

Because matrix components have such important regulatory functions, the enzymes
involved in their catabolism are essential in maintaining homeostasis. Indeed, increased
hyaluronic acid degradation, catalysed by hyaluronidases, is observed in several patho-
physiological processes [58]. The role of hyaluronidase in BPH is unknown, but there
are reports linking the activity of this enzyme to the development and progression of
prostate cancer [59,60]. It is also worth noting that hyaluronidases leading to increased
tissue permeability are recognized as factors that spread inflammation.

Therefore, we examined the hyaluronidase inhibitory potential of compounds isolated
from S. intermedia using the turbidimetric method and quercetin as a reference substance.
The results are shown in Table 2. βSIT and UO were found to be practically inactive with
IC50 > 1000 µg/mL, but UA and UAL were more potent than the reference (quercetin,
IC50 = 517.05 µg/mL), with IC50 values 225.75 µg/mL and 369.77 µg/mL, respectively.
AHUA exerted similar activity to quercetin. Interestingly, AUA and βSIT slightly inhibited
the enzyme at lower concentrations.

Table 2. Anti-hyaluronidase activity of S. intermedia terpenoids.

Concentration
(µg/mL)

Hyaluronidase Inhibition (%)

UA UAL AUA AHUA βSIT UO QUERCETIN

10 0.00 ± 0.00 NE 7.87 ± 0.95 * 0.00 ± 0.00 3.72 ± 0.78 * 0.00 ± 0.00 0.61 ± 0.53
25 2.52 ± 2.18 0.00 ± 0.00 11.70 ± 1.55 * 0.17 ± 0.30 12.09 ± 0.28 * 0.00 ± 0.00 1.17 ± 0.41
50 3.23 ± 1.71 1.62 ± 0.35 16.76 ± 4.36 0.35 ± 0.30 20.53 ± 0.75 * 0.00 ± 0.00 1.18 ± 0.95
100 11.65 ± 0.92 * 3.91 ± 0.56 19.27 ± 4.85 2.32 ± 1.88 23.32 ± 0.75 * 0.00 ± 0.00 4.36 ± 0.88
250 60.31 ± 0.88 * 15.45 ± 1.67 30.57 ± 0.68 * 18.54 ± 3.44 25.79 ± 0.45 * 0.52 ± 0.52 18.08 ± 1.00
500 82.38 ± 3.77 * 78.79 ± 1.63 * 45.63 ± 1.37 * 42.07 ± 1.72 27.78 ± 3.83 4.01 ± 1.14 38.84 ± 1.33
750 85.35 ± 2.30 NE 52.13 ± 4.94 93.41 ± 2.75 30.56 ± 3.89 13.71 ± 1.53 87.27 ± 1.16

1000 96.01 ± 3.54 96.25 ± 0.86 56.73 ± 4.26 99.22 ± 0.68 * 36.75 ± 4.61 35.13 ± 4.85 90.94 ± 1.72
IC50 225.75 369.77 705.74 519.87 >Cmax >Cmax 517.05

Hyaluronidase inhibition was measured using turbidimetric assay. Values are presented as the mean ± SD of
three experiments. Statistical analysis was performed using one-way ANOVA and T3 Dunnett post hoc test with
* p < 0.05 vs quercetin. Abbreviations: UA, ursolic acid; UAL, ursolic aldehyde; AUA, 3-O-β-acetoxy-ursolic acid;
AHUA, 3-O-β-acetoxy-19α-hydroxy-ursolic acid; βSIT, β-sitosterol; UO, uvaol; NE, not examined.
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To the best of our knowledge, this is the first report on the anti-hyaluronidase activity
of UAL, AHUA, and UO. It was previously reported that βSIT inhibits hyaluronidase,
with IC50 = 888.5 ± 44.9 µg/mL [61]. In another study, it suppressed the enzyme activity
by approximately 32% at a concentration of 100 µg/mL [62]. These results are in agree-
ment with ours. Meanwhile, the literature data on ursolic acid activity are divergent,
ranging from 40–60% inhibition at a concentration of 1000 µg/mL [63,64] to about 50%
suppression of the enzyme at a concentration range from 25 to 50 µg/mL [65]. Our results
best match those obtained by Michel et al. (2017), who determined the IC50 value for
this compound equals to 380.14 ± 10.92 µg/mL [66]. In contrast to our study, Abdullah
et al. (2016) previously reported higher UA and AUA activities with IC50 values equal to
103.18 ± 1.70 µM and 136.92 ± 0.04 µM, respectively [67]. Such discrepancies in results
clearly demand more in-depth studies.

2.4. Chemometric Analysis

Hierarchical agglomeration cluster analysis (CA) was used to investigate the similarity
between the compounds tested and thus better understand and interpret their overall
and multidirectional effects on the human BPH cellular model and inflammation. Results
obtained for six compounds tested at two different concentrations, 10 and 20 µg/mL,
respectively, were included, as only these concentrations gave results for all parameters.
These parameters were as follows: antiproliferative effects after 24 h, 48 h, and 72 h of
incubation; 5-α-reductase inhibitory activity; PSA secretion; effect on release of IL-6; TNF-α
and NO in LPS-stimulated macrophages; anti-hyaluronidase activity; and inhibition of
albumin denaturation. Exceptionally, for studies on LPS-stimulated macrophages, results
obtained for UA at concentrations of 5 µg/mL and 10 µg/mL were analysed.

Cluster analysis showed specific similarity for two compounds (UO and AUA) at
two concentrations (10 and 20 µg/mL) (Figure 5). The samples corresponding to these
compounds at these concentrations formed two separate two-element clusters, with no
other samples. A third such cluster occurred for compound AHUA but was below the
Mojena’s criterion. In the remaining cases, mixed clusters (containing samples of different
compounds at different concentrations) were found. Overall, UO, βSIT and AHUA are
distinctly distant from UA, UAL, and AUA regardless of the concentration at which they
were used, indicating the differences between the effects that these compounds displayed.
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Numbers indicate concentrations in µg/mL. Exceptionally, in case of studies on LPS-stimulated
macrophages, the results obtained for UA at concentrations of 5 µg/mL and 10 µg/mL were included
and assigned as UA10 and UA20, respectively. Abbreviations: UA, ursolic acid; UAL, ursolic
aldehyde; AUA, 3-O-β-acetoxy-ursolic acid; AHUA, 3-O-β-acetoxy-19α-hydroxy-ursolic acid; βSIT,
β-sitosterol; UO, uvaol.

3. Materials and Methods
3.1. Reagents and Instruments

Dulbecco’s Modified Eagle’s Medium F12 HAM (DMEM/F12), Dulbecco’s Modified
Eagle’s Medium with 4500 mg/L glucose (DMEM high glucose), foetal bovine serum (FBS),
phosphate-buffered saline (PBS), crystal violet, formaldehyde, lipopolysaccharide (LPS),
DMSO, albumin from bovine serum (BSA): fraction V ≥ 98% (A3294), hyaluronidase from
bovine testes type I-S, Streptococcus equi hyaluronic acid (HA), cetyltrimethylammonium
bromide (CTAB), quercetin dihydrate, ursolic acid (other terpenoids were obtained by
isolation), diclofenac sodium, dutasteride, and testosterone propionate were obtained from
Sigma-Aldrich (Seelze, Germany). Acetate buffer pH 4.5 was purchased from J.T. Baker
Chemical Co. (Phillipsburg, NJ, USA).

3.2. Cell Culture Conditions

Experiments were performed on human PNT2 prostate epithelial cells (ECACC
95012613, Merck, Darmstadt, Germany). For anti-inflammatory assay, murine RAW264.7
macrophages were used. The cells were cultured in a humidified atmosphere with 5% CO2
at 37 ◦C in DMEM/F12 (PNT2) or DMEM high glucose (RAW 264.7) supplemented with
10% (FBS), 100 IU/mL penicillin, and 10 µg/mL streptomycin. The tested compounds were
diluted in the culture media from freshly made stock solution (10 mg/mL in acetone) to
the working concentrations.

3.3. Determination of PSA and 5-α-reductase

The experiment was performed according to Nakayama et al. (2021) [68]. Briefly, PNT2 cells
were seeded onto 96 multi-well plates (1.5 × 105 cells/well) for 24 h and then treated with the
tested compounds at the concentrations of 5, 10, 20, and 40 µg/mL for 72 h. Dutasteride (10 µM)
was used as a reference drug. Cell culture supernatants were collected and used for quantitative
analysis of PSA and 5-α-reductase level, which was performed using a Human ELISA kits,
according to the manufacturer’s protocol. The analyses were performed in triplicates, and the
absorbance was measured using a microplate reader (SynergyTM HT—BioTek, Winooski, VT,
USA). The results were determined as % of control.

3.4. Proliferation Assay

The cells were seeded onto 96-well plates (1 × 103 cells/well) and incubated for 24 h.
Then, the medium was replaced with fresh medium containing 0.5 µM of testosterone
propionate (T) in order to stimulate cell proliferation, as observed in prostate hyperplasia,
and the tested compounds were added. Dutasteride (10 µM) was used as a reference drug.
After 24, 48, and 72 h of incubation, the cell number was determined using crystal violet
assay, as described previously [69]. Briefly, the cells were washed with PBS and fixed
with 3.7% formaldehyde. Then, crystal violet solution was added for 10 min, followed by
washing with PBS. Crystal violet was extracted from cells using 1.33% citric acid and 1.09%
sodium citrate in water/methanol (1:1) solution. The absorbance was measured at 570 nm.
The proliferation rate was determined as a % of control.

3.5. Inhibition of Albumin Denaturation

The protective effects of compounds against albumin heat-induced denaturation were
determined as was described previously [70]. Tested compounds were dissolved in DMSO
and tested at concentrations from 10 to 1000 µg/mL. Briefly, examined substances were
preincubated in 25 ◦C for 15 min in the presence of BSA. Next, the reaction mixtures were
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incubated in 70 ◦C for 5 min for proteins denaturation. After cooling the samples, the
turbidity was measured at 660 nm using microplate reader (SynergyTM HT—BioTek).
Diclofenac sodium was used as reference drug. The product control solution was prepared
to diminish the sample background, and the absorbance of the medium was performed
as a blind control of experiment. All assays were conducted in triplicate. The percent of
inhibition of protein denaturation was calculated as follows:

% inhibition = 100 − [(AS − APc)/(AC − AB)] × 100

AS—absorbance of the tested substance;
APc—absorbance of the product control solution;
AC—absorbance in the absence of inhibitor;
AB—absorbance of blind control.

The half-maximal inhibitory concentration value IC50 was determined.

3.6. Determination of NO, IL-6 and TNF-α Release

Prior to the anti-inflammatory experiments, the toxicity of the tested compounds
to RAW 264.7 macrophages was determined. The cells were seeded onto 96 multi-well
plates (1.5 × 105 cells/well) and incubated with the tested compounds (0–100 µg/mL) for
24 h. Next, cell viability was tested with the MTT assay. All analyses were performed
in triplicate, and the results are expressed as % of cell viability (mean ± SD). For fur-
ther anti-inflammatory assay, the concentrations of 5 and 10 µg/mL for UA and 10 and
20 µg/mL for the other compounds were chosen as nontoxic.

For anti-inflammatory assays, RAW 264.7 cells were seeded onto 96 multi-well plates
(1.5 × 105 cells/well) and pre-treated with the tested compounds for 1 h, followed by the
addition of 10 ng/mL of LPS to induce inflammation process, as described previously [69].
Dexamethasone (0.5 µg/mL) was used as a reference drug. The incubation was continued
for the next 24 h. Cell culture supernatants were used for further analysis. The nitric
oxide level was determined using Griess Reagent Kit (Promega Corporation (Madison,
Winooski, VT, USA), according to the manufacturer’s protocol. The cytokine (TNF-α, IL-6)
release level was performed using Human ELISA kits (Bioassay Technology Laboratory,
Shanghai, China), according to the manufacturer’s protocol. The analyses were performed
in triplicates, and the absorbance was measured using a microplate reader (SynergyTM
HT—BioTek). The results were determined as % of control.

3.7. Anti-Hyaluronidase Assay

Hyaluronidase inhibitory activity was evaluated on 96-well microplates using turbidi-
metric method as we described previously [70]. Compounds were dissolved in DMSO and
tested at concentration range from 10 to1000 µg/mL. Briefly, substances were preincubated
at 37 ◦C for 10 min with the presence of incubation buffer, enzyme, and acetate buffer
(pH 4.5). Then, HA was added, and incubation continued for further 45 min. In the next
step, a CTAB solution was added to precipitate undigested HA. The amount of undigested
HA is proportional to the turbidity; thus, enzymatic activity was quantified spectrophoto-
metrically at 600 nm using microplate reader (SynergyTM HT—BioTek). The absorbance in
the presence of enzyme and substrate (control I) and in the absence of enzyme (control II) was
measured. Product control solution, with HA instead of buffer, was prepared to deduct the
sample background. The absorbance of the medium was performed as a blind control of the
experiment. All experiments were conducted in triplicate. Quercetin was used as reference
substance. The inhibition in percentage was calculated using the following formula:

% inhibition = {[As − (APc − AB)] − AI }/{[AII − (APc - AB)] − AI } × 100

AI—absorbance of enzyme + substrate (control I);
AII—absorbance in the absence of enzyme (control II);
As—absorbance of sample solution;
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APc—absorbance of the product control solution;
AB—absorbance of a blank control of experiment.

The half-maximal inhibitory concentration value IC50 was estimated.

3.8. Statistical Analysis

Comparison of means was carried out using IBM SPSS Statistics 29.0 for Windows.
The data were analysed by one-way ANOVA followed by a T3 Dunnett post hoc test. The
CA analysis was performed using Euclidean distance as a measure of distance between
objects and Ward’s method of grouping objects. The number of clusters was set according
to the Mojena’s rate. Prior to CA analysis, the data were standardized (z-transformed) to
obtain zero mean and unit variance for each parameter. CA analysis was conducted by
means of STATISTICA v.13.3. package (TIBCO Software Inc., Palo Alto, CA, USA). The
same software was also used for the graphic representation of results.

4. Conclusions

In the current study, ursane-type triterpenoids and β-stitosterol isolated from the fruits
of Sorbus were subjected to a series of in vitro experiments that were designed to assess
their effects on various aspects of BPH pathogenesis and development. Not only did Sorbus
compounds show antiandrogenic and antiproliferative effects on testosterone-treated PNT2
cells, reversing the stimulating effect of the hormone, but they also demonstrated an impact
on inflammation, which is believed to play an important role in the development and
progression of BPH and the clinical symptoms associated with BPH.

Considering the overall anti-BPH potential of Sorbus compounds, as shown by chemo-
metric analysis, UA, UAL, and AUA formed a clearly distinct group from UO, βSIT, and
AHUA, suggesting differences in the action of these compounds. Indeed, UA, UAL, and/or
AUA tended to be among the most active compounds in the assays that were proposed
and conducted in this study. Moreover, with the exception of βSIT, the examined Sorbus
terpenoids were based on the ursane skeleton, i.e., UA and its derivatives. Thus, our study
showed that chemical structure significantly influences activity. However, more targeted
structure–activity studies are needed to better understand this relationship.

In conclusion, our study showed that Sorbus terpenoids exhibit antiandrogenic, an-
tiproliferative, and anti-inflammatory properties and may represent an interesting target in
the development of new anti-BPH therapies. Furthermore, the fruits of S. intermedia are
edible and may be a valuable component of the daily diet.
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Abstract: The present research investigated the in vivo anti-inflammatory and cardioprotective ac-
tivities, as well as the antioxidant potential of Taraxacum officinale tincture (TOT), in relation to the
polyphenolic composition. Chromatographic and spectrophotometric techniques were used to deter-
mine the polyphenolic profile of TOT and the antioxidant activity was preliminarily assessed in vitro
by DPPH• and FRAP spectrophotometric methods. The in vivo anti-inflammatory and cardioprotec-
tive activities were studied in rat turpentine-induced inflammation and in rat isoprenaline-induced
myocardial infarction (MI) models. The main polyphenolic compound identified in TOT was cichoric
acid. The oxidative stress determinations showed the capacity of the dandelion tincture not only
to decrease the total oxidative stress (TOS), the oxidative stress index (OSI), and the total antioxi-
dant capacity (TAC), but also the malondialdehide (MDA), thiols (SH), and nitrites/nitrates (NOx)
levels both in inflammation and MI models. In addition, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), creatin kinase-MB (CK-MB), and nuclear factor kappa B (NF-κB) parameters
were decreased by the administration of the tincture. The results show that T. officinale could be
considered a valuable source of natural compounds with important benefits in pathologies linked to
oxidative stress.

Keywords: Taraxacum officinale; cardioprotective; anti-inflammatory; antioxidant; polyphenols;
cichoric acid

1. Introduction

Cardiovascular diseases are the main cause of global disability, and health predictions
show that they will also be the most prominent cause of death in 2030. CVDs include
myocardial infarction (MI), congestive heart failure, coronary heart disease angina, and
peripheral arterial disease [1].

MI can be mediated via several biochemical mechanisms, such as reactive oxygen
species (ROS), defective antioxidant enzymes, oxidative stress, and inflammatory process.
In pathologic conditions, the disproportion between ROS and antioxidants promotes
myocardial cell damage, necrosis, and apoptosis [2]. Therefore, it is necessary to improve
the myocardial redox status by protecting the antioxidants and stabilizing the oxidants.
Several factors are crucial in the progression of MI and reperfusion injury: oxidative
stress, induction of inflammation, inflammatory cell infiltration, and activation of adaptive
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immune response. Therefore, using agents that can reduce their pathological mechanisms
during MI and reperfusion injury by regulating these pathological mediators is a priority [3].

Taraxacum officinale (L.) Weber ex F.H.Wigg. (dandelion) is a perennial herbaceous
flowering species of the Asteraceae family [4]. The chemical composition consists of pheno-
lic compounds (polyphenolic acids, flavonoids, coumarins, tannins), sesquiterpene lactones
(taraxacin, lactucopicrin, and cichorin, found mostly in the roots), triterpenes (α-amyrin,
β-amyrin, lupeol, taraxol, taraxasterol), sterols (stigmasterol, β-sitosterol), polysaccharides
(especially inulin in roots), minerals, amino acids, and vitamins that can be found in all the
organs of the species [5]. Several hydroxybenzoic acids (protocatechuic, vanillic, syringic
and gallic acids), hydroxycinnamic acids (p-coumaric, caffeic, ferulic, and synapic acids),
and derivatives (chlorogenic, caftaric, cichoric acids) were identified in T. officinale [6],
and cichoric acid was the main compound found in the aerial parts [7]. Dandelion also
contains flavonoids, such as quercetin, kaempferol, apigenin, luteolin, catechins, hypero-
side, isoquercitrin, quercitrin, rutin [8]. T. officinale has important pharmacological effects:
antioxidant (aqueous extracts of Taraxaci herba sin flos, T. radix, T. flos), antihyperglycemic
(ethanolic extracts T. radix), cholagogue (methanolic extracts T. folium), diuretic (aqueous
extracts T. herba, T. radix), anti-inflammatory (methanolic etracts, T. flos), immunomodu-
latory and anti-allergic (isolated compounds from T. officinale), anti-thrombotic (ethanolic
extracts of T. radix) and prebiotic (aqueous extracts of T. radix) [4].

The in vivo hypolipidemic, anti-obesity, and hepatoprotective properties of T. officinale
extracts are linked to the antioxidant activity, due to the rich polyphenolic composition
that may correct oxidative stress, with positive outcomes in numerous diseases (chronic
inflammations, neurodegenerative disorders and metabolic syndrome) [2]. Additionally,
the effects of the polyphenols on the cardiovascular system are based on mechanisms such
as antihypertensive, anti-atherosclerotic, and anti-inflammatory effects; improving the lipid
profile; and a direct effect on endothelial cells [9].

Several studies suggested that T. officinale presented valuable anti-inflammatory po-
tential [10] and various in vivo studies evaluated the hypolipidemic properties of lowering
hypertension and decreasing lipid peroxidation [11]. The aim of the present study is the
in vivo evaluation of anti-inflammatory and cardioprotective effects of T. officinale tincture
(TOT) based on the antioxidant mechanism of the contained compounds. The novelty of the
present study consists of the fact that, to the best of our knowledge, it represents the first
report on the TOT cardioprotective activity evaluated in vivo on an isoprenaline-induced
myocardial infarction model. Moreover, the present study aims to highlight the in vivo
anti-inflammatory activity of TOT.

2. Results and Discussion
2.1. Total Polyphenolic Content (TPC), Total Flavonoidic Content (TFC), and Total Caffeic Acid
Derivatives Content (TCADC)

The results obtained by the spectrophotometric analysis of polyphenols from TOT are
presented in Table 1.

Table 1. The polyphenols content of TOT.

Extract TPC (mg GAE/g d.w.) TFC (mg RE/g d.w.) TCADC (mg CAE/g d.w.)

TOT 26.75 ± 0.73 6.28 ± 0.32 16.74 ± 0.80
Note: Values are expressed as mean of 3 determinations ± SD. GAE—gallic acid equivalents, RE—rutin equiva-
lents, CAE—caffeic acid derivates.

The TPC in TOT was comparable with some of the data reported by other authors
(18.53 mg GAE/g d.w., for 20% ethanolic extract; 33.53 mg GAE/g d.w., for 40% ethanolic
extract; 33.90 mg GAE/g d.w., for aqueous ethanol extract 1:1) [12]. Other researchers
reported different values for TPC from T. herba, depending on the extraction conditions and
solvents: 123.42 mg GAE/g d.w. (for 60% ethanolic extract); 70.46 mg GAE/g d.w. (for 80%
ethanolic extract); 41.47–691.6 mg GAE/g d.w. for aqueous and hydroalcoholic extracts
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from Pakistan; 33.94 mg GAE/g d.w. (for 1:1 aqueous ethanolic extract) and 23.27 mg
GAE/g d.w. (for 80% ethanolic extract, plants harvested from USA) [12].

Regarding the TFC, TOT was characterised by lower values than those reported in
USA as 14.00 mg RE/g d.w. for aqueous ethanolic extracts 1:1 and 12.35 mg RE/g d.w.
for 80% ethanol extracts, and also by those reported for dandelion aerial parts gathered
in Malaysia with values ranging from 12.82 to 55.81 mg RE/g d.w for 20 to 80% ethanol
extracts [12,13]. Differences could be determined by the particularities of the analytical
method and the conditions of obtaining the raw material and extracts.

To the best of our knowledge, the TCADC content in TOT was not reported before and
it was evaluated in this study for the first time.

Our experiments showed that T. officinale harvested from Romania is a raw material
rich in polyphenols, with important content of phenol acids derivatives and flavonoids.

2.2. HPLC-UV-MS Analysis

In order to characterise the TOT, HPLC-UV-MS analyses were conducted in several
stages, aiming to identify and quantify polyphenolic compounds. In the first stage, phe-
nolic acids with highly hydrophilic character were determined, then other polyphenolic
compounds, and in the end, cichoric acid was identified and quantified (Table 2).

Table 2. Phenolic compounds identified in TOT by HPLC-UV-MS.

Polyphenols [M-H]− Retention Time (min)
Rt ± SD TOT (µg/g d.w.)

Protocatechuic acid 153 2.80 ± 0.05 9.20 ± 0.09
Vanillic acid 167 6.70 ± 0.07 2.00 ± 0.02
Syringic acid 197 8.40 ± 0.09 0.90 ± 0.01
Ferulic acid 193 12.80 ± 0.10 53.60 ± 0.37

Cichoric acid 473 1.12 ± 0.01 * 12,124.89 ± 76.38
Rutin 609 20.20 ± 0.15 14.51 ± 0.10

Quercitrin 447 23.64 ± 0.13 26.08 ± 0.22
Luteolin 285 29.10 ± 0.19 44.08 ± 0.30
Apigenin 269 33.10 ± 0.15 5.79 ± 0.05

Note: Values are the mean± SD (n = 3). * Determined by a different method characterised by different experimental
conditions.

The chromatograms are available in Supplementary Material (Figures S1–S3).
Cichoric acid (2, 3 dicaffeoyl-tartaric acid) was the main polyphenolic compound

identified in TOT. These results are in accordance with current data that shows T. officinale
as a source of cichoric acid [14].

Different amounts, between 0.9 and 9.2 µg/g d.w. were determined in TOT for syringic,
vanillic, and protocatechuic acids, while ferulic acid was present in higher concentration
(53.60 µg/g d.w.). Among the flavonoids, quercetin-O-glycosides, such as quercitrin
(present in higher quantity) and rutin were identified and quantified, together with free
aglycons, luteolin, and apigenin, in quantities between 5–44 µg/g d.w. In dandelion extracts
analysed by Xue et al., cichoric acid was present at a quantity of 24,031 µg/g d.w. for 50%
ethanol extract, consistent to our TOT HPLC analysis. Generally, the concentrations of some
phenolic acids and flavonoids were comparable to our findings [13]. Previous analysis of
our team quantified cichoric acid at a value of 7163.11 µg/g d.w. for a tincture, prepared
with the vegetable material gathered from a lower altitude, a grassland region, characterised
by a dry climate with higher temperatures and lower levels of precipitation [15]. The
material analysed in the present study was harvested from a plateau area, a higher altitude
distinguished by moderate temperatures and higher levels of precipitation. The differences
could be explained by the influence of the pedo-climatic conditions on the biosynthesis of
the compounds in plants.
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Cichoric acid has been described to exhibit many pharmacological activities with
benefits in various pathologies. Some properties such as antimicrobial, anti-inflammatory,
anti-tumoral, anti-diabetic, neuroprotective, and hyaluronidase inhibiting activities, among
others, are reported [14,16].

Based on the current research, the T. officinale aerial parts could also be considered a
valuable source of polyphenols such as cichoric acid.

2.3. Antioxidant Activity

The in vitro antioxidant activity of TOT was evaluated using two assays: DPPH• and
FRAP. The results obtained for the antioxidant capacity determinations are summarised in
Table 3.

Table 3. Antioxidant activity of TOT.

Sample DPPH·
EC50 (µg/mL)

FRAP
(µM TE/g)

TOT 165.93 ± 6.94 52.49 ± 1.57
Note: Values are expressed as mean of 3 determinations ± SD.

For the DPPH assay, the EC50 value has an opposite relation with the antioxidant
capacity; a greater antioxidant capacity is achieved with the decrease of EC50 value.

The assessment of antioxidant activity by the FRAP method revealed a good antioxi-
dant capacity of TOT, comparable with some others’ reports. The data from the literature
shows very different values that quantify the antioxidant activity of dandelion extracts by
the FRAP method, ranging between 3.32 and 131.5 µM TE/g d.w., using different concen-
trations of extracts (40%, 70%, and 96% ethanolic extracts of T. herba from plant material
harvested in Bulgaria and Poland) [17,18].

Our results for the in vitro antioxidant activity evaluation were in agreement with the
TPC of the tested extracts.

The current knowledge regarding the relationship between polyphenols and antiox-
idant activity hints that the antioxidant activity of T. officinale extract is associated with
the quantity of total phenolic acids, which was higher than flavonoids content in our
tincture [13].

2.4. Pharmacological Studies
2.4.1. The Evaluation of In Vivo Anti-Inflammatory Effects

Three concentrations (100, 50, and 25 mg/mL) of the TOT sample (namely TOT 100,
TOT 50, and TOT 25, respectively) were administrated on rats in a turpentine oil-induced
acute inflammation in vivo experiment. To assess the effects, serum oxidative stress markers
were analysed. The results are summarised in Table 4.

The experiment evaluated the oxidative stress through general tests such as TOS, OSI,
and TAC and by specific tests as MDA, SH, and Nox. In addition, the NF-κB parameter,
which has an important role in pro-inflammatory cytokines signalling, was assessed.

Turpentine oil is an inflammatory catalytic agent that activates phagocytes by boosting
the Nox and ROS species production [19]. When an inflammation process is triggered,
TOS, and subsequently, OSI parameters manifest increased values comparative to the
healthy animals, as seen in our experiment (p < 0.001). Additionally, the same pattern
applies to Nox and MDA levels whilst the TAC and SH levels decrease (p < 0.001). NF-κB
controls the transcription of pro-inflammatory cytokines among other substances mediating
inflammatory responses (NF-κB signalling in inflammation), thus, a current inflammation
status is correlated with higher NF-κB concentrations (p < 0.05). All three TOT samples
lowered TOS and OSI parameters (p < 0.001). The Nox levels were improved by TOT 25
(p < 0.01), and TOT 100 improved both SH (0.01) and NF-κB levels (p < 0.05). The TAC and
MDA concentrations were not influenced by any TOT sample.
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Table 4. Serum oxidative stress markers in rat turpentine-induced inflammation model.

GROUPS TOS
(µM H2O2 E/L) OSI TAC

(mM TE/L)
NOx

(µM/L)
MDA

(nM/L)
SH

(mM/L)
NF-κB

(ng/mL)

CONTROL 5.13 ± 0.84 4.70 ± 0.77 1.0901 ± 0.001 32.67 ± 2.38 1.91 ± 0.19 0.52 ± 0.05 2.2 ± 0.22
INFLAMM 8.55 b ± 0.73 8.54 b ± 0.66 1.0873 ± 0.001 45.34 b ± 3.53 3.00 b ±0.21 0.25 b ± 0.02 4.17 a ± 0.99

DICLOFENAC 7.84 ± 0.35 7.84 ± 0.32 1.0870 ± 0.000 41.48 ± 2.11 2.94 ± 0.39 0.31 ± 0.04 2.41 f ± 0.32
TOT 100 4.92 e ± 0.24 4.92 e ± 0.22 1.0871 ± 0.001 37.59 g ± 5.43 3.20 g ± 0.66 0.20 d ± 0.02 2.92 cg ± 0.60
TOT 50 5.15 e ± 0.72 5.15 e ± 0.67 1.0878 ± 0.001 37.00 g ± 3.89 2.91 g ± 0.39 0.24 ± 0.02 3.64 ± 0.51
TOT 25 4.63 e ± 0.30 4.63 e ± 0.27 1.0886 ± 0.000 30.32 d ± 7.13 3.06 g ± 0.72 0.27 g ± 0.11 3.52 ± 0.37

Note: Values are expressed as mean ± SD (n = 5). a p < 0.05, b p < 0.001 versus CONTROL; c p < 0.05, d p < 0.01,
e p < 0.001 versus INFLAMM. f p < 0.05 versus INFLAMM. g p > 0.05 versus DICLOFENAC. TOS—total oxidative
status, OSI—oxidative stress index, TAC—total antioxidant capacity, Nox—total levels of nitrites and nitrates,
MDA—malondialdehyde, SH—total levels of thiols, NF-kB—Nuclear factor kappa-light-chain-enhancer of
activated B cells, CONTROL—healthy animals group, INFLAMM group—negative control, DICLOFENAC
group—positive control.

These findings show that TOT has an antioxidant effect in rats’ turpentine-induced
inflammation by correcting the oxidant levels and increasing the antioxidants. Furthermore,
TOT has a direct anti-inflammatory effect by reducing NF-κB levels. In this study, the
non-steroidal anti-inflammatory diclofenac was used as a positive control. The oxidative
parameters for the animals that received the drug were not significantly modified (p > 0.05),
but the NF-κB parameters were lowered (p < 0.05). This is in accordance with the drug’s
pharmacological mechanism, which involves the nonselective inhibition of cyclooxygenase
enzymes (COX 1 and COX 2), thus inhibiting prostaglandin synthesis—molecules that play
a key role in inflammation and pain [20]. We compared the results determined by TOT
for NF-κB with the diclofenac group, and there were no significant differences (p > 0.05)
suggesting that TOT has a comparable effect with diclofenac regarding the NF-κB status.

The obtained results highlight the fact that the treatment with TOT on rats with
turpentine-induced inflammation, determined anti-inflammatory effects by reducing NF-
κB expression and by reducing oxidants.

With the aim to assess the relationship between the parameters, a PCA correction circle
was used (Figure 1). Original Pearson Correlation information is available in Supplementary
Material (Tables S1–S5).

This type of representation involves grouping the different features according to their
positive and negative correlation. Features with a positive correlation will be grouped
together. The uncorrelated ones are orthogonal to each other, and negative correlations
will be plotted on the opposing quadrants of the plot. We obtained the coordinates of the
values by calculating the correlation between each original variable and their associated
components [21].

In the tested groups: CONTROL, DICLOFENAC, TOT 100, TOT 50, and TOT 25, the
oxidative stress parameters and the transcription factor NF-κB were overall correlated,
concluding that inflammation was associated with oxidative stress.

Several studies show that inflammation and oxidative stress are interdependent. In
an outgoing inflammatory process, the phagocytic cells (macrophages and neutrophils)
activate. This produces large amounts of reactive oxygen species and reactive nitrogen
species, including hydrogen peroxide, hydroxyl free radical, superoxide, nitric oxide, and
peroxynitrite [22,23].

Various molecular mechanisms involved in the anti-inflammatory activities of polyphe-
nols include the inhibition of certain pro-inflammatory enzymes, such as ciclo-oxigenase 2
(COX2), lipo-oxigenase (LOX), and inducible nitric oxide synthase (iNOS). Polyphenols
promote the inhibition of the transcription factor NF-kB and enhance the activation of a
phase-II antioxidant enzymes, the mitogen-activated protein kinase, and protein kinase-
C [9].
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The anti-inflammatory effects of T. officinale extracts were evaluated in relationship
with the polyphenolic composition and anti-oxidative effects. Jeon et al. describes the anti-
inflammatory activity on lipopolysaccharides (LPS) which stimulated murine macrophage
cells (RAW264.7) by improving NO, PGE2, and the cytokines TNF-α and IL-1 β levels,
and inhibiting iNOS, COX2, and activation of MAP kinases, suggesting a direct anti-
inflammatory effect in addition to the antioxidative mechanisms. Methanolic extracts of T.
officinale also presented with NF-kB inhibition in an in vitro study conducted on LPSs in
human umbilical vein endothelial cells [24].

Regarding in vivo models, aqueous extracts of T. officinale leaves lowered inflammation
in cholecystokinin-induced acute pancreatitis in rats by blocking the production of IL-6
and TNF-α cytokines that depend upon NF-kB transcription [25]. Our TOT had an anti-
inflammatory effect by inducing an important reduction of NF-kB.

In the air pouch model of carrageenan-induced inflammation, ethanolic extracts of
T. officinale aerial parts inhibited the production of exudate and reduced the levels of
leukocytes and nitric oxide within. It also exhibited a dose-dependent suppression on the
vascular permeability of acetic acid abdominal induction assay in mice [10]. In turpentine
oil- induced inflammation, TOT caused NOx reduction where the higher dilution had the
strongest effect. Similarly, TOT lowered other oxidative stress markers, specifically, TOS,
OSI, and MDA. For TOT, the anti-inflammatory activity was correlated with oxidative stress
marker reduction (Figure 1). TOT had no significant activity on the antioxidant markers.

These results suggest that due to the phytochemicals present in T. officinale, TOT has
an anti-inflammatory effect through inhibiting the activation of NF-κB and by lowering
the oxidant concentrations. The phenolic compounds identified in T. officinalis could be
involved in the anti-inflammatory effects of the extracts, as well as cichoric acid, based
on its known antioxidant and anti-inflammatory properties [26]. Similar to cichoric acid,
ferulic acid was found to exhibit anti-inflammatory effects, mainly due to the antioxidant
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properties [27]. The quantified flavonoids from our studied tincture, rutin and quercitrin, as
well as luteolin and apigenin, showed anti-inflammatory effects in experimental tests [28].
Therefore, TOT anti-inflammatory activity based on the improvement of serum oxidative
stress parameters could be associated with the presence of phenolic compounds with
antioxidant properties, which could exhibit positive outcomes in inflammation treatment.

2.4.2. The Evaluation of In Vivo Cardioprotective Effects

TOT activity in turpentine-oil induced inflammation encouraged us to test the effect in
the acute inflammation associated with the acute myocardial infarction (MI). In the present
study, the TOT’s effect was evaluated on acute MI induced by isoprenaline. The parameters
analysed in this experiment were NF-kB as an anti-inflammatory marker, TOS, OSI, TAC,
MDA, SH, and NOx as oxidative stress markers, plus serum cardiac injury marker enzymes
(AST, ALT, and CK-MB). The results are summarised in Tables 5 and 6.

Table 5. Serum oxidative stress markers in rat isoprenaline (ISO)-induced MI.

GROUPS TOS
(µM H2O2 E/L) OSI TAC

(mM TE/L)
NOx

(µM/L)
MDA

(nM/L)
SH

(mM/L)
NF-κB

(ng/mL)

CONTROL 5.13 ± 0.84 4.70 ± 0.77 1.0901 ± 0.001 32.67 ± 2.38 1.91 ± 0.19 0.52 ± 0.05 2.2 ± 0.22
ISO 7.43 b ± 0.11 6.83 b ± 0.10 1.0876 ± 0.00 45.51 b ± 0.37 3.41 b ± 024 0.39 b ± 0.01 3.42 a ± 0.59

TOT 100 4.50 e ± 0.12 4.13 e ± 0.11 1.0886 ± 0.00 36.49 ± 5.90 2.70 ± 0.20 0.26 d ± 0.02 2.24 ± 0.50
TOT 50 4.40 e ±0.12 4.05 e ± 0.11 1.0873 ± 0.00 34.14 c ± 3.56 2.38 d ± 0.14 0.29 d ± 0.02 1.35 c ± 0.27
TOT 25 4.19 e ± 0.13 3.85 e ± 0.12 1.0880 ± 0.00 30.55 e ± 3.28 3.26 ± 0.14 0.29 d ± 0.02 1.05 c ± 0.18

Note: Values are expressed as mean ± SD (n = 5). a p < 0.01, b p < 0.001 versus CONTROL; c p < 0.05, d p < 0.01,
e p < 0.001 versus ISO. TOS—total oxidative status, OSI—oxidative stress index, TAC—total antioxidant capacity,
NOx—total levels of nitrites and nitrates, MDA—malondialdehyde, SH—total levels of thiols, NF-kB—Nuclear
factor kappa-light-chain-enhancer of activated B cells, CONTROL—healthy animals group, ISO—negative control.

Table 6. Serum cardiac injury markers in rat isoprenaline-induced MI.

GROUPS AST (UI/L) ALT (UI/L) CK-MB (UI/L)

CONTROL 35.32 ± 4.89 29.10 ± 4.12 7.26 ± 1.02
ISO 30.94 ± 8.35 40.04 a ± 7.29 12.11 b ± 1.08

TOT 100 26.45 c ± 1.08 24.77 ± 0.55 8.11 ± 1.51
TOT 50 32.52 ± 2.65 26.31 ± 1.22 7.92 c ± 1.16
TOT 25 30.32 ± 3.53 26.36 ± 2.97 8.47 ± 0.95

Note: Values are expressed as mean ± SD (n = 5). a p < 0.05, b p < 0.001 versus CONTROL; c p < 0.05, versus ISO.
AST—aspartate transaminase, ALT—Alanine transaminase, CK–MB—Creatin kinase isoenzyme MB.

The consequences of MI induced by ISO were cell injury, indicated by the serum AST,
ALT, and CK-MB increase, and an inflammatory response with elevated NF-κB. At the
same time, an increased oxidative stress was indicated by the increased TOS, OSI, NOx,
and MDA, and TAC and SH reduction.

In MI, all three TOT concentrations reduced myocardial cells injury enzymes, had
anti-inflammatory activity by reducing NF-kB, and an antioxidant effect by lowering TOS,
OSI, NOx, and MDA (p < 0.001). TOT 50 was the most effective concentration. SH was
reduced after TOT treatments. A possible explanation for the decrease of SH levels is
that in MI, prophylaxis by dietary antioxidant consumption reduces the formation of ROS
and RNS and does not have an impact on preventing the reduction of previously present
antioxidant species [29].

Overall, TOT 50 improved foremost the parameters (although there were no significant
differences between the extract groups; p > 0.05) which is in accordance with the general
knowledge that a mix of polyphenols in small doses can potentiate the antioxidant effect
rather than single entities in higher doses; also at higher concentrations, some polyphenols
can exhibit pro-oxidant effects via the Fenton reaction [30].

In order to evaluate the relationship between the parameters, a PCA was performed
(Figure 2). Original Pearson Correlation information is available in Supplementary Material
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(Tables S6–S9). In general, in all groups there were correlations between AST, ALT, and
CK-MB with the oxidative stress parameters, and also with NF-κB.
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CK-MB correlates with NOx.

Cichoric acid, the major polyphenolic compound of T. officinale extract possesses
cardioprotective activity, based on the improvement of cardiovascular homeostasis [31] and
anti-atherosclerotic effect, based on antioxidative and anti-inflammatory mechanisms [32].
Ferulic acid also has cardioprotective effects [27].

The hydroxybenzoic acids (protocatechuic, vanillic, syringic acid) were studied in
relation to cardiac and vascular applications, with positive outcomes [33,34].

Studies concerning flavonoids show positive outcomes in cardiovascular diseases,
as rutin has an active role in reducing cardiac hypertrophy, and quercitrin (through its
aglycon quercetin), has a role both as anti-atherosclerotic and as a cardiovascular risk
improving agent [35,36]. Luteolin and apigenin exhibit cardioprotective effects with various
applications in ischemia/reperfusion injury, atherosclerosis, and heart failure [36–38].

The heart is an organ that is vulnerable to oxidative stress because of the absence
of antioxidant systems, therefore a systemic oxidative reduction may be favourable and
diminish the myocardial injury during MI [39].

The presence of diverse polyphenolic compounds in TOT, such as phenolic acids
and flavonoids with cardioprotective properties, may explain the capacity of the studied
tincture to protect against MI induced by ISO, with a positive influence on serum oxidative
stress parameters and serum cardiac injury markers.
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Other in vivo studies regarding the cardiovascular potential of T. officinale discuss the
positive outcomes of extract administration in relation to metabolic syndrome (hypolipi-
demic effect by improving cholesterol and total lipids levels, and overall reduction in aortal
thickness, as well as anti-obesity effects and an overall decrease in oxidative stress) and
other disorders that can lead to heart damage [11]. The present study emphasises the
positive influence of the active compounds from the tincture on some parameters involved
in oxidative processes during the myocardium injury in MI.

Previous studies that compare the in vitro and in vivo antioxidant activities of different
plant extracts show that these are not always correlated [39]. In the present experiment,
TOT had a higher in vivo antioxidant activity compared to the in vitro antioxidant capacity,
which was found to be good, using the described methods.

In the present study, we pointed out that TOT has an in vivo anti-inflammatory activity
on turpentine-induced inflammation and cardioprotective effects on ISO-induced MI, by
reducing the oxidative stress and inflammation.

3. Materials and Methods
3.1. Chemicals and Reagents

The references used in the LC-MS analysis were purchased from Sigma-Aldrich
(Schnelldorf, Germany): cichoric acid (>95%), caffeic acid (≥98%), chlorogenic acid (≥95%),
ferulic acid (>95%), sinapic acid (≥98%), hyperoside (≥98%), isoquercitrin (≥90%), quercitrin
(quercetin 3-rhamnoside) (≥78%), quercetin (≥95%), luteolin (≥98%), kaempferol (≥97%),
apigenin (≥95%), syringic acid (≥95%), protocatechuic acid (3,4-dihydroxybenzoic acid)
(≥97%), and vanillic acid (≥97%). Ammonium acetate, acetonitrile, petroleum ether,
chloroform, hydrochloric acid, acetic acid, potassium hydroxide, and Folin–Ciocâlteu
reagent were purchased from Merck (Darmstadt, Germany). Sodium carbonate, sodium
acetate trihydrate, and anhydrous aluminium chloride were purchased from Sigma-Aldrich
(Schnelldorf, Germany). 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) reagent, 2,2-diphenyl-1-
picryl-hydrazyl-hydrate (DPPH) reagent, and Trolox were acquired from Sigma-Aldrich
(Schnelldorf, Germany); rutin (>95 %) was from Fluka Chemie GmbH (Buchs, Switzerland).
Methanol p.a., ethanol 96%, and dichloromethane were purchased from Chemical Com-
pany (Ias, i, Romania) and iron chloride from Merck (Darmstadt, Germany). The commercial
biochemistry kits for the pharmacological investigations (kit CK-MB-LQ. Anti CK-M. Im-
munoinh.; kit GOT/AST-LQ. IFCC. Enzymatic–UV; GPT/ALT-LQ. IFCC. Enzymatic–UV;
kit UREA-LQ. Urease-GLDH. Kinetic; kit creatinine-J. J) were purchased from S.C. DG Di-
agnostics S.R.L. Cluj-Napoca. The turpentine used to induce inflammation was purchased
from Sigma-Aldrich (Germany). Diclofenac sodium was purchased from a local pharmacy
with the trademark Refen, concentration of 75 mg/mL, 3 mL (Hemofarm Koncern A.D.)
Isoprenaline used to induce myocardial ischemia was purchased from Sigma-Aldrich.

3.2. Plant Material and Extraction Procedure

T. officinale aerial parts (+herba) were harvested from Hunedoara County, (Lat. 45◦45′18.151′′

N/Long. 22◦53′25.181′′ E), Western Romania, during the flowering stage, from wild pop-
ulations. A sample of the herbal material is available in the Pharmacognosy Department
herbarium (voucher number 116). The plant material was air-dried, powdered, degreased
with dichloromethane, and then was used for extraction. The tincture (1:10) was obtained
from 50 g of plant material and 500 mL 70% ethanol, by maceration for 7 days at room
temperature (T. officinale tincture = TOT) [39].

TOT was used for phytochemical analysis: total polyphenols content, total flavonoids
content, and total caffeic acid derivatives content were determined. Then, HPLC-MS
analysis, the antioxidant assays (DPPH• and FRAP methods), and the pharmacological
experiments were performed using this tincture.

For the assessment of the anti-inflammatory and cardioprotective activities, T. officinale
tincture (TOT 100, corresponding to 1 mg dry weight plant material/10 mL) was used, as
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well as two dilutions of the tincture, obtained with distilled water, TOT 50 (0.5 mg dry
weight plant material/10 mL), and TOT 25 (0.25 mg dry weight plant material/10 mL).

3.3. Total Polyhenols Content Determination

The total polyphenols content (TPC) was determined using the Folin–Ciocâlteu spec-
trophotometric method [40]. Briefly, TOT (2 mL) was diluted in a 25 mL volumetric flask
with the same solvent and then, to 2 mL of each solution, 1 mL Folin–Ciocâlteu reagent and
10 mL of distilled water were added; the mixture was diluted to 25 mL with a solution of
sodium carbonate (290 g/L). After 30 min in darkness, the absorbance of the samples was
measured at 760 nm using a Cary 60 UV–Vis spectrophotometer from Agilent Technologies
(R2 = 0.999). TPC is expressed as mg gallic acid equivalents (GAE)/g d.w. [15].

3.4. Total Flavonoids Content Determination

The total flavonoids content (TFC) of TOT was performed by a spectrophotometric
method based on the colour reaction with AlCl3 reagent. Briefly, 10 mL of the TOT was
diluted to 25 mL using methanol. To 5 mL of the diluted solution, 5.0 mL sodium acetate
(100 g/L) and 3.0 mL aluminium chloride (25 g/L) were added; the obtained solution was
diluted with methanol up to 25 mL in a calibrated flask. The absorbance was measured at
430 nm and the results are expressed as mg rutin equivalents (RE)/g d.w. (R2 = 0.999) [40]

3.5. Total Caffeic Acid Derivates Content Determination

The caffeic acid derivates content (TCADC) of the TOT was analysed using Arnow
reagent by a spectrophotometric method. In short, in a volumetric flask, 10 mL of the TOT
was mixed with methanol at 25 mL, and 5 mL of the obtained solution was diluted with
ethanol 50% at 10 mL. Next, 1 mL of HCl 0.5 N, was added to 1 mL of solution, together
with 1 mL of Arnow reagent and 1 mL NaOH 1 N; the mixture was increased to 10 mL with
ethanol 50% [41]. The absorbance (λ = 500 nm) was used to calculate the results, expressed
as mg caffeic acid equivalents (CAE)/g d.w. (R2 = 0.994).

All phytochemical determinations were performed in triplicate.

3.6. Evaluation of the In Vitro Antioxidant Capacity
3.6.1. DPPH Radical Scavenging Activity

The antioxidant activity was assessed in vitro by different methods. The assay mea-
sures the scavenging ability of extracts towards DPPH, a stable nitrogen cantered free
radical. First, 2 mL of TOT (in different concentrations) were added to 2 mL of 0.1 g/L
DPPH• methanol solution. The absorbance was determined at 517 nm, after 30 min of
incubation at room temperature in the dark (R2 = 0.997). The DPPH radical scavenging
activity (AA) was calculated as follows: AA% = (Acontrol − Asample/Acontrol) × 100, where
Acontrol is the absorbance of DPPH• radical + methanol (does not contain the sample) and
Asample is the absorbance of DPPH• radical + sample extract. The EC50 (µg/mL) values
were also calculated in order to determine the half maximal inhibitory concentration of
TOT [42,43]. The experiments were performed in triplicate.

3.6.2. Ferric-Reducing Antioxidant Power Assay

This assay has been proven to measure the antioxidant capacity of plant products
containing polyphenols. The absorbance was measured at 450 nm. A volume of 0.4 mL of
TOT was diluted with water to 1.8 mL and mixed with 6 mL of FRAP reagent (R2 = 0.992).
The antioxidant activity was expressed as Trolox equivalents (TE) [44]. All determinations
were realised in triplicate.

3.7. HPLC-UV-MS Separation

The phytochemical assay of the tincture was performed by liquid chromatography
coupled with mass spectrometry (Agilent Technologies 1100 HPLC Series system coupled
to an Agilent 1100 mass spectrometer (LC/MSD Ion Trap SL)). The separation was achieved
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using a reverse-phase analytical column (Zorbax SB-C18 100× 3.0 mm i.d., 3.5 µm particles,
t◦ = 48 ◦C). The injection volume was 5 µL and the flow rate was set to 1 mL/min. The MS
system functioned using an electro spray ion source in negative mode. Chromatographic
data have been interpreted using ChemStation and Data Analysis. Compound identification
was performed in both UV and MS mode, by comparing their traces/spectra obtained in
the experiment with spectra from the data library. The limit of detection was 0.1 µg/mL
and the limit of quantification was 0.5 µg/mL. The UV trace was used for quantification of
identified compounds from MS detection. Quantitative determinations were performed
using an external standard method. Calibration curves in the 0.5–50 µg/mL range with
good linearity (R2 > 0.999) for a five-point plot were used to determine the concentration
of polyphenols. The mobile phase consisted of 95/5 (v/v) ammonium acetate, 1 mM in
water and acetonitrile, isocratic elution, and mobile phase flow rate of 1 mL/min. The mass
spectrometer operated in negative mode and nitrogen was used as a nebulising and dry gas.
The nebuliser was positioned at 65 psi with the dry gas flow at 12 L /min at 350 ◦C [45,46].
The determination of polyphenolic acids with higher hydrophilic character (protocatechuic,
vanillic, syringic acids) was employed with the same analytical conditions, but using a
different binary gradient and compound in MS mode [47]. Analysis of cichoric acid was
performed in another stage of work, using the same apparatus previously described, using
a different developed procedure of liquid chromatography coupled with mass spectrometry
detection. The advantage was a high throughput determination, having a major edge of
rapid analysis m/z 293 + m/z 311, which is specific to cichoric acid. The QuantAnalysis
1.7 software (Brucker Daltonics, Darmstadt, Germany) instrumental data system was
employed for the quantification of cichoric acid using peak area and the external standard
method (R2 > 0.999) [48].

3.8. Pharmacological Evaluation
3.8.1. Experimental Animals

The experiments were performed on adult male Wistar albino rats, weighing 200–250 g.
The animals were bred in the “Iuliu Hat,ieganu” University of Medicine and Pharmacy
Animal Facility. Prior and during to the experiments, animals were housed in proper
conditions (12 h night/day cycle, temperatures of 21–22 ◦C and humidity of 50–55%), with
water ad libitum and free access to a standard pellet-based diet (Cantacuzino Institute,
Bucharest, Romania). All the animals were sacrificed by cervical dislocation at study
completion under general anaesthesia. All treatments that involved animals were in
accordance with EU Directive 2010/63/EU. The experimental design was approved by
the Institutional Animal Ethical Committee (IAEC) of the “Iuliu Hat, ieganu” University of
Medicine and Pharmacy Cluj-Napoca and by the National Sanitary Veterinary and Food
Safety Agency (no. 171/13.07.2019).

3.8.2. Protocols
The Evaluation of In Vivo Anti-Inflammatory Effects

For the evaluation of anti-inflammatory effects, 6 groups of animals (n = 5) were
used: (1)—the negative control group (CONTROL)—on day 1 received 0.9% saline solution
i.m. (6 mL/kg b.w.) and 1 mL orally by gavage, followed by daily administration of
1 mL saline solution, orally; (2)—inflammation group (TURPENTINE)—on day 1 received
i.m. turpentine oil (6 mL/kg b.w.) and 0.9% saline solution by gavage, followed by daily
administrations of saline solution 0.9% by gavage; (3)—positive control (DICLOFENAC)—on
day 1 received i.m. turpentine oil (6 mL/kg b.w.) and sodium diclofenac 10 mg/kg b.w.
orally, followed by daily administrations of diclofenac; (4)—TOT 100 group—on day 1
received i.m. turpentine oil (6 mL/kg b.w.) and 1 mL TOT 100 orally, followed by daily
administration of 1 mL TOT 100 by gavage; (5)—TOT 50 group—on day 1 received i.m.
turpentine oil (6 mL/kg b.w.) and 1 mL orally TOT 50, followed by daily administration of
TOT 50 by gavage; (6)—TOT 25 group—on day 1 received i.m. turpentine oil (6 mL/kg b.w.)
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and 1 mL orally TOT 25, followed by daily administration of 1 mL TOT 25, orally [49,50].
All treatments were performed for seven days.

The Evaluation of In Vivo Cardioprotective Effects

In order to evaluate the cardioprotective effects, pre-treatments with TOT were anal-
ysed. The animals were divided into 5 groups (n = 5): (1)—negative control (CONTROL);
(2)—isoprenaline (ISO); (3)—received TOT 100; (4)—received TOT 50 and (5)—received
TOT 25. For seven days the animals received by gavage (orally p.o. 1 mL/day) water, in
groups CONTROL and ISO, respectively, the different concentrations of TOT in groups 3, 4,
and 5 (p.o. 1 mL/day). Except the CONTROL group, on days 8 and 9 animals received
isoprenaline (subcutaneously s.c. 150 mg/kg b.w.) to induce experimental MI [30,51]. On
day 10, blood samples were collected by retro-orbital puncture under general anaesthesia
induced by a mixture of ketamine (70 mg/kg b.w.) and xilazine (10 mg/kg b.w.) [52].
Serum was separated and stored at −80 ◦C until the oxidative stress and cardiac markers
analysis. Cardiac markers, AST, ALT, and CK-MB, were assessed using commercial kits.

The Evaluation of Oxidative Stress Parameters

TOS was assessed using a colorimetric method based on the oxidation of a ferrous ion
to a ferric ion in the presence of various oxidant species [53]. The results were expressed
in µmol H2O2 equivalents/L. TAC was measured using a colorimetric assay described by
Erel and expressed as mmol Trolox equivalents/L [54]. OSI was calculated as the ratio
between TOS and TAC [55]. As a lipid peroxidation marker, MDA was determined using
the thiobarbituric acid assay. The MDA serum concentration was expressed as nM/L [56].
The serum NO concentration was assessed using the Griess reaction and expressed as
nitrite µM/L [57]. Serum total thiols were expressed as mM GSH/L and were determined
using Ellman’s reagent [58].

The NF-kB was determined using a NF-kB ELISA KIT, (ER1186, Fine Biotech, and
Wuhan, China) according to the manufacturer instructions.

3.8.3. Statistical Analysis

The statistical analysis was performed using Excel and Statistica 12.0 software. The
results are expressed as means ± standard deviation. The data were compared by using
a one-way analysis of variance (ANOVA) test and post hoc Bonferroni–Holm test. The
correlation between the parameters of the same group was assessed by Pearson’s coefficient
(r) in accordance to the Colton scale. The level of significance was established at p <
0.05. Multivariate analysis of the parameters was performed using Principal Component
Analysis (PCA). On the PCA correlation circle when two vectors are close, forming a small
angle, the two variables are positively correlated, if they meet each other at 90◦, they are
not likely to be correlated, when they diverge and form a large angle (close to 180◦), they
are negative correlated [21].

4. Conclusions

The present study was focused on the common dandelion, T. officinale, harvested
from the Romanian spontaneous flora. The polyphenolic composition revealed cichoric
acid identified in the largest amount, but others phenolic acids (protocatechuic, vanillic,
syringic, and ferulic acids), and also flavonoids (rutin, quercitrin, luteolin, and apigenin)
were present.

The tested extract (TOT) had a good influence on serum oxidative markers in rat
turpentine-induced inflammation model and also in rat ISO-induced MI (TOS, OSI, TAC,
MDA, SH, NOx, 513 NF-κB). The pharmacological effects are due to the active princi-
ples from the extract; there were identified polyphenols, but also other compounds (e.g.,
terpenes) that may be present in the tincture. These compounds determined an anti-
inflammatory effect in the tested model by lowering the oxidative stress parameters in-
volved in the pro-inflammatory cytokines signalling, based on antioxidant mechanism. The
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cardioprotective effect of the dandelion tincture was evaluated by the decreasing of the
serum cardiac injury enzymes (AST and CK-MB), but also by the diminution of the serum
oxidative stress markers levels, increased by isoprenaline in induced MI (TOS, OSI, NOx,
MDA).Through our results, we aim to set a basis for further pharmacological inquiries, to
extend indigenous medicinal plants uses to new therapeutic directions, combining safety
and efficacy.
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Abstract: Margaritaria nobilis L.f. (Phyllanthaceae), a native Brazilian tree occurring mainly in the
Amazon, is used in folk medicine for the treatment of abscesses (bark) and cancer-like symptoms
(leaves). The present study evaluates the safety of its acute oral administration and its effects on
nociception and plasma leakage. The chemical constitution of the leaf’s ethanolic extract is determined
by ultra-performance liquid chromatography–high-resolution mass spectrometry (LC-MS. Its acute
oral toxicity is evaluated in female rats at a dose of 2000 mg/kg, evaluating the occurrence of deaths
and Hippocratic, behavioral, hematological, biochemical, and histopathological changes, as well
as food and water consumption and weight gain. Antinociceptive activity is evaluated in male
mice with acetic-acid-induced peritonitis (APT) and formalin (FT) tests. An open field (OF) test
is performed to verify possible interferences in the animals’ consciousness or locomotion. LC-MS
analysis shows the presence of 44 compounds classified as phenolic acid derivatives, flavonoids
and O-glycosylated derivatives, and hydrolyzable tannins. No deaths or significant behavioral,
histological, or biochemical changes are observed in the toxicity assessment. In nociception tests,
M. nobilis extract significantly reduces abdominal contortions in APT, demonstrating selectivity for
inflammatory components (FT second phase), not interfering in neuropathic components (FT first
phase) or consciousness and locomotion levels in OF. Additionally, M. nobilis extract inhibits plasma
acetic-acid-induced leakage. These data demonstrate the low toxicity of M. nobilis ethanolic extract,
as well as its effectiveness in modulating inflammatory nociception and plasma leakage, possibly
related to the flavonoids and tannins present in its composition.

Keywords: Margaritaria nobilis; natural products; medicinal plants; toxicity; nociception; pain;
antinociceptive

1. Introduction

Treatment of inflammation and pain management is still a major challenge for global
public health. Although they are physiological processes, they are closely linked to the
genesis and evolution of numerous pathologies [1]. Therefore, adequately treating in-
flammation and pain can positively impact patients’ clinical improvement and quality of
life. This reality clarifies that analgesic and anti-inflammatory drugs are among the most
prescribed and used in many countries, except for those where traditional medicine and
medicinal plants are widely included in national public health policies [2].
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Orthodox therapy, with steroidal (SAIDs) or non-steroidal (NSAIDs) anti-inflammatory
drugs, opioids, antidepressants, antiepileptics, and sedatives, although efficient in many
cases, find limitations in a significant variety of diseases, mainly when the risks outweigh
the observed benefits [3]. In acute conditions, the need for high doses, which affect the
stomach, liver, blood, and kidneys, is the main concern, in addition to respiratory and CNS
depression, with possible cardiac changes as well [2,4]. Chronic conditions, however, which
require prolonged or even continuous use of these medications, are the most challenging.
In addition to worsening the adverse reactions already mentioned, they are associated
with the induction of metabolic and immunological disorders, tolerance, dependence, and
important behavioral impairments [3,4].

Therefore, the search for innovative therapeutic strategies, ranging from herbal medicines
to new, safer, and more effective drugs, becomes imperative. In this sense, the medicinal
culture of traditional populations proves to be an important source of information about
plant species with pharmacological potential. It also provides clues about the safety of their
use, reaffirming the value of ethnopharmacological knowledge [5].

Plant species Margaritaria nobilis L.f. (synonyms: Phyllanthus antillanus (A. Juss.) Müll.
Arg.; P. nobilis (L.f.) Müll. Arg.; P. ibonensis Rusby; Bradleia sinica Müll. Arg.; Cicca antillana
A.Juss.; C. pavoniana Baill.; C. chinensis Baill.; C. surinamensis Miq.; C. sinica Baill.; Diasperus
antillanus (A. Juss.) Kuntze; Margaritaria adelioides Rich. ex Baill.; M. alternifolia L.; among
others), popularly known as ‘botãozinho’ (little button), ‘figueirinha’ (little fig tree), ‘cabelo-
de-cotia’ (agouti hair), ‘café-bravo’ (wild coffee) and ‘fruto-de-jacamin’ (jacamin fruit),
for a long time was considered part of the genus Phyllanthus (family: Phyllanthaceae).
Recently, however, it was reclassified based on phylogenetic studies, being now placed in
the genus Margaritaria (family: Phyllanthaceae). This tree is native to Brazilian territory
and distributed in all of the region’s states, emphasizing the Amazon [6]. In traditional
medicine, its bark is cited for treating abscesses, fruits as a tonic, and leaves for treating
cancer-like symptoms [7].

There are few studies regarding the chemical constitution of M. nobilis, such as the
study by Moraes et al. [8], which addresses the phytochemical profile and leishmanicidal
activity, and the study recently published with comprehensive characterization, indicating
the presence of derivatives of phenolic acids, flavonoids, and hydrolyzable tannins [7]. In
the genus Margaritaria, the presence of phenolic derivatives, glycosylated flavonoids (M.
discoidea), and alkaloids (M. indica) has been described, together with their potential as
antioxidant, antinociceptive, and anti-inflammatory agents [9–13]. The present study, there-
fore, aims to investigate the safety of acute oral administration of M. nobilis leaves ethanolic
extract (MnE), considering behavioral, anatomical, histological, and biochemical aspects. It
also seeks to elucidate its properties on nociception and inflammatory components.

2. Results
2.1. MnE Phytochemical Composition

Through the LC-MS technique, 44 chemical compounds of the sample under study
were annotated. The chromatogram of total MnE ions can be seen in Figure 1; these
compounds were classified into three major groups: phenolic acids, flavonoids, and hy-
drolyzable tannins, which can be seen in Table 1 with information on their m/z ratio,
retention time, and their fragmentation patterns. Most of the annotated compounds are
hydrolyzable tannins, a subclass of ellagitannins.
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Figure 1. Total ion current chromatograms of Margaritaria nobilis ethanolic extract (MnE). The blue
dashed lines indicate the retention time (RT) in which the compounds were recorded, being numbered
in correspondence with Table 1.

Table 1. Compounds identified by LC-HRMS-ToF in Margaritaria nobilis ethanolic extract (MnE).

Peak RT (min) Compound Formula [M−H]−Exp. Error (ppm)

1 1.84 Gallic acid C7H6O5 169.0138 0.6
2 4.51 O-Coumaroylgalactaric acid C15H16O10 355.0661 1.1
3 4.91 O-Feruloylgalactaric acid C16H18O11 385.0766 1.3
4 5.17 Methyl gallate C8H8O5 183.0285 4.4
5 5.92 Galloyl-DHHDP-HHDP-glucose C41H28O27 951.0703 3.9
6 6.09 Galloyl-HHDP-glucose C27H22O18 633.0710 2.8
7 6.56 Galloyl-Che-HHDP-glucose Isomer I C41H30O27 953.0888 0.8
8 6.56 Trigalloyl-glucose C27H24O18 635.0866 2.8
9 6.92 p-Coumaric acid C9H8O3 163.0389 3.7
10 6.98 Quercetin 3-O-glucosyl-glucoside C27H30O17 625.1368 5.9
11 7.18 Ethyl gallate C9H10O5 197.0445 2.5
12 7.24 Phyllanthusiin C Isomer C40H30O26 925.0983 3.6
13 7.55 Ellagic acid O-xyloside C19H14O12 433.0410 0.7
14 7.67 Quercetin 3-O-xylosyl-glucoside C26H28O16 595.1321 3.7
15 7.84 Quercetin 3-O-rhamnosyl-glucoside C27H30O16 609.1427 4.8
16 7.87 Ellagic acid O-rhamnoside C20H16O12 447.0585 4.7
17 7.96 Galloyl-Che-HHDP-glucose Isomer II C41H30O27 953.0904 0.8
18 8.01 Ellagic acid C14H6O8 300.9972 4.0
19 8.39 Digalloyl-HHDP-glucose C34H26O22 785.0847 1.3
20 8.39 Methyl neochebulagate Isomer C42H34O28 985.1155 0.3
21 8.62 Quercetin 3-O-glucoside Isomer I C21H20O12 463.0890 2.8
22 8.73 Excoecariphenol C Isomer C37H30O24 857.1077 3.3
23 8.73 Tetragalloyl-glucose C34H28O22 787.0977 2.2
24 8.76 Kaempferol 3-O-rhamnosyl-glucoside C27H30O15 593.1528 3.7
25 8.87 Kaempferol 3-O-xylosyl-glucoside C26H28O15 579.1376 4.0
26 8.87 Quercetin 3-O-glucoside Isomer II C21H20O12 463.0898 4.5
27 8.93 Di-O-Methyl ellagic acid O-glucoside C22H20O13 491.0852 5.3
28 9.41 Quercetin 3-O-rhamnosyl-xyloside C26H28O15 579.1350 0.0
29 9.61 Quercetin 3-O-xyloside C20H18O11 433.0765 1.4
30 9.70 Kaempferol 3-O-glucoside Isomer I C21H20O11 447.0935 1.8
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Table 1. Cont.

Peak RT (min) Compound Formula [M−H]−Exp. Error (ppm)

31 9.95 Galloyl-HHDP-di-deoxyglucose C27H24O16 603.0945 6.8
32 10.15 Trigalloyl-dideoxyglucose C27H24O16 603.1013 4.5
33 10.24 Kaempferol 3-O-glucoside Isomer II C21H20O11 447.0914 2.9
34 10.61 Kaempferol 3-O-rhamnosyl-xyloside C26H27O14 563.1431 5.3
35 10.69 Kaempferol 3-O-xyloside C20H18O10 417.0836 3.4
36 10.78 Methylellagic acid O-rhamnoside C21H18O12 461.0736 3.5
37 11.01 Phyllanthusiin A Isomer C41H28O27 951.0743 0.3
38 12.10 Trigalloyl-HHDP-glucose C41H30O26 937.0962 1.6
39 12.29 Phyllanthusiin U Isomer C40H28O26 923.0801 1.1
40 14.00 Quercetin C15H10O7 301.0334 4.7
41 14.91 Methylquercetin 3-O-glucoside C22H22O12 477.1018 3.1
42 16.91 Kaempferol C15H10O6 285.0399 0.0
43 18.14 Galloyl-Cinnamoyl-HHDP-glucose C36H28O19 763.1154 0.9
44 19.04 Tri-O-methyl ellagic acid C17H12O8 343.0450 1.2

2.2. MnE Acute Oral Toxicity
2.2.1. MnE Does Not Change Hippocratic Signs, Motor Behavior, or Emotionality, or
Cause Deaths

No significant changes in Hippocratic markers were observed in the four hours (15,
30, 60, and 240 min) following oral administration of MnE (2000 mg/kg), as well as in
the 14 subsequent days. Similarly, oral administration of the extract did not alter motor
parameters, such as total ambulation (6.72 ± 1.48 m; p = 0.960; Figure 2A) and locomotion
speed (0.023 ± 0.005 m/s; p = 0.932; Figure 2B), or emotionality, such as freezing time
(220.78 ± 14.93 s; p = 0.619; Figure 2C) and locomotion in the central area (0.29 ± 0.10 m;
p = 0.928; Figure 2D) in the open field test, when compared to control animals (total
locomotion = 6.84 ± 1.50 m; speed = 0.023± 0.005 m/s; freezing = 232.35 ± 16.39 s; central
locomotion = 0.27± 0.11 m). No deaths were observed during the entire toxicity test period.
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Figure 2. Effects of Margaritaria nobilis leaf’s ethanolic extract (MnE) acute oral administration
(2000 mg/kg) on rats’ behavior in open field test, considering (A) total locomotion, (B) average
locomotion speed, (C) freezing time, and (D) central locomotion. Data are presented as mean ± SEM
(n = 5/group). Student’s t-test.
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2.2.2. MnE Does Not Alter Water or Feed Consumption, Weight Gain, or Organ Histology

Animals treated with MnE (2000 mg/kg; v.o.) showed feed and water consumption
patterns equivalent to those observed in the control group (Figure 3A,B), as well as weight
gain. No changes in morphology, color, or size were observed during macroscopic analysis
of the heart, liver, stomach, and kidneys.
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Figure 3. Effects of Margaritaria nobilis leaf’s ethanolic extract (MnE) on daily (A) feed and (B) wa-
ter intake in the 14 days following the acute limit dose (2000 mg/kg) administration and (C) on
the relative organ-body weights on the 14th day. Data expressed as mean ± SEM (n = 5/group).
(A) Friedman test; (B) one-way RM-ANOVA; (C) Student t-test (* p < 0.05 vs. control group).

The stomach (1.427± 0.024 g/100 g b.w.; p = 0,00316) and kidney (L—0.610± 0.015 g/100
g b.w.; p = 0,00362; R—0.614± 0.015 g/100 g b.w.; p = 0,00303) relative weights of the animals
treated with MnE were higher than the control group (stomach—1.256± 0.033 g/100 g b.w.;
L kidney—0.521± 0.016 g/100 g b.w.; R kidney—0.519± 0.017 g/100 g b.w.). The heart and
liver have relative weights equivalent to controls (Figure 3C). The histological evaluation
did not reveal alterations indicative of toxicity, with histological normality being identified
in all kidney and heart samples. Some animals (two controls and three treated) had mild
chronic superficial gastritis not associated with acute treatment. The glandular and non-
glandular regions of the stomach showed histological normality. Liver tissue, in general,
was preserved, with histological normality. In some animals treated with MnE, the discreet
presence of cytoplasmic vacuoles was observed but without repercussions for cell function
(Figure S1).

2.2.3. MnE Does Not Interfere with the WBC or Liver and Kidney Function Markers

MnE limit dose (2000 mg/kg; v.o.) administration did not change the leukogram of
the animals (Table 2). Both groups had normocytic and normochromic red blood cells and
no changes were observed in platelets. In addition, no changes were observed in the liver
(AST and ALT; Figure 4A) and renal (urea and creatinine; Figure 4B) function markers,
which showed plasma concentration equivalent to the control group.

Table 2. Effects of Margaritaria nobilis leaf’s ethanolic extract (MnE) acute oral administration
(2000 mg/kg) on differential leukocyte count. Data presented as mean ± SEM (n = 4–5/group).
Student’s t-test.

Leukocytes Control (%) MnE 2000 mg/kg (%) p

Segmented neutrophils 37.50 ± 0.64 33.60 ± 2.09 0.153
Banded neutrophils 0.50 ± 0.29 0.20 ± 0.20 0.407

Lymphocytes 59.50 ± 1.19 64.40 ± 2.48 0.147
Monocytes 2.50 ± 0.65 1.80 ± 0.37 0.356
Basophils 0.00 ± 0.00 0.00 ± 0.00 1.000

Eosinophils 0.00 ± 0.00 0.00 ± 0.00 1.000
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Figure 4. Effects of acute oral administration of Margaritaria nobilis ethanolic extract (MnE)
(2000 mg/kg) on (A) alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity;
and (B) urea and creatinine serum concentrations. Data expressed as mean ± SEM (n = 5/group).
Student’s t-test.

2.3. MnE Antinociceptive and Antiinflamatory Activity
2.3.1. MnE Reduces ACA-Induced Abdominal Writhing and Plasma Leakage

Intraperitoneal administration of ACA (0.6%) produced 67.57 ± 3.33 writhes in the
observation interval. The lowest MnE dose (200 mg/kg, v.o.), despite reducing the average
of writhing (48.33 ± 10.54), did not present a statistically significant effect (p = 0.219). Doses
of 400 and 800 mg/kg, on the other hand, reduced acetic-acid-induced writhing by 64.73%
(23.83 ± 8.14; p = 0.001) and 72.87% (18.33 ± 8.76; p < 0.001), respectively, showing an effect
like the indomethacin (10 mg/kg; 19.14 ± 2.56) (Figure 5A) and with an estimated median
effective dose (ED50) of 338.298 mg/kg (r2 = 0.882) (Figure 5B).

Regarding proteins concentration in peritoneal fluid, the ACA (0.6%; ip.) adminis-
tration increased it by around 144% (0.996 ± 0.065 mg/mL; p = 0.01) compared to the
white group (0.408 ± 0.02 mg/mL), which did not receive ACA. Treatment with MnE at
200 mg/kg reduced the mean protein concentration (0.540 ± 0.105 mg/mL), but its effect
was not statistically significant (p = 0.087) when compared to the ACA group. The dose of
400 mg/kg reversed the ACA-induced damage by 59.43% (0.404± 0.044 mg/mL; p = 0.003),
showing an effect like indomethacin (10 mg/kg; 0.624± 0.044 mg/mL). At 800 mg/kg, MnE
reduced the elevation in peritoneal fluid protein levels by 63.33% (0.365 ± 0.019 mg/mL;
p < 0.001), showing an effect superior (p = 0.022) to that produced by the standard drug
(Figure 5C).
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Figure 5. Effect of Margaritaria nobilis ethanolic extract (MnE) (200, 400, and 800 mg/kg; v.o.)
on (A) acetic acid (0.6%)-induced abdominal writhing, with (B) identification of its median ef-
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(A: n = 6–7/group; B: 5–6/group). ++ p < 0.01 vs. WHITE; * p < 0.05, ** p < 0.01, *** p< 0.001 vs. ACA;
(ANOVA, Dunnett’s test).

2.3.2. MnE Reduces the Nociception in the Inflammatory Phase of the Formalin Test

Treatment with MnE (400 mg/kg; v.o.; 82.33 ± 14.96 s) did not interfere with formalin-
induced licking time (83.33 ± 14.87 s; p = 0.998) during the neuropathic phase. In the
inflammatory phase, on the other hand, MnE (400 mg/kg; v.o.; 129.17± 12.29 s) significantly
reduced the licking time of the animals compared to the control group (171.67 ± 14.85 s;
p = 0.031) (Figure 6A).

Additionally, the treatment with MnE (400 mg/kg; 19.06 ± 3.15 m) did not interfere
with the locomotor capacity or exploration of the animals, when compared to the control
group (17.69 ± 2.27 m; p = 0.809), excluding possible interferences in antinociceptive tests,
such as sedation or motor impairment (Figure 6B).
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Figure 6. Effect of Margaritaria nobilis ethanolic extract (MnE) (200, 400, and 800 mg/kg; v.o.) on
(A) neuropathic and inflammatory nociception in formalin test (B) and total locomotion in the open
field. Data expressed as mean ± SEM (A: n = 6/group; B: n = 7/group). * p < 0.05, *** p < 0.001
vs. ACA; ((A) ANOVA, Dunnett’s test; (B) Student t-test).

3. Discussion

The present study demonstrates for the first time that MnE (ethanolic extract of M.
nobilis leaves) has low toxicity when orally administered in an acute pattern, as well as
its ability to modulate nociception, possibly by peripheral mechanisms related to inflam-
mation, and to inhibit plasma leakage. Such effects are probably related to its secondary
metabolites identified by our group, such as flavonoids, hydrolyzed tannins, and pheno-
lic acids. We described the annotation of 44 phytoconstituents (Table 1) present in the
MnE [7]. On this aspect, the metabolic annotation has expedited the clarification of the
chemical-pharmacological signature of complex matrices, without ignoring the unequiv-
ocal identification that may allow bioactivity of greater magnitudes [14]. Thus, because
some of these compounds are structural scaffolds for promising pharmacological segments,
we contend that they may explain the observed activities interactively, such as gallic acid
derivatives (1), quercetin O-glycosylated derivatives (40), and similar compounds (10, 14,
15, 21, 26, 28, 29, and 41), kaempferol (42) and its glycosylated derivatives, ellagitannins
(analogs of 5–7, 17, 31, 38, and 48), and gallotannins (analogs of 8, 23, and 32).

However, research on the efficacy of natural products with therapeutic potential must
be preceded by an investigation of the safety of their administration [15]. Secondary
metabolites present in numerous genera are extremely important for their biological bene-
fits, but their toxic capacity becomes a limiting factor for the use because of their risk [16].
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In this sense, the present study is based on OECD guideline 425 and resolution nº 90 of the
Brazilian health surveillance agency (ANVISA), which deals with the tests necessary for
the registration of herbal medicines [17,18]. A limit dose (2000 mg/kg) of MnE was then
administered orally, with subsequent evaluation of behavioral, physiological, anatomical,
histological, and biochemical markers of toxicity.

Considering the lethality parameter, the limit dose administration did not cause
immediate deaths over the 14 days of observation, suggesting the relative safety of the
natural product. This observation is reinforced by the lack of physiological or behavioral
changes that would indicate toxicity. Animals orally treated with MnE did not show
changes in nutritional behavior or Hippocratic signs, nor in locomotion and emotionality
parameters, evaluated in the open field. Such observations indicate that the extract, even in
high doses, does not interfere with vital physiological functions, such as feeding, hydration,
and weight gain, or alter the animals’ consciousness, mobility, and emotionality [19,20].

Even at therapeutic levels, several analgesic or anti-inflammatory drugs promote
significant changes in the heart, stomach, liver, and/or kidneys, a feature that often limits
the dose or duration of treatment [21,22]. The macroscopic and histological evaluation
of these organs showed the absence of lesions when using the limit dose. These findings
were reinforced by the absence of changes in biochemical markers, such as ALT, the most
specific indicator of hepatocellular injury, AST, which can reveal lesions in the liver but
also in other tissues, and urea and creatinine, markers of renal injury [15]. Similarly, the
administration of the MnE limit dose did not promote hematological alterations. Given
these findings and following OECD guidelines [17], MnE can be classified as a low-toxicity
xenobiotic, with an estimated LD50 greater than 2000 mg/kg. Based on this classification,
the evaluation of bioactive properties started with a dose of 200 mg/kg, corresponding
to 10% of the dose tested in the toxicity assay, being adjusted based on the response, also
testing doses of 400 and 800 mg/kg.

Initially, the MnE antinociceptive property was evaluated in the acetic-acid-induced
peritonitis model, a classic test with high sensitivity, useful for screening drugs with
antinociceptive potential. Intraperitoneal administration of acetic acid triggers local non-
selective activation of cation channels, peritoneal membrane irritation, mast cells, and
macrophages activation, the elevation of proinflammatory enzyme (nitric oxide synthase,
cyclooxygenase, etc.) and mediator (cytokines, prostanoids, leukotrienes, bradykinin, sero-
tonin, nitric oxide, etc.) levels [23]. The installed inflammatory process activates visceral
nociceptors, causing primary hyperalgesia and intense nociception, manifested in the form
of abdominal writhing [24,25]. Due to its characteristics, acetic-acid-induced peritonitis
is sensitive to drugs capable to modulate inflammatory mechanisms of nociception, such
as NSAIDs, although its nociception is also inhibited by other types of agents, such as
opioids and antispasmodics [23,26]. Our trials demonstrated that MnE, at doses of 400
and 800 mg/kg, reduced by ~65% and ~73%, respectively, the acetic-acid-induced inflam-
matory nociception, with an estimated ED50 of 338.298 mg/kg, suggesting a potential for
inflammatory pathways modulation, especially prostaglandins and nitric oxide.

A second consequence of acetic-acid-induced acute peritonitis is vasodilatation and
increased vascular permeability, related to mediators such as histamine, prostaglandins,
and nitric oxide. This condition favors the migration of leukocytes and plasma proteins
to the peritoneal cavity [27]. In fact, in our tests, a great increase (~144%) in protein
concentration was observed in the peritoneal fluid of animals administered with acetic acid.
Treatment with MnE, mainly at doses of 400 and 800 mg/kg, completely inhibited plasma
extravasation, promoting peritoneal protein concentrations equivalent to those of animals
that were not injected with acetic acid (white group), reinforcing its ability to modulate
inflammatory mechanisms such as vascular relaxation, diapedesis, and plasma leakage,
which is associated with the elevation of interleukins, prostaglandins, and nitric oxide,
potential targets of MnE action [28].

Next, the formalin test was carried out to evaluate MnE influences on peripheral
and central components of nociception, since the intraplantar injection of formalin (2.5%)
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induces a characteristic biphasic nociceptive process. In the first 5 min, the nociception
observed is due to direct stimulation of sensory terminals, corresponding to the neuropathic
component of the test. In this phase, the modulation of nociception has been linked
mainly to drugs capable of interfering with neural mechanisms that conduct the noxious
stimulus, such as opioids, anticonvulsants, and antidepressants, among others [23,27,29].
MnE did not promote alterations in the neuropathic component of formalin-induced
nociception, indicating that its constituent probably does not act on nervous components.
A 10-minute hiatus is observed in the formalin test, which is followed by a new period
(15–30 min) of nociceptive manifestation, now caused by an inflammatory process triggered
by formalin aggression, which involves prostaglandins, histamine, serotonin, and NO
and plasma leakage [29,30]. MnE (400 mg/kg) significantly reduced formalin-induced
inflammatory nociception.

Some of the secondary metabolites annotated by our group in the sample under study,
such as ellagic acid, p-coumaric acid, and quercetin 3-O-xyloside, have been attributed to
antioxidant activity, with the ability to scavenge reactive oxygen species. Ellagic acid is also
capable of positively modulating Nrf2, a key mediator in the regulation of oxidative bal-
ance [30–33]. Oxidative stress and inflammation are closely related, as the overproduction
of reactive oxygen and nitrogen species intrinsically participates in the cellular and humoral
response, also influencing the inflammatory mechanisms of pain [30]. Furthermore, ellagic
acid, gallic acid, methyl gallate, p-coumaric acid, quercetin 3-O-xyloside, quercetin, and
kaempferol have also demonstrated important anti-inflammatory activity, related to the
suppression of synthesis and release of pro-inflammatory cytokines (e.g., IL-1β, IL-6, IL-17,
TNFα, INFγ) and elevation of anti-inflammatory cytokines (e.g., IL-4, IL-10) and to the
reduction in expression and activity of pro-inflammatory enzymes (e.g., COX-2, iNOS)
and mediators (e.g., PGE2, NO), in addition to the ability to modulate nuclear factor kB
(NF-kB), a key element in the inflammatory response regulation, attributed to p-coumaric
acid [30,32–40].

Such observations, in association with our findings, reinforce the thesis that the
reduction in acetic-acid- and formalin-induced nociception and acetic-acid-induced leakage
promised by MnE is due to the modulation of pain inflammatory components, possibly
a product of the synergistic action of its metabolites. We cannot, however, rule out other
accessory mechanisms, such as antihistamine, antispasmodic or adrenergic activity, which
should be explored in future essays. The other compounds annotated by our group, which
lack studies on their biological properties, should also be explored. The present study,
by exposing the phytochemical profile of MnE, annotating 44 constituent substances, and
demonstrating its low acute toxicity and antinociceptive potential, paves the way for new
studies on the medicinal use of M. nobilis, expanding knowledge about the safety of its use,
considering repeated administrations in a subchronic or chronic pattern, its antioxidant
and anti-inflammatory properties, and underlying mechanisms—both of its extracts and
the molecules identified.

4. Materials and Methods
4.1. Chemicals and Reagents

In the present study, all reagents were of analytical grade. As an extraction solvent,
99% absolute ethanol was used (Exodus Scientific, São Paulo, SP, Brazil). Ultrapure water,
acetonitrile, and concentrated formic acid solution, obtained from Merck (Darmstadt,
Germany), were used to prepare the mobile phase and solubilize the sample for LC-MS
analyses. The dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA), ALT, AST,
urea, and creatinine assay kits was from VIDA (Belo Horizonte, MG, Brazil). The acetic acid
was from (ACA) and formaldehyde from (Vetec Química Fina, Rio de Janeiro, RJ, Brazil),
the indomethacin from (Sigma-Aldrich, St. Louis, MO, USA) and morphine sulfate from
(Cristália, Rio de Janeiro, RJ, Brazil).
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4.2. Plant Collection and Extract Preparation Protocol

Leaf samples of M. nobilis (~1 kg) were collected at 1◦02′08′′ S and 46◦49′41′′ W
(forest region of Bragança-PA, Brazil), identified by botanist Nascimento, E.A.P. (Brazilian
Company of Agricultural Research—EMBRAPA), and a voucher specimen was deposited
in its IAN herbarium (registration nº 191496).

Botanical material was washed, dried in a circulating oven (45 ◦C) until constant
weight, and then pulverized in a ball mill (Fritsch, Idar-Oberstein, Germany). The semi-fine
powder (60–100 µm) obtained was subjected to two sequential 24 h cycles of extraction
with ethanol (99%; 4 L for each 1.0 kg of powder). The extract was concentrated in a rotary
evaporator (Büchi, Flawil, Germany) and dried in an oven (40 ◦C) until constant weight.

4.3. Phytochemical Analysis

Metabolic characterization of MnE was obtained using a liquid chromatography sys-
tem coupled to a time-of-flight mass spectrometer and triple quadrupole analyzer (model
UPLC-QTf Xevo G2-S™, Waters, Milford, MA, USA). The chromatographic separation
method was a 30 min gradient elution (0–2 min, 10–20% B; 2–30 min, 20–50% B). A 2 µL
aliquot of the extract (3 mg.mL−1) was eluted on a BEH C18 column (Waters, Wexford,
Ireland; 50 × 2.1 mm i.d., particle size 1.7 µm) at 40 ◦C and under a flow of 0.3 mL/mL
of ultrapure water (solvent A) and acetonitrile (solvent B) + 0.1% (v/v) formic acid. The
analyzed ionization mode was negative with a mass range of 100 to 1200 m/z and a scanning
interval of 0.1 s. The source was maintained at 120 ◦C and the gas flow was adjusted to
50 L.h−1. The desolvation gas was set to 800 L.h−1 and 450 ◦C. The capillary voltage was
set at 2.0 kV with cone voltage at 80 V. Data acquisition and processing was performed by
MassLynx software licensed from Waters®.

4.4. Animals

Female Wistar rats (150–200 g) and male mice (25–30 g) were provided by the Federal
University of Pará (UFPA) vivarium. They were kept in a standardized environment,
with exhaustion, acclimatization (22 ± 1 ◦C) and light cycle (light 6 a.m. to 6 p.m.), in
polypropylene cages (39 × 32 × 16 cm; up to five/box). Water and food were available ad
libitum [39]. The experimental protocols were approved by the UFPA ethics committee
(protocol nº 9568260617) and performed in a sound-attenuated laboratory under low-
intensity light (12 lux), between 12:00 a.m. and 5:00 p.m.

4.5. Drug Solutions and Administration

MnE was solubilized in saline solution added with 4% DMSO. Standard drugs were
dissolved in 0.9% saline. ACA and formaldehyde were dissolved in distilled water. So-
lutions were prepared with an administration pattern according to body weight (mice:
0.1 mL/10 g; rats: 0.1 mL/100 g). The oral (v.o.; gavage—MnE and indomethacin), sub-
cutaneous (sc.—morphine), intraperitoneal (ip.—ACA), and intraplantar (formaldehyde)
routes were adopted.

4.6. Acute Oral Toxicity
4.6.1. Treatment and Hippocratic Screening

The toxicity study was conducted by Guidelines for Testing Chemicals nº 425 of the
Organization for Economic Cooperation and Development (OECD) and resolution 90 of
the Brazilian health surveillance agency [18,41]. Therefore, female rats (five/group) were
treated with 0.9% saline added with 4% DMSO (control) or a limit dose (2000 mg/kg)
of MnE.

Manifestation of signs of toxicity and death was then evaluated, as described by
Malone (1977) [42], at intervals of 0, 15, 30, 60, and 240 min after administration, and daily
thereafter for 14 days. Animals’ weights, as well as the consumption of water and feed,
were recorded daily too. The rats were euthanized by cervical dislocation under anesthesia
at the end of the evaluation period. Blood samples were then collected by a ventricular
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puncture for hematological and biochemical assays. Heart, liver, stomach, and kidneys were
collected for relative weight and macroscopic and histological characteristics evaluations.

4.6.2. Open Field Test (OF)

The open field test was performed 4 h after MnE limit dose (2000 mg/kg) administration
to evaluate possible harmful effects on mobility and emotionality. For that, animals were posi-
tioned individually in the center of a square arena (width 100 × depth 100 × height 40 cm),
the spontaneous locomotion being evaluated for 5 min [19]. The experiment was recorded
by a cam positioned above the arena. Total locomotion, locomotion speed, freezing time,
and locomotion in the center of the arena were evaluated using ANY-maze® (Stoelting Co.,
Wood Dale, IL, USA) software.

4.6.3. Blood Count

Differential leukocyte counts and evaluation of possible abnormalities in red blood
cells, leukocytes, and platelets were performed using the blood smear technique. Therefore,
smears were prepared immediately after blood collection by the wedge method [43]. The
evaluation was performed using an optical microscope (Nikon Eclipse E200, Melville,
NY, USA).

4.6.4. Biochemical Assays
Sample

Blood samples were subjected to centrifugation (10 min at 1400× g) for plasma separa-
tion, which was used for alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) activity determination and urea and creatinine concentration.

Hepatic Function Assays

Alanine Aminotransferase (ALT) Activity
Determined through the reaction between pyruvate, formed by the transfer of amino

groups from alanine to ketoglutarate, catalyzed by ALT, and NADH, forming L-lactate
and NAD+, catalyzed by lactate dehydrogenase (LDH). ALT catalytic concentration (U/L)
was determined from the rate of consumption of NADH, measured by spectrophotometry
(λ = 340 nm) [44,45].

Aspartate Aminotransferase (AST) Activity
Determined through the reaction between oxaloacetate, formed by the transfer of

amino groups from aspartate to ketoglutarate, catalyzed by AST and NADH, forming L-
malate and NAD+, catalyzed by malate dehydrogenase (MDH). AST catalytic concentration
(U/L) was determined from the rate of NADH consumption, measured by spectrophotom-
etry (λ = 340 nm) [45,46].

Kidney Function Assays

Creatinine
Serum creatinine was determined by its reaction with picric acid (Jaffe reaction),

which forms a yellowish-red chromogen whose intensity, measured by spectrophotometry
(λ = 510 nm), is proportional to its concentration (mg/dL) [47].

Urea
Urea concentration was measured in serum, based on the reaction between ammo-

nia, formed by hydrolysis of urea in an aqueous medium, with alpha-ketoglutarate and
NADH, catalyzed by glutamate dehydrogenase (GLDH), which forms glutamate and
NAD+. NADH consumption, measured by spectrophotometry (λ = 340 nm), is propor-
tional to urea concentration [48].

4.6.5. Histopathological Analysis

The heart, liver, stomach, and kidneys were weighed, fixed in buffered formalin
(10%), and embedded in paraffin. Sections of 5 µm (thick) were then obtained, which were
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subjected to an alcohol-xylene series and mounted on slides. Staining was performed with
hematoxylin and eosin (H&E), and the examination was made under an optical microscope
(Nikon Eclipse E200).

4.7. Antinociceptive Activity
4.7.1. Acetic-Acid-Induced Peritonitis

Based on the Koster et al. (1959) [49] model, cavity inflammation was induced by ip
injection of ACA (0.6% v/v) in mice (n = 7/group) pretreated (60 min) with saline added
4% DMSO (Control); MnE increasing doses (200, 400, and 800 mg/kg) or indomethacin
(INDO, 10 mg/kg). Nociception was then measured by the number of writhes manifested
between 10 to 30 min after ACA administration.

After euthanasia by cervical dislocation under anesthesia, 3 mL of saline was injected
into the peritoneal cavity of the animals. Peritoneal wash was collected, and protein
concentration (mg/mL) was measured by Lory’s (1951) method [50], as an indirect marker
of plasma leakage. A group that was not given ACA (white) was added to determine
baseline protein concentrations.

4.7.2. Formalin Test (FT)

To assess the participation of neural and/or inflammatory processes, biphasic nocicep-
tion was induced by plantar injection (sc; right hind paw) of 20 µL of formalin (0.92%) [51]
of mice pretreated (60 min) with saline added 4% DMSO (Control), MnE (400 mg/kg), or
morphine (4 mg/kg). Morphine was administrated 30 min before the noxious stimulus.

Nociception was measured through the time expended licking the formalin-injected
paw, being evaluated in two phases: phase I (0–5 min), neuropathic nociception, which is
triggered by direct stimulation of sensory terminals by formalin; and phase II (15–30 min)
is inflammatory nociception, generated by the consequent inflammatory process [22].

4.7.3. Open Field (OF) Test

To verify possible effects on consciousness or mobility that could compromise the
animal’s performance submitted to formalin test, control and MnE groups were evaluated
in the open field, as described above, 5 min before exposure to the noxious stimulus.

4.8. Statistical Analysis

Data are presented by the mean± standard error of the mean (SEM). The Shapiro–Wilk
method was applied to evaluate the data distribution. Difference between groups with
Gaussian distribution was evaluated by Student’s t-test, one-way ANOVA, followed by
Dunnett’s test, or one-way RM-ANOVA, followed by Holm Sidak’s test. Groups with a
non-Gaussian distribution were evaluated using Mann–Whitney’s test; Kruskal–Wallis’s
test followed by Dunn’s test or Friedman’s test. We considered statistically significant the
differences with p < 0.05.

5. Conclusions

In summary, our results present the chromatographic profile of MnE (ethanolic extract
of M. nobilis), identifying 44 secondary metabolites, classified as phenolic acids, flavonoids,
and hydrolyzed tannins. We demonstrate that its LD50 for acute oral administration is
above 2000 mg/kg, being classified as a low-toxicity xenobiotic. It also shows its activity
in reducing nociception, as well as inhibiting plasma extravasation, both associated with
inflammatory processes, which probably involves the ability of its secondary metabolites,
such as ellagic acid, gallic acid, methyl gallate, p-coumaric acid, quercetin 3-O-xyloside,
quercetin, and kaempferol, to reduce the synthesis and/or release of inflammatory enzymes
and mediators, such as COX-2, iNOS, cytokines, prostanoids, and NO, in addition to in-
creasing the production of anti-inflammatory cytokines and presenting antioxidant activity.
We hypothesize, therefore, that the MnE antinociceptive and plasma leakage inhibition
properties are the product of the synergistic action of its constituents, still considering
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that several of the substances annotated in the MnE still need to have their properties
elucidated, as well as other mechanisms to be explored, which should compose future
investigations. The present study, therefore, highlights the potential of this Amazonian
species for the development of therapeutic agents devoted to the treatment of painful and
inflammatory conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16050689/s1, Figure S1: Histological evaluation of the stomach,
kidney, liver, and heart of rats acutely treated with MnE limit dose.
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Abstract: Novel treatments for autoimmune hepatitis (AIH) are highly demanded due to the limita-
tions of existing therapeutic agents. Costunolide is a promising candidate due to its anti-inflammatory
and hepatoprotective function, but its effect in AIH remains obscure. In this study, we integrated
network pharmacology and experimental validation to reveal the effect and mechanism of costuno-
lide in AIH. A total of 73 common targets of costunolide and AIH were obtained from databases.
Pathway enrichment analysis indicated that PI3K-AKT pathway was the core pathway of costunolide
in AIH. Protein–protein interaction network analysis and molecular docking revealed that SRC and
IGF1R might play critical roles. In two murine AIH models, costunolide significantly attenuated
liver injury, inflammation, and fibrosis reflected by the liver gross appearance, serum transaminases,
necrosis area, spleen index, immune cell infiltration, and collagen deposition. Western blot and
immunohistochemistry confirmed that phosphorylated AKT, SRC, and IGF1R were upregulated in
AIH models, and costunolide administration could inhibit the phosphorylation of these proteins. In
summary, costunolide significantly ameliorates murine AIH. The therapeutic effect might work by
suppressing the activation of PI3K-AKT pathway and inhibiting the phosphorylation of SRC and
IGF1R. Our research reveals the potent therapeutic effect of costunolide in AIH and the potential
role of SRC and IGF1R in AIH for the first time, which may further contribute to the novel drug
development for AIH and other autoimmune diseases.

Keywords: costunolide; autoimmune hepatitis; network pharmacology; immune-mediated liver injury;
PI3K-AKT; SRC; IGF1R

1. Introduction

Autoimmune hepatitis (AIH) is a chronic inflammatory liver disease due to immune-
mediated destruction of hepatocytes. The etiology of AIH involves the interaction of both
genetic background and environmental triggers, which is not entirely understood. Its patho-
physiological processes are believed to involve specific genetic traits, molecular mimicry,
impaired immunoregulatory mechanisms, etc. [1]. AIH is characterized biochemically
by the elevation of serum transaminase, serologically by the presence of autoantibodies
and elevated immunoglobulin G (IgG) levels, and histologically by interface hepatitis [2].
It occurs worldwide in all ethnicities, affecting all ages with distinct female preponder-
ance [2]. Although most patients respond well to the standard immunosuppressive therapy
of steroids and azathioprine, insufficient response and intolerable side effects occur in
10–20% of patients [3]. Long-term or uncontrolled AIH may lead to progressive fibrosis,
cirrhosis, liver failure, and even hepatocellular carcinoma [4]. Therefore, identification of
novel therapeutic drugs and clarifying the underlying mechanism is of great significance
for the treatment of AIH.

Traditional Chinese medicine (TCM) and natural products may provide some new
options for the drug discovery of AIH [5]. Costunolide (COS) is a well-known sesquiter-
pene lactone in the germacranolides series isolated from Aucklandiae Radix (Mu Xiang
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in Chinese). Numerous preclinical studies have indicated that costunolide possesses antiox-
idative, anti-inflammatory, antiallergic, anticancer, and antidiabetic properties [6]. Remarkably,
costunolide exerts a powerful anti-inflammation effect in multiple immune-related diseases such as
carrageenan-induced paw edema and lung inflammation, ethanol-induced gastric ulcer, lipoteichoic
acid-induced acute lung injury, and dextran sulfate sodium (DSS)-induced murine colitis [7–12].
Meanwhile, costunolide exhibits a hepatoprotective effect against lipopolysaccharide and D-
galactosamine-induced acute liver injury and alcoholic liver injury [13,14]. It also ameliorates
liver fibrosis in vitro and in vivo [15]. However, the effect of costunolide in AIH remains obscure.

Network pharmacology was proposed by integrating network biology and polyphar-
macology [16]. It is capable of describing complexities among biological systems, drugs, and
diseases from a network perspective, which has been applied in many studies to explore the
molecular mechanism of drugs [17–21]. In this study, we investigated the effect of costunolide
in two murine models of AIH: Concanavalin A (ConA)-induced acute immune-mediated
hepatitis and human Cytochrome P4502D6 (CYP2D6) plasmid injection-induced chronic au-
toimmune hepatitis [22]. In addition, we integrated network pharmacology with experimental
validation to clarify underlying mechanisms. Our research indicates that costunolide might be
a potential option for the therapy of AIH. The flow chart of this research is shown in Figure 1.
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Figure 1. Flow chart of research. Detailed procedures of analysis are described in Materials and Methods.
Briefly, AIH-related targets were collected from DisGeNET and GeneCards. The potential targets of costunolide
were obtained from SwissTargetPrediction and PharmMapper. The potential targets of costunolide in AIH
were generated by taking intersection of targets above. KEGG and GO enrichment analysis were performed
using DAVID and Metascape. STRING database and Cytoscape were used for the construction of PPI network
analysis. The docking between costunolide and key targets were conducted by PyMol and AutoDock. In vivo
experiments were performed to verify the effect of costunolide on AIH and its underlying mechanism.
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2. Results
2.1. Identification of the Potential Targets of Costunolide in AIH

Costunolide is a lactone compound isolated from Aucklandiae Radix. The two-
dimensional (2D) structure of costunolide is shown in Figure 2a. The pharmacological and
molecular properties of costunolide are shown in Table 1. Costunolide shows good oral
bioavailability (OB) and high drug likeness (DL) in both the Traditional Chinese Medicine
Systems Pharmacology Database and Analysis Platform (TCMSP) and SwissADME.
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Figure 2. Potential targets of costunolide in AIH: (a) 2D structure of costunolide (PubChem Identi-
fier: CID 5281437 https://pubchem.ncbi.nlm.nih.gov/compound/5281437#section=2D-Structure
(accessed on 26 February 2022)), (b) Venn diagram of intersecting targets of costunolide and AIH.

Table 1. Pharmacological and molecular properties of costunolide.

MW AlogP Hdon Hacc OB (%) Caco-2 (nm/s) BBB DL FASA- TPSA RBN

232.35 4.02 0 2 29.07 1.28 1.42 0.11 0.36 26.30 0

Abbreviations: MW, molecular weight; AlogP, low lipid/water partition coefficient; Hdon, hydrogen bond donors;
Hacc, hydrogen bond acceptors; OB, oral bioavailability; Caco-2, Caco-2 permeability; BBB, blood brain barrier;
DL, drug likeness; FASA-, fractional water accessible surface area of all atoms with negative partial charge; TPSA,
topological polar surface area; RBN, rotatable bonds number. The molecular and pharmacological properties data
of costunolide were obtained from TCMSP [23] and SwissADME [24].

From SwissTargetPrediction, we got 33 potential targets, and we retrieved 174 targets
from PharmMapper. After merging data, removing duplicates, and confirming in UniProt,
we got 200 potential targets of costunolide. Using the search word “autoimmune hepatitis”,
we obtained 190 related genes in DisGeNET and 1183 genes which score >5 in GeneCards.
After merging and removing duplicates, we obtained 1252 genes related to AIH. Via
intersecting targets of costunolide and AIH-related genes, we obtained 73 potential targets
of costunolide in AIH (Figure 2b).

2.2. Recognition of Enriched Pathway of the Potential Targets of Costunolide in AIH

The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was
performed using The Database for Annotation, Visualization and Integrated Discovery
(DAVID). The top 20 clusters were selected based on the p-value and were presented in
the bubble chart (Figure 3). The potential targets of costunolide in AIH were involved
in pathways in cancer (hsa05200), PI3K-AKT signaling pathway (hsa04151), lipid and
atherosclerosis (hsa05417), MAPK signaling pathway (hsa04010), proteoglycans in cancer
(hsa05205), etc.

Meanwhile, based on the p-value of Gene Ontology (GO) enrichment analysis, the top
10 significantly enriched terms in Biological Process (BP), Cellular Component (CC), and
Molecular Function (MF) categories were selected (Figure 4). Potential targets of costunolide
in AIH were mainly involved in biological processes such as cellular response to lipid
(GO:0071396), response to hormone (GO:0009725), and response to lipopolysaccharide
(GO:0032496). The main cellular component terms were membrane raft (GO:0045121),
vesicle lumen (GO:0031983), and receptor complex (GO:0043235). The main molecular
function terms were nuclear receptor activity (GO:0004879), protein tyrosine kinase activity
(GO:0004713), and protein domain specific binding (GO:0019904).
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2.3. Topological Network Analysis of the Potential Targets of Costunolide in AIH

Seventy-three potential targets of costunolide in AIH were imported into The Search
Tool of Retrieval of Interacting Genes (STRING) to construct the protein–protein interaction
(PPI) network. After removing disconnected nodes, the network contained 61 nodes and
156 edges (Figure 5a). The average number of neighbors is 5.115 and the clustering coeffi-
cient is 0.317. Using plug-in CytoHubba, we found top 10 genes that might play critical
roles in the therapeutic effect of costunolide in AIH, namely MAPK1, SRC, GRB2, EGFR,
LCK, ESR1, JAK2, IGF1, HSP90AA1, and IGF1R, ranked by Maximal Clique Centrality
(MCC) (Figure 5b).
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Figure 5. Protein–protein interaction network analysis. (a) Protein–protein interaction network
of intersecting targets of costunolide and AIH visualized by Cytoscape. (b) The core subnetwork
constructed by CytoHubba.

2.4. Molecular Docking

Based on the pathway enrichment analysis and literature review, SRC and IGF1R
ranked high in the PPI network analysis and were reported to regulate the PI3K-AKT
pathway in inflammation-related diseases. However, their roles in AIH were not elucidated
yet. Thus, we chose SRC and IGF1R as our interested targets of costunolide in AIH.
Using PyMol and Autodock, molecular docking visually showed the interaction between
costunolide and SRC, IGF1R. The diagrams of drug-target binding mode were shown left
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and the details right (Figure 6). The dotted yellow line represents the hydrogen bond. The
lower binding energy indicates higher stability. The binding energies between costunolide
and SRC and between costunolide and IGF1R were −7.7 and −5.9 kcal/mol, respectively
(Table 2).
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Figure 6. Molecular docking of costunolide with SRC and IGF1R.

Table 2. Binding energies of costunolide with SRC and IGF1R.

Target PDB ID Binding Energy (kcal/mol)

SRC 6E6E −7.7
IGF1R 3NW7 −5.9

2.5. Costunolide Attenuated ConA-Induced Acute Hepatitis

Firstly, we administered costunolide in the ConA-induced acute hepatitis model. The
liver gross appearance of ConA+Solvent mice showed hepatic congestion and suppuration
on the surface, while ConA+COS liver showed a milder change (Figure 7a). In hematoxylin-
eosin (H&E) staining, we observed that ConA induced necrosis of liver parenchyma.
Costunolide administration significantly restrained the hepatic necrosis, while the necrosis
score of ConA+Solvent and ConA+COS showed a significant difference (Figure 7b,c).
Similar to the histological results, level of the liver enzyme alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) in serum surged in the ConA+Solvent group
compared with Solvent and COS group, while costunolide significantly suppressed it
(Figure 7d,e). Notably, there was no obvious difference of gross appearance, H&E staining,
and liver enzyme level between the Solvent group and the COS group.
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Figure 7. Costunolide attenuated ConA-induced acute hepatitis. (a) Liver gross appearance.
(b) Representative H&E staining of liver sections. (c) Necrosis score of H&E staining of liver sections.
(d) Effect of costunolide on serum ALT levels. (e) Effect of costunolide on serum AST levels. Data
shown in c–e are from 6 individual mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.6. Costunolide Ameliorated Chronic Murine Autoimmune Hepatitis

In our chronic murine AIH model, the spleens of AIH mice were enlarged significantly,
while costunolide suppressed it (Figure 8a). There was a significant difference of spleen
indexes between AIH+Solvent and AIH+COS mice (Figure 8b). Unlike ConA-induced
acute hepatitis, there was no obvious change of the liver gross appearance in the chronic
murine AIH model (Figure 8c). H&E staining of liver sections showed that costunolide
inhibited immune cell infiltration in AIH mice, which is the typical characteristic of AIH
(Figure 8c). There was a significant difference of inflammation score between AIH+Solvent
and AIH+COS group (Figure 8d). The ALT level showed a similar trend as histological
results (Figure 8e). There was no significant change of AST level in our chronic model
(Figure 8f). Further, Sirius red staining of liver sections indicated that costunolide reduced
liver fibrosis in the chronic AIH model (Figure 8g).
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Figure 8. Costunolide ameliorated chronic murine autoimmune hepatitis. (a) Spleen gross appearance.
(b) Spleen index (mg/g). (c) Representative liver gross appearance and H&E staining of liver sections
(black arrows indicate immune cell infiltration). (d) Inflammation score of H&E staining of liver
sections. (e) Effect of costunolide on serum ALT levels. (f) Effect of costunolide on serum ALT levels.
(g) Representative Sirius-red staining of liver sections (Red color indicates collagen deposition). Data
shown in (b,d,e) are from 5 individual mice per group. * p < 0.05, ** p < 0.01, **** p < 0.0001.
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To further elucidate the landscape of immune cell infiltration in different groups, we
conducted immunohistochemistry (IHC) of CD4 and F4/80 in liver sections. The IHC result
revealed the increased infiltration of CD4+ T cells and macrophages in AIH+Solvent mice,
while costunolide suppressed this trend substantially (Figure 9a,b).
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Figure 9. Costunolide inhibited immune cell infiltration in chronic murine autoimmune hepatitis.
(a) Immunohistochemistry of CD4+ T cells. (b) Immunohistochemistry of F4/80+ macrophages.

2.7. Costunolide Inhibited the Activation of PI3K-AKT Pathway and Suppressed the
Phosphorylation of SRC and IGF1R in AIH

Based on the pathway enrichment analysis, PPI network analysis and literature review,
we investigated the protein level change of phosphorylated AKT, SRC, and IGF1R in
liver tissue of two AIH models. The phosphorylation of AKT, SRC, and IGF1R were
significantly increased in the ConA model, whilst costunolide dramatically inhibited it
(Figure 10a, Supplementary Figure S1a). Similar results were found in the chronic AIH
model (Figure 10b, Supplementary Figure S1b).

To further confirm this trend, we conducted IHC of phospho-AKT in liver sections. The
phosphorylated AKT was mainly expressed in nuclei of hepatocytes in Solvent and COS
mice, and its expression level was higher in two murine AIH models, mostly in hepatocytes
nuclei and cytoplasm as well as infiltrating immune cells. The phospho-AKT expression
level in ConA/AIH+COS groups were lower than that in the ConA/AIH+Solvent groups
(Figure 10c,d).

77



Pharmaceuticals 2023, 16, 316

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 12 of 21 
 

 

hepatocytes nuclei and cytoplasm as well as infiltrating immune cells. The phospho-AKT 

expression level in ConA/AIH+COS groups were lower than that in the ConA/AIH+Sol-

vent groups (Figure 10c,d). 

 

Figure 10. Costunolide inhibited the phosphorylation of AKT, SRC, and IGF1R. (a) Protein expres-

sion in ConA-induced acute hepatitis. Two samples from two different mice in each group are pre-

sented. The numbers indicate the ratio of pAKT/AKT, pSRC/SRC, and pIGF1Rβ/IGF1Rβ, respec-

tively. (b) Protein expression in chronic murine autoimmune hepatitis. (c) Immunohistochemistry 

Figure 10. Costunolide inhibited the phosphorylation of AKT, SRC, and IGF1R. (a) Protein expression
in ConA-induced acute hepatitis. Two samples from two different mice in each group are presented.
The numbers indicate the ratio of pAKT/AKT, pSRC/SRC, and pIGF1Rβ/IGF1Rβ, respectively.
(b) Protein expression in chronic murine autoimmune hepatitis. (c) Immunohistochemistry of
phospho-AKT in ConA-induced acute hepatitis. (d) Immunohistochemistry of phospho-AKT in
chronic murine autoimmune hepatitis.
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3. Discussion

Autoimmune hepatitis (AIH) is a chronic liver disease related to immunological tol-
erance disorders targeting hepatocytes. Although AIH has long been considered a rare
disease, several studies have indicated that the incidence and prevalence of AIH were
increasing worldwide [25]. Although most patients respond well to traditional immuno-
suppressive therapy, many patients were troubled by the intolerance, insufficient response
to medication, and recurrence after withdrawal of treatment [2]. The discovery of novel
therapeutic strategies is necessary for the management of the increasing population of
AIH. Costunolide is a promising candidate due to its anti-inflammatory and hepatopro-
tective function in other disease models, whereas there is no study about its effect in
AIH yet [6,12,14]. In this study, we integrated network pharmacology and experimental
validation to elucidate the therapeutic effect and underlying mechanism of costunolide
against AIH.

In the current study, we identified 73 targets that might participate in the effect of cos-
tunolide on AIH. Based on the KEGG enrichment pathway analysis and literature review,
we speculated that costunolide might mainly restrain the disease progress of AIH through
PI3K-AKT pathway. Generally, the PI3K-AKT pathway is an important intracellular signal-
ing pathway for cell cycle progression, cell survival, and metabolism [26]. It is reported that
IHC of liver sections from AIH patients showed upregulation of phosphorylated AKT [27].
In ConA-induced hepatitis, PI3K-AKT pathway is activated in hepatocytes and dendritic
cells, promoting inflammation via inducing the transcription of IL-6 and activation of
CD8+ T cell responses, respectively [28,29]. Similarly, in our experiments, we observed
a significant elevated protein level of phosphorylated AKT in the liver of ConA-induced
hepatitis and chronic AIH model in WB, and costunolide administration induced a decrease
of it. This finding was further confirmed by IHC showing a similar trend as in WB, while
the upregulated phosphorylated AKT in AIH models was mainly expressed in hepatocytes
and infiltrating immune cells. In hepatocytes, the activation of AKT generally plays a
protective effect [30]. However, it was recently reported that AKT activation in hepatocytes
was also associated with increased inflammatory cytokine expression [28]. Activation of the
PI3K-AKT-mTOR pathway and PI3K-AKT-FOXO1 signaling axis regulates the activation,
differentiation, and function of T cells in different conditions [31–35]. Attenuation of PI3K
signaling could lead to defects in T cell activation and neutrophil migration, restraining
the inflammation in systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA)
models [36,37]. Several studies have reported the suppressing effect of costunolide on PI3K-
AKT pathway in cancer cells and in DSS-induced colitis [11,26,38]. These findings suggest
that the therapeutic effect of costunolide against AIH might be related to the inhibition of
PI3K-AKT pathway, whereas the specific cell types should be studied further. Contrary to
our results, it was reported that phospho-AKT was decreased in liver of ConA-induced
hepatitis and in ConA-treated L02 cells compared with the saline control. This difference
might be due to the different dosages of ConA and the time between ConA injection and
sacrifice. Moreover, directly administrating ConA on L02 cells might not reflect the disease
feature of immune-mediated hepatocyte destruction in vivo [39]. Interestingly, the top
three signaling pathways of KEGG analysis included lipid and atherosclerosis pathway. It
is reported that pre-existing high-fat diet-induced non-alcoholic fatty liver disease (NAFLD)
in mice potentiates the severity of AIH [40]. Whether the lipid metabolism is involved in the
pathophysiology of AIH and if costunolide could interfere with it awaits further research.

Based on the PPI network analysis using STRING and CytoHubba, we further identi-
fied 10 important targets in the therapeutic effect of costunolide in AIH, namely MAPK1,
SRC, GRB2, EGFR, LCK, ESR1, JAK2, IGF1, HSP90AA1, and IGF1R, ranked by MCC.
After comprehensive consideration of KEGG pathway analysis, GO enrichment analysis,
molecular docking, and literature review, we selected SRC and IGF1R as our candidate
targets for further research. SRC belongs to the non-receptor protein-tyrosine kinases family,
playing key roles in cell growth, division, migration, and survival signaling pathways [41].
Multiple studies indicated that SRC regulated the PI3K-AKT pathway in inflammation-
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related diseases such as multiple sclerosis (MS), Grave’s Disease (GD), and in the neutrophil
extracellular traps (NET) formation [42–44]. In our experiments, we found that the phos-
phorylation level of SRC was significantly upregulated in hepatic tissue in two AIH models
and was drastically decreased in the costunolide group. Similar to the present literature,
our results provided clues that SRC phosphorylation rose in AIH, and it might exacerbate
AIH via the PI3K-AKT pathway, which demands further rigorous research to confirm it.
Moreover, another protein in SRC family, LCK, also ranked high in our network analysis
and it is an important regulator in T cell proliferation and function [45]. Whether costuno-
lide also interacts with LCK in its effect against AIH is an interesting focus for further
studies. Insulin-like growth factor-1 receptor (IGF1R), the primary signaling receptor of
insulin-like growth factors (IGF) system, signals through the PI3K-AKT-mTOR and RAS-
RAF-MEK-ERK pathways [46]. Dysregulation of the IGF system has been directly related
to altered CD4+ T cell function in RA and GD [47,48]. Although there is no report about
the direct contributory role of IGF1R in AIH yet, recently, its specific modulatory role in
autoimmunity was confirmed by researchers in EAE mice. It augmented AKT-mTOR and
STAT3 signaling, favoring Th17 cell differentiation over that of Treg cells [46]. Our results
showed that phosphorylated IGF1R level was increased in the liver of AIH models, and its
level decreased in the costunolide group, indicating that IGF1R phosphorylation level was
altered in AIH, and costunolide might attenuate AIH via inhibiting the phosphorylation of
IGF1R. Since the appropriate balance of Th17 and Treg cells maintains immune tolerance
and impairment of it permits progress of AIH, the variation of IGF1R might be related to
AIH progression by modulating Th17/Treg balance by regulating the PI3K-AKT pathway,
which should be studied further.

In this study, we found costunolide possessed a strong therapeutic effect in two AIH
models. Transaminase is the sensitive indicator of the liver injury. In our research, we
observed that the administration of costunolide could lower the elevated transaminase
level in two murine AIH models. The change of AST level was not statistically significant
in our chronic AIH model, which might be due to the relatively overall lower degree of
liver inflammation. As is shown in H&E staining, the necrosis area was also diminished
by costunolide in the ConA model. The spleen index (spleen weight/ body weight) could
roughly reflect the degree of chronic inflammation [49]. We found that the spleen index
in AIH group was significantly higher than the Solvent group and COS group, while
the spleen index of COS+AIH group was significantly lower, indicating that costunolide
could suppress the chronic inflammation. This finding was further supported by the sup-
pressed immune cell infiltration in liver observed in H&E and the reduced CD4+ T cells
and macrophage infiltration in liver as is shown in IHC. Based on the present literature,
costunolide inhibits the production of pro-inflammatory factors in macrophages and influ-
ences the differentiation of CD4+ T cells in vitro [50,51]. Since T cells and macrophages both
play pivotal roles in AIH, the specific mechanism of costunolide attenuating AIH and the
exact role of PI3K-AKT pathway inside await further investigation such as flow cytometry.
We also observed that costunolide suppressed liver fibrosis in chronic AIH model. That
antifibrotic function might mainly be due to its inhibition of inflammation, which removed
the etiological factor causing liver injury [52]. It also could be related to its direct antifibrotic
effect via inhibiting hepatic stellate cell (HSC) activation as reported before [15]. It is worth
noting that methacrylic acid copolymer (MAC)-coated PH-responsive mesoporous silica
nanoparticles (MSNs) carrying costunolide significantly repressed liver fibrogenesis at a
reduced dose in vitro and in vivo [53]. Adopting similar technology might also reduce the
dosage needed for the therapeutic effect of costunolide against AIH.

This study has some limitations. The binding affinity of costunolide with potential
targets awaits further verification using surface plasmon resonance (SPR) or bio-layer
interferometry (BLI) assays. The specific cell types in which those phosphorylated protein
level increased are not identified. Since in different cell types those signaling pathways
might exert distinct roles, we plan to perform immunofluorescence to reveal it. The specific
molecular mechanism is not clear due to no rescue experiment being conducted. In addition,

80



Pharmaceuticals 2023, 16, 316

the CYP2D6 model reflects type 2 AIH. The conclusion of our study remains to be confirmed
in more AIH models.

4. Materials and Methods
4.1. Chemical Information Collection and Targets Retrieval of Costunolide

The molecular and pharmacological properties data of costunolide were obtained from
TCMSP [23] and SwissADME [24]. The canonical SMILES (Simplified Molecular-Input Line-
Entry System), image, and SDF format file of 2D structure of costunolide were obtained
from the PubChem database (PubChem Identifier: CID 5281437 https://pubchem.ncbi.nlm.
nih.gov/compound/5281437#section=2D-Structure (accessed on 26 February 2022)) [54].
SwissTargetPrediction [55] and PharmMapper [56] were utilized to predict the potential
targets of costunolide. For outcome of PharmMapper, targets which norm fit score > 0.25
were included in subsequent analysis. After integrating data and removing duplicates, all
proteins were verified in the UniProt database [57].

4.2. Prediction of Potential Targets of Costunolide in AIH and Enrichment Analysis

AIH-related targets were collected from DisGeNET [58] and GeneCards (https://www.
genecards.org/ (accessed on 21 June 2022)) [59]. In GeneCards, genes that Score > 5 were
included in subsequent analysis. The potential targets of costunolide and AIH-related
targets obtained in above steps were imported into an online Venn diagram drawing tool
(https://bioinformatics.psb.ugent.be/webtools/Venn/ (accessed on 13 September 2022)).

KEGG enrichment analysis was conducted using DAVID [60,61]. Species was set as
Homo sapiens. Threshold and EASE were set as 2 and 0.1, respectively. GO enrichment
analysis was performed using Metascape [62]. Species was set as Homo sapiens and all genes
in the genome were used as the enrichment background. Min overlap, p value cutoff, and
min enrichment were set as 3, 0.01, and 1.5, respectively. Bubble chart and bar graph were
plotted by http://www.bioinformatics.com.cn (accessed on 14 September 2022), an online
platform for data analysis and visualization.

4.3. Protein–Protein Interaction Target Network Construction and Visualization

STRING database (https://cn.string-db.org/ (accessed on 14 September 2022)) was
utilized to construct a PPI network [63]. The organism was set as Homo sapiens. The
minimum required interaction score was set as 0.900 (highest confidence), and disconnected
nodes in the network were hidden.

Network visualization and analysis were performed using Cytoscape version 3.9.1 [64].
The TSV-format file was downloaded from the STRING database and imported into
Cytoscape. The size and color of nodes were defined continuously according to the degree
(number of edges), and the color of stroke was set according to the combined score calcu-
lated by network analyzer of Cytoscape. The plug-in CytoHubba
(https://apps.cytoscape.org/apps/cytohubba (accessed on 14 September 2022)) was used
to find the core subnetwork. The node’s scores were calculated and top 10 hub genes
ranked by MCC were selected, then the network graph was constructed.

4.4. Molecular Docking

The crystal structures of candidate targets were obtained from the PDB database
(https://www.rcsb.org/ (accessed on 20 September 2022)). Open-Source PyMol was used
to pre-process the structure, including removing the ligand and water molecules, adding
hydrogen [65]. AutoDock 4.2 was used to conduct docking between costunolide and key
targets [66].

4.5. Establishment of Two Experimental AIH Models and Administration of Costunolide

C57BL/6 mice were supplied by the Laboratory Animal Centre of Tongji Hospital.
All animals were housed in the SPF environment and a 12 h light/12 h dark cycle at room
temperature of 22 ± 2 ◦C with 55 ± 2% humidity. All animals had free access to food and
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water. The animal study protocol was approved by the Laboratory Animal Welfare and
Ethics Committee of Tongji Hospital of Tongji Medical College, Huazhong University of
Science and Technology (IACUC Issue No.: TJH-202207036; date of approval: 15 July 2022).
The specific animal model establishment procedure and treatment scheme was depicted in
supplementary materials (Supplementary Figure S2).

Concanavalin A (ConA) was used to establish the acute immune-mediated liver injury
model. ConA (C2010, CAS: 11028-71-0, LOT: 091610120V) was purchased from Sigma-
Aldrich. Costunolide (CAS: #553-21-9, LOT: J22GB152180) was purchased from Shanghai
YuanYe Bio-Technology Co., Ltd. Twenty-four male mice (6–8 weeks old, 20–25 g) were
randomly divided into solvent group (Solvent, n = 6), costunolide group (COS, n = 6),
ConA group (ConA+Solvent, n = 6), and ConA+costunolide group (ConA+COS, n = 6).
A single dose of ConA (15 mg/kg) dissolved in normal saline was injected via tail vein
of mice, and the same volume of normal saline injection was used as control. Based on
the existing literature, costunolide (10 mg/kg) was injected intraperitoneally once daily
for three days, the first dose was given two days before giving ConA [11,26]. Costuno-
lide was dissolved in DMSO, then mixed with 40% PEG300 (CAS: 25322-68-3, MCE), 5%
Tween 80 (CAS: 9005-65-6, MCE), and normal saline. Mice were sacrificed 24 h after ConA
injection. After anesthesia, blood samples were collected by removing the eyeball from the
socket using tissue forceps [67]. Mice were then sacrificed and livers were harvested. Part
of the liver was fixed in 4% paraformaldehyde for 48 h, the rest was collected in EP tubes,
cooled in liquid nitrogen, and preserved in a −80 ◦C refrigerator.

As described in our previous publication, a single dose of empty adenovirus and
multiple high-pressure tail vein injections of human CYP2D6 plasmid were adminis-
tered to establish the chronic AIH model [22]. Empty adenovirus was purchased from
Shanghai DesignGene Company. Human CYP2D6 plasmid was obtained from our lab.
Twenty male mice (6–8 weeks old, 20–25 g) were randomly divided into four groups:
solvent group (Solvent, n = 5), costunolide group (COS, n = 5), AIH group (AIH+Solvent,
n = 5), and AIH+costunolide group (AIH+COS, n = 5). In the COS group and AIH+COS
group, costunolide (10 mg/kg) was injected intraperitoneally once daily from day 14 after
the adenovirus injection continuously for 20 days. Mice were sacrificed at day 34 after
adenovirus injection. The sacrifice and specimen taking procedure was similar to the ConA
model described above. In addition, spleens were harvested to measure the spleen weight,
and spleen index was calculated using spleen weight (mg) divided by mice weight (g).

4.6. Histopathology, Immunohistochemistry, and Biochemical Analysis

The fixed liver tissue was embedded in paraffine and sliced at a thickness of 4 µm.
H&E staining was performed to evaluate liver injury and inflammation. Afterward, all
sections were graded of whole sections blindly under optical microscope (Olympus IX71)
and representative pictures were imaged. Necrosis scores and inflammation scores were
calculated as below: 0, no area of necrosis/immune cells infiltration; 1, very mild, few
interspersed necrosis/ infiltration; 2, mild, necrosis/infiltration area ≤30%; 3, moderate,
30% < necrosis/infiltration area ≤60%; 4, severe, necrosis/infiltration area >60%. Plus,
Sirius-red staining was performed to evaluate the degree of liver fibrosis in chronic AIH
model. Immunohistochemistry (IHC) was performed to detect the expression of CD4,
F4/80, and phospho-AKT expression in liver tissue according to protocol using SP9000
IHC kit (ZSGB-Bio, Beijing, China). Primary antibodies: anti-CD4 (1:2000; ab183685,
Abcam (Cambridge, UK)), anti-F4/80 (1:200; #70076S, CST (Danvers, MA, USA)), and
anti-phospho-AKT (Ser473) (1:250; AF0016, Affinity (Cincinnati, OH, USA)) were used.

Blood samples collected were centrifuged at 3000 rpm for 15 min to obtain the serum.
The liver enzyme ALT and AST in serum were measured using the Rayto automatic
biochemistry analyzer Chemray 420 by Wuhan ServiceBio Company (Wuhan, China).
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4.7. Western Blot

Liver tissue specimens were preserved in a −80 ◦C refrigerator before use. After being
cut to an appropriate size, liver tissue was lysed in RIPA lysis buffer (harsh) containing
protease inhibitor cocktail and phosphatase inhibitor cocktail (Wuhan Servicebio Technol-
ogy Co., Ltd. (Wuhan, China)). Homogenizer was used to grind tissue into homogenate
and sonication was performed using ultrasonic processor. After 40 min lysis, all samples
were centrifuged at 12,000 rpm for 10 min. Protein concentration was measured using
BCA kit (Wuhan Servicebio Technology Co., Ltd. (Wuhan, China)). Tissue protein (40 µg)
was separated in an SDS-PAGE and was transferred to PVDF membranes. The blotted
PVDF membranes were blocked with TBST containing 5% BSA at room temperature for 1
h. Then the primary antibodies were incubated overnight at 4 ◦C including: anti-phospho-
AKT (Ser473) (1:1000; #4060T, CST), anti-AKT(1:1000; #9272S, CST), anti-phospho-SRC
(Tyr416) (1:1000; #6943S, CST), anti-SRC (1:1000; #A19119, Abclonal (Wuhan, China)), anti-
phospho-IGF1Rβ (Tyr1135/1136) (1:1000; #3024S, CST), anti-IGF1Rβ (1:800; #9750S, CST),
anti-GAPDH (1:2000; 30202ES60, Yeason (Shanghai, China)). On the next day, secondary
antibodies were incubated for 1 h at room temperature. After being washed 3 times in
TBST for 10 min, membranes were exposed to hypersensitive electrochemiluminescence
(ECL) kit (NCM Biotech (Suzhou, China)). Protein bands were visualized on the Tanon
5200 Multi System (Tanon Science and Technology Co., Ltd. (Shanghai, China)).

4.8. Statistical Analysis

GraphPad Prism software (version 9.0.0) was utilized to analyze data. The continuous
data was presented as mean ± standard deviation (SD), and the Student’s t-test was
performed to analyze the comparison between two groups. Welch’s correction was used if
variances were not equal based on the F test. The discontinuous data were analyzed using
the Mann–Whitney test. p < 0.05 was considered statistically significant.

5. Conclusions

In our present study, network pharmacology and experimental validation were inte-
grated to investigate the effect and mechanism of costunolide in AIH. According to the
results, costunolide could relieve the inflammation and fibrosis in two murine AIH models,
and the therapeutic effect might work by suppressing the activation of PI3K-AKT pathway
and inhibiting the phosphorylation of SRC and IGF1R. Our research reveals the effect
and possible mechanism of costunolide in AIH and may further contribute to novel drug
development for AIH and other autoimmune diseases.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: Japanese Ardisia is widely used as a hepatoprotective and anti-inflammatory agent in China.
However, the active ingredients in Japanese Ardisia and their potential mechanisms of action in
the treatment of autoimmune hepatitis (AIH) are unknown. The pharmacodynamic substance and
mechanism of action of Japanese Ardisia in the treatment of AIH were investigated using network
pharmacology and molecular docking technology in this study. Following that, the effects of Japanese
Ardisia were evaluated using the concanavalin A (Con A)-induced acute liver injury rat model.
The active ingredients and targets of Japanese Ardisia were searched using the Traditional Chinese
Medicine Systems Pharmacology database, and hepatitis-related therapeutic targets were identified
through GeneCards and Online Mendelian Inheritance in Man databases. A compound–target
network was then constructed using Cytoscape software, and enrichment analysis was performed
using gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.
Molecular docking technology was used to simulate the docking of key targets, and the AIH rat
model was used to validate the expression of key targets. Nineteen active chemical components
and 143 key target genes were identified. GO enrichment analysis revealed that the treatment
of AIH with Japanese Ardisia mainly involved DNA–binding transcription factor binding, RNA
polymerase II-specific DNA transcription factor binding, cytokine receptor binding, receptor-ligand
activity, ubiquitin-like protein ligase binding, and cytokine activity. In the KEGG enrichment analysis,
165 pathways were identified, including the lipid and atherosclerotic pathway, IL-17 signaling
pathway, TNF signaling pathway, hepatitis B pathway, and the AGE–RAGE signaling pathway in
diabetic complications. These pathways may be the key to effective AIH treatment with Japanese
Ardisia. Molecular docking showed that quercetin and kaempferol have good binding to AKT1, IL6,
VEGFA, and CASP3. Animal experiments demonstrated that Japanese Ardisia could increase the
expression of AKT1 and decrease the expression of CASP3 protein, as well as IL-6, in rat liver tissues.
This study identified multiple molecular targets and pathways for Japanese Ardisia in the treatment
of AIH. At the same time, the effectiveness of Japanese Ardisia in treating AIH was verified by
animal experiments.

Keywords: Japanese Ardisia; autoimmune hepatitis; network pharmacology; molecular docking;
underlying mechanism

1. Introduction

Autoimmune hepatitis (AIH) is a common liver disease worldwide, seen in both men
and women, but predominantly in women. According to epidemiological surveys, the
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incidence of AIH ranges from 0.67 to 2.0/100,000 people per year, and the prevalence ranges
from 4.0 to 42.9/100,000 [1,2]. AIH has become the second most common inflammatory
liver disease after viral hepatitis [3].

The pathogenesis of AIH is not completely understood. AIH is thought to be caused by
genetic factors, molecular mimetic mechanisms, immune damage, and a variety of physical
and chemical factors [4–11]. Prednisolone in combination with or without azathioprine
(AZA) is generally recommended as the first-line drug for AIH [12], and second-generation
alternatives, such as budesonide and tacrolimus, are recommended for this category of non-
responders or intolerant patients, but these drugs have certain side effects. Traditional Chinese
medicine has become increasingly important in the treatment of the disease in recent years.

Japanese Ardisia, known as Ardisia japonica or marlberry, is used as a medicinal plant in
traditional Chinese medicine. It grows very slowly, and its leaves have a similar appearance
to tea leaves. Bright red berries appear under the leaves in autumn, and therefore, it is also
called ‘aidicha’ or ‘yedizhu’ in Chinese. Japanese Ardisia is mainly grown in the southern
provinces of China, such as Hunan and Guangxi, where it is a popular medicinal herb used
in Chinese folk medicine. The Chinese ancient medicine book ‘Compendium of Materia
Medica’ records that A. japonica has the effect of ‘detoxification and promoting blood
circulation’. The pharmacodynamic components of A. japonica are saponins, coumarins,
benzoquinones, and flavonoids [13–15]. It has pharmacological activities, such as relieving
cough and asthma, protecting the liver, and anti-inflammatory, anti-viral, and anti-tumor
activities [16,17]. In clinical practice, A japonica is commonly used to treat chronic bronchitis,
pulmonary tuberculosis, tuberculous pleurisy, and acute icteric hepatitis. Meanwhile, A.
japonica has shown remarkable curative effects in the treatment of chronic hepatitis [14].
However, its pharmacodynamic ingredients and mechanism of action remain unclear.

Cyberpharmacology can effectively reveal the material basis and mechanism of action
of Chinese medicine by systematically and integrally exploring the relationship between
drugs and diseases [18]. Thus, the aim of this study is to systematically elucidate the
mechanism of Japanese Ardisia in the treatment of AIH through network pharmacology
and molecular docking analysis of the interaction between drug molecules and AIH-related
targets, and to provide a theoretical basis for clinical research. The specific flow chart is
shown in Figure 1.
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2. Results
2.1. Screening of Active Compounds

Oral bioavailability (OB) is the fraction of an orally administered drug that reaches
systemic circulation. This is an important consideration for bioactive molecules used as
therapeutic agents. Drug likeness (DL) qualitatively assesses the capacity of a molecule
to become an orally administered drug based on its bioavailability [19]. The main active
components of Japanese Ardisia were obtained by searching the TCMSP database. Nineteen
molecules with OB ≥ 30% and DL ≥ 0.18 were identified as bioactive compounds [20], as
shown in Table 1.

Table 1. Basic information on the active compounds of Japanese Ardisia.

MOL ID MOL Name OB DL

MOL010934 Ardisianoside K 31.98 0.63
MOL010953 Triterpenoid glycoside 1 34.11 0.63
MOL010964 Maesanin 42.77 0.35
MOL010973 Rapanone 34.15 0.24
MOL010974 Tri-O-methylnorbergenin 33.17 0.41
MOL010976 Triterpene glycoside 4 41.4 0.63
MOL010981 Triterpenoid glycoside 3 44.04 0.6
MOL010982 2,5-dihydroxy-3-[(10Z)-pentadec-10-en-1-yl][1,4] benzoquinone 34.74 0.6
MOL010983 2,5-Dihydroxy-3-[(10Z)-pentadec-10-en-1-yl] cyclohexa-2,5-diene-1,4-dione 37.3 0.32
MOL010985 2-hydroxy-5-methoxy-3-pentadecaenylbenzoquinone 41.61 0.32
MOL011002 5-ethoxy-2-hydroxy-3-[(10Z)-pentadec-10-en-1-yl][1,4] Benzoquinone 42.77 0.38
MOL011003 5-ethoxy-2-hydroxy-3-[(8Z)-tridec-8-en-1-yl][1,4] benzoquinone 43.23 0.3
MOL011019 Ardisianone A 44.22 0.25
MOL011020 Ardisianone B 60.9 0.2

MOL001663 (4aS,6aR,6aS,6bR,8aR,10R,12aR,14bS)-10-hydroxy-2,2,6a,6b,9,9,12a-heptamethyl-
1,3,4,5,6,6a,7,8,8a,10,11,12,13,14b-tetradecahydropicene-4a-carboxylic acid 32.03 0.76

MOL002879 Diop 43.59 0.39
MOL000422 Kaempferol 41.88 0.24
MOL009278 Laricitrin 35.38 0.34
MOL000098 Quercetin 46.43 0.28

OB, oral bioavailability; DL, drug-likeness.

2.2. Compound Target Interaction Network

The information on the main bioactive components and corresponding targets in
Japanese Ardisia were obtained from the TCMSP database (TCMSP, https://lsp.nwu.edu.
cn/tcmsp.php, accessed on 14 November 2021). After screening to remove invalid gene
IDs, the targets downloaded from the GeneCards (http://www.genecards.org, accessed
on 14 November 2021), OMIM databases (OMIM, http://www.omim.org, accessed on
14 November 2021), and TTD (http://db.idrblab, accessed on 14 November 2021) were
crossed with those from the TCMSP database to obtain potential targets for the treatment
of AIH in Japanese Ardisia. The obtained data are presented as a Venn diagram (Figure 2).
There were 5724 autoimmune hepatitis gene targets, of which 153 were potential targets re-
lated to the drug Japanese Ardisia. The drug-related genes and disease-specific targets were
analyzed, and 143 key target genes were identified. The targets of the active ingredients of
Japanese Ardisia are shown in Table 2.

2.3. Core Genes of the PPI Network

The common targets of Japanese Ardisia and autoimmune hepatitis were imported into
the STRING protein interaction database (https://string-db.org, accessed on 15 November
2021) to construct the PPI network (Figure 3A). The top 30 target proteins analyzed by
R software (https://www.r-project.org/ accessed on 15 November 2021) are shown in
Figure 3B. The intersections of differential genes between Japanese Ardisia active ingredient
targets and autoimmune hepatitis disease targets were imported into Cytoscape 3.7.0
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(http://www.cytoscape.org, accessed on 15 November 2021) for topological analysis. The
key targets were sorted according to the degree value, with higher degree values indicating
nodes that were more central in the network and more important. Through the PPI protein
interaction network, the disease-related targets are found, and the degree value is greater
than the median by screening twice to find key targets. Thus, the key target genes for
autoimmune hepatitis treatment mainly included AKT1, IL6, VEGFA, CASP3, JUN, MYC,
etc. (Figure 3C).
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Table 2. Possible targets for each component.

MOL ID Ingredients Drug-Acting Targets of Disease

MOL010934 Ardisianoside K NR3C1
MOL010964 Maesanin (C23H36O4) ACHE
MOL010974 Tri-O-methylnorbergenin PRSS1

MOL011003
5-ethoxy-2-hydroxy-3-[(8Z)-tridec-8-en-

1-yl][1,4]
benzoquinone

ACHE

MOL011020 Ardisianone B GABRA1, NCOA2
MOL002879 Diop CHRM3

MOL000422 Kaempferol

PTGS1, AR, PPARG, NCOA2, PRSS1, PGR, CHRM1, ACHE,
CHRM2, GABRA1, F7, RELA, IKBKB, BCL2, AHSA1, CASP3,
MAPK8, PPARG, CYP3A4, CYP1A1, ICAM1, SELE, VCAM1,

CYP1B1, ALOX5, GSTP1, AHR, PSMD3, SLC2A4, NR1I3, DIO1,
GSTM1, GSTM2, AKR1C3

MOL009278 Laricitrin ESR1, AR, PPARG, ESR2, GSK3B, PRSS1, PTGS1, NCOA2

MOL000098 Quercetin

PTGS1, AR, PPARG, NCOA2, AKR1B1, PRSS1, F7, ACHE,
GABRA1, RELA, EGFR, VEGFA, CCND1, BCL2, FOS, EIF6, CASP9,

PLAU, RB1, IL6, AHSA1, CASP3, TP63, ELK1, NFKBIA, POR,
CASP8, RAF1, PRKCA, HIF1A, RUNX1T1, ERBB2, PPARG,

ACACA, CYP3A4, CAV1, MYC, CYP1A1, ICAM1, SELE, VCAM1,
PTGER3, BIRC5, DUOX2, NOS3, HSPB1, MGAM, CYP1B1, CCNB1,
ALOX5, GSTP1, NFE2L2, NQO1, PARP1, AHR, PSMD3, SLC2A4,
COL3A1, DCAF5, NR1I3, CHEK2, HSF1, CRP, RUNX2, RASSF1,
CTSD, IGFBP3, IGF2, IRF1, ERBB3, PON1, DIO1, NPEPPS, HK2,

RASA1, GSTM1, GSTM2
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2.4. Network Pharmacology Visualization of Japanese Ardisia

The target PPI information obtained from the STRING protein interaction database
was imported into Cytoscape 3.7.0 software (http://www.cytoscape.org, accessed on
15 November 2021), and the common targets between Japanese Ardisia, its active compo-
nents, and autoimmune hepatitis were visualized. The data were merged into a component-
target network diagram via the merge function in Cytoscape 3.7.0 to obtain the network
diagram of ‘Japanese Ardisia–component–gene–autoimmune hepatitis’ (Figure 4).

2.5. GO Functional Enrichment Analysis

The 20 GO nodes with the greatest number of annotated proteins were selected for
display. These nodes mainly involved DNA–binding transcription factor binding, RNA
polymerase II-specific DNA binding, cytokine receptor binding, receptor-ligand activity,
ubiquitin-like protein ligase binding, cytokine activity, ubiquitin–protein ligase binding,
nuclear receptor activity, ligand-activated transcription factor activity, and kinase regulatory
activity. The p-values were arranged from largest to smallest, and visual analysis was
performed using an advanced bubble graph (Figure 5). DNA–binding transcription factor
binding had the most obvious effect, and the greatest number of genes, followed by RNA
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polymerase II-specific DNA binding, cytokine receptor binding, receptor-ligand activity,
ubiquitin-like protein ligase binding, cytokine activity, and ubiquitin–protein ligase binding.
Meanwhile, nuclear receptor activity, ligand-activated transcription factor activity, kinase
regulator activity, and other pathways indirectly affected a series of signaling pathways,
eventually causing changes in biological processes.
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2.6. KEGG Pathway Enrichment Analysis

One hundred and sixty-three pathways were identified in the KEGG enrichment
analysis. The top 20 signaling pathways mainly involved the lipid and atherosclerosis
pathway, Kaposi sarcoma-associated pathway, human cytomegalovirus infection pathway,
IL-17 signaling pathway, TNF signaling pathway, hepatitis B pathway, and the AGE-RAGE
signaling pathway were involved in diabetic complications (Figure 6). The results suggest
that Japanese Ardisia can be used to treat autoimmune hepatitis through multi-target and
multi-pathway regulation.
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2.7. Molecular Docking

The X-ray crystal structures of the target molecules AKT1, IL6, VEGFA, and CASP3
were obtained from the PDB protein structure database. PyMOL 2.5 was then used to
remove water molecules and small molecules with ligand affinity. Subsequently, the protein
receptor and ligand files were converted into PDBQT format using AutoDock Tools 1.5.6.
AutoDock Vina 1.1.2 was used to characterize the molecular docking and calculate its
affinity. The conformation with the highest affinity was selected as the final docking
conformation, and PyMOL (https://pymol.org/2/ accessed on 16 November 2021) and
AutoDock software (https://autodock.scripps.edu/ accessed on 16 November 2021) were
used to visualize the docking results in the form of two-dimensional and three-dimensional
diagrams (Figure 7). If the binding energy between the molecule and the target protein
is negative, the ligand and receptor can spontaneously bind, and if the binding energy is
less than −5 kcal/mol, a stable docking structure can be formed [21]. The docking binding
energies between quercetin and AKT1, IL6, VEGFA, and CASP3 were −4.91, −5.75, −4.86,
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and −5.89 kcal/mol, respectively. The docking binding energies between kaempferol and
AKT1, IL6, VEGFA, and CASP3 were −5.6, −6.42, −5.04, and −5.12 kcal/mol, respectively.
The details are shown in Table 3. The Japanese Ardisia active ingredients quercetin and
kaempferol had a good binding ability with the four key targets.
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Table 3. Docking and binding energy of main components of Japanese Ardisia and core targets
(kcal·mol−1).

Target Molecules AKT1 IL6 VEGFA CASP3

MOL000098 (Quercetin) −4.91 −5.75 −4.86 −5.89
MOL000422 (Kaempferol) −5.6 −6.42 −5.04 −5.12

2.8. Animal Experiments
2.8.1. Validation of the Therapeutic Effectiveness of Japanese Ardisia

To investigate the efficacy of Japanese Ardisia in the treatment of AIH, we established
a Con A-induced immunological liver injury model (Figure 8A). Firstly, we found that Con
A caused changes in body weight, liver weight, and liver coefficients in rats after ten days,
with some reversal effect after preadministration of Japanese Ardisia (Figure 8B). The rats’
liver tissue was then taken out and checked for cholestasis. Con A group showed signs
of cholestasis and inflammation, and there was some relief from cholestasis after the drug
was administered (Figure 8C). By testing serum markers of liver injury (ALT and AST), the
results showed that Con A-induced acute liver injury resulted in a significant increase in
ALT and AST levels. In contrast, preadministration of Japanese Ardisia was able to alleviate
the altered biochemical levels. (Figure 8D).

Furthermore, HE staining of liver tissues showed that the model group had a large
infiltration of inflammatory cells and a large amount of vacuolar-like degeneration of
hepatocytes compared to the control group. Liver tissue damage was alleviated after
preadministration of Japanese Ardisia (Figure 8E,F), indicating that the pre-administration
of the drug was able to slow down the con A-induced histopathological damage to
the liver.
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2.8.2. The Effect of Japanese Ardisia on AKT1, CASP3, and IL-6 Protein Levels

Western blot analyses are shown in Figure 9, which revealed that CASP3 and IL-6
protein expression levels were significantly higher (p < 0.01), and AKT1 expression levels
were significantly lower (p < 0.01) in the model group compared to the normal control group.
CASP3 protein expression was significantly lower (p < 0.01), AKT1 protein expression was
significantly higher (p < 0.05), and IL-6 protein expression was significantly lower (p < 0.05)
in the Japanese Ardisia administration group after 10 days compared to the model group.
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Figure 8. (A) Description of the rat model of acute immune liver injury used in this study. (B) Body
weight, liver weight, and liver coefficient changes in rats 10 days after EJA treatment. Compared
with normal group, ** p < 0.01, * p < 0.05; Compared with model group, # p < 0.05. Note: EJA is
an extract of Japanese Ardisia. Data were shown as mean ± SEM (n = 6 per group). (C) Rat liver
treated with EJA. (D) Effect of EJA on serum ALT and AST levels. Compared with normal group,
** p < 0.01; Compared with model group, # p < 0.05. Note: EJA: an extract of Japanese Ardisia.
Data were shown as mean ± SEM (n = 3 per group). (E) Histopathological sections of rat liver (HE
staining, 200× 400×). (F) Effect of Japanese Ardisia pretreatment on the scoring of liver pathological
sections of rats with con A-induced liver injury. Compared with normal group, ** p < 0.01; compared
with model group, ## p < 0.01. Note: EJA is an extract of Japanese Ardisia. Data were shown as
mean ± SEM (n = 6 per group). Scoring criteria: 0—no necrosis; 1—individual cell necrosis; 2—less
than 30% necrosis; 3—30–60% necrosis; 4—greater than 60% necrosis [22].
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3. Discussion

AIH is a chronic inflammatory disease characterized by abnormally high levels of
serum autoantibodies, hypergammaglobulinemia, and serum transaminases [23]. With the
advancement of medical technology in recent years, AIH has received widespread attention
and has gradually become a research hotspot.

Chinese medicine’s multi-component and multi-target properties, and thus its holistic
and systemic action characteristics, make it unique in its advantages and potential for
complex diseases, but this complexity has also limited its application and development.

Cyberpharmacology analyzes drug action at the systemic level and reveals the syner-
gistic mechanism of drug action on the human body, which fits well with the dialectical
and holistic view of Chinese medicine theory, and it is expected to bring a breakthrough to
Chinese medicine research characterized by a holistic approach, providing new method-
ological support for Chinese medicine to move from empirical to theoretical science [24–26].
We used network pharmacology to create a component-shared target network map in this
study to systematically reveal the material basis and molecular mechanism of Japanese
Ardisia for the treatment of AIH.

This study provides key information about the anti-hepatitis effect of Japanese Ardisia.
The TCMSP database analysis resulted in the screening of 19 active ingredients. 143 effective
targets for the treatment of autoimmune diseases were identified using databases, such as
GeneCards and OMIM. According to the results of the component–target network analysis,
150 target genes were associated with the drug-disease target intersection. The core genes
were AKT1, IL6, VEGFA, and CASP3. AKT1, also known as protein kinase B, regulates a
wide variety of cellular functions, including cell proliferation, survival, metabolism, and
angiogenesis, in both normal and malignant cells [27]. IL6 is a pro-inflammatory cytokine
with a wide variety of biological functions. It is involved in physiological activities such
as the inflammatory response, cellular immunity, and hematopoietic regulation. IL6 plays
major roles in the differentiation of B cells into immunoglobulin-secreting cells and antibody
production, the activation of T cell proliferation and differentiation, the immune response,
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and the promotion of inflammatory reactions [28]. IL6 is rapidly synthesized in response to
tissue injury or an inflammatory infection. This promotes the body’s defense function by
stimulating the acute immune response and the hematopoietic system. When the tissue
recovers its homeostasis, IL6 synthesis is discontinued [29]. The continuous activation of
the IL6 pathway is associated with liver injury and hepatocellular carcinoma [30]. VEGFA
induces endothelial cell proliferation, promotes cell migration, inhibits apoptosis, and
induces the permeabilization of blood vessels. It is essential for both physiological and
pathological angiogenesis. CASP3 is a cysteine aspartate protease that participates in the
activation cascade of cysteine proteases. CASP3 plays an important role in inflammation
and tumor progression [31]. It is highly expressed in patients with hepatitis B [32], and it
regulates cell proliferation and apoptosis [33] and tumor invasion and metastasis [34].

Japanese Ardisia has a therapeutic effect on hepatitis via a mechanism that may be
related to key molecules involved in the regulation of autoimmune hepatitis. It inhibits asso-
ciated inflammatory factors by regulating various signaling pathways, downregulating the
concentrations of serum hyaluronic acid and tumor necrosis factor, protecting hepatocytes
from injury, reducing liver inflammation, and protecting against lipid peroxidation [35].
Inflammatory stimulation is the cause of many chronic diseases [36]. GO enrichment analy-
sis showed that the anti-hepatitis effect of Japanese Ardisia is related to the inflammatory
response, cell cycle regulation, and hormone metabolism. In the KEGG enrichment analysis,
163 pathways were identified, including the lipid and atherosclerosis pathway, IL-17 sig-
naling pathway, TNF signaling pathway, human cytomegalovirus infection pathway, fluid
shear stress and atherosclerosis pathway, hepatitis B pathway, and AGE–RAGE signaling
pathway in diabetic complications. It can be seen that the pathway is mainly related to
oxidative stress, immune regulation, and inflammatory responses, with the AGE-RAGE
signaling pathway being closely related to inflammation, which activates the MAPK and
NF-KB pathways and interferes with immune and oxidative stress responses [37]. TNF is a
key regulator of the inflammatory response, and its receptors TNFR1 and TNFR2 activate
complex signaling pathways that lead to a series of inflammatory responses in the vascular
endothelium, including thrombosis, leukocyte adhesion, and vascular leakage [38]. The
IL-17 signaling pathway is involved in neutrophil infiltration and inflammatory responses
and can be restricted by the ACE2 downregulation of the STAT3 pathway, thereby slowing
down neutrophil infiltration and inflammation. These pathways may be the key to effective
autoimmune hepatitis treatment with Japanese Ardisia, which affects the secretion of certain
substances by acting on specific receptors or enzymes, to achieve its therapeutic effect.

The binding interaction between each compound and its receptor was scored by the
molecular docking program. A lower score indicated more stable binding between the
ligand and its receptor [39,40]. Through the molecular docking of quercetin and kaempferol,
the effective components of Japanese Ardisia, with the key targets AKT1, IL6, VEGFA, and
CASP3, the docking binding energy and the number of intermolecular hydrogen bonds were
obtained. The results showed that quercetin and kaempferol had a good binding ability
with the key targets and can spontaneously bind to form a stable binding conformation.

Animal studies have shown that Japanese Ardisia is effective in the treatment of AIH.
Western blot analysis revealed that Japanese Ardisia could reduce the expression of CASP3
and IL-6 while increasing the expression of AKT1. These proteins are involved in the
AGE–RAGE signaling pathway in diabetic complications. According to this, the Japanese
Ardisia may be able to modulate these key targets to achieve therapeutic effects on immune
liver injury.

Additionally, there are also limitations to the research at this stage, as network phar-
macology techniques can only predict drug composition and targets qualitatively. High-
performance liquid chromatography (HPLC) or ultraviolet spectrophotometry (UV) should
be used to determine the plausibility of the screened active ingredients, and this should
be combined with pharmacology, pharmacodynamics, and pharmacokinetics to make the
screened active ingredients and mechanism of action more convincing.
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4. Materials and Methods
4.1. Databases

The Traditional Chinese Medicine Systems Pharmacology (TCMSP) database, an analy-
sis platform (http://tcmspw.com/tcmsp.php (accessed on 14 November 2021)), GeneCards
(http://www.genecards.org (accessed on 14 November 2021)), Online Mendelian Inher-
itance in Man (OMIM, http://www.omim.org (accessed on 14 November 2021)), the
Therapeutic Target Database (TTD; http://db.idrblab), the Search Tool for Retrieval of In-
teracting Genes (STRING) protein interaction database (https://string-db.org (accessed on
15 November 2021)), Cytoscape 3.7.0 (http://www.cytoscape.org (accessed on
15 November 2021)), and the Protein Data Bank (PDB) protein structure database (https:
//www.rcsb.org/pdb (accessed on 16 November 2021)) were used in this study.

4.2. Screening of Active Ingredients of Japanese Ardisia

The components of Japanese Ardisia were searched in TCMSP (TCMSP, https://lsp.
nwu.edu.cn/tcmsp.php, accessed on 14 November 2021) and screened for active com-
pounds by oral bioavailability (OB) and drug similarity (DL), as well as potential targets of
action for activity, the active compounds obtained from the screening are presented in the
form of a list.

4.3. Screening of Target Diseases

GeneCards, OMIM, and TTD were used to identify hepatitis-related gene targets.
Specific search parameters, such as the keyword ‘autoimmune hepatitis’, were used for data
collection. Using R 4.0.4 software (https://www.r-project.org/ accessed on 15 November
2021) to remove duplicate regions of gene targets, the intersection of the active ingredient
and disease target was obtained and plotted as a Venn diagram.

4.4. Target Protein Localization and Interaction Analysis

The cross-targets of Japanese Ardisia in autoimmune hepatitis treatment and preven-
tion were imported into the STRING protein interaction database for analysis. The PPI
network was mapped using the Cytoscape 3.7.0 software. A protein–protein interaction
(PPI) network was constructed according to proximity centrality, intermediate centrality,
and degree value, and the key targets were screened using Cytoscape 3.7.0.

4.5. Construction of a Component-Target-Disease Interaction Network of Japanese Ardisia with
Autoimmune Hepatitis

The previously acquired common genes and the associated active ingredients were
visualized and analyzed using Cytoscape 3.7.0 software.

4.6. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis

The potential targets of Japanese Ardisia for autoimmune hepatitis treatment were
imported into the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases. GO was selected for enrichment analysis, KEGG was selected for
pathway analysis, and the p-value threshold was set at <0.05 to determine the enrichment
pathways of key targets. An advanced bubble diagram was constructed from the enrich-
ment results: the smaller the p-value, the higher the enrichment; the larger the bubble, the
richer the genes were.

4.7. Molecular Docking

The two-dimensional structures of quercetin, kaempferol, and laricitrin were ob-
tained from the TCMSP database and saved as a Mol2 file. AKT serine/threonine kinase
1 (AKT1), interleukin 6 (IL6), vascular endothelial growth factor A (VEGFA), and caspase
3 (CASP3) were selected as the target proteins for molecular docking experiments. The
three-dimensional structures of AKT1, IL6, VEGFA, and CASP3 were downloaded from
the PDB protein structure database and saved in PDB format [41]. Crystal structures
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with high resolution and corresponding bioactive ligand complexes were preferentially
selected [42]. The structures of the protein macromolecules and small-molecule compounds
were imported into AutoDock 4.2.6 software (https://autodock.scripps.edu/ accessed on
16 November 2021) for molecular docking, and the docking results were analyzed using
the PyMOL (https://pymol.org/2/ accessed on 16 November 2021) visualization tool.

4.8. Animal Experiments
4.8.1. Drug

The whole herb of Japanese Ardisia was ground into a coarse powder and kept in
a dry, cool environment. A weighed amount of coarse powder was soaked in ten times
the amount of water for one night before being decocted twice for 1.5 h each time. The
decoctions were combined and concentrated to 1 g/mL (1 mL equals 1 g raw material), the
concentrate was centrifuged at 5000 rpm for 15 min, the supernatant was collected and
concentrated to 1.5 g/mL (1 mL equals 1.5 g raw material), and the obtained concentrate
was refrigerated at 4 ◦C [43,44].

4.8.2. Animal Grouping and Drug Administration

SPF-grade male SD (Sprague-Dawley) rats, weighing (200 ± 10) g, with six animals per
cage were housed in specific pathogen-free facility with a 12 h light and 12 h dark cycle at
22 ◦C. All mice were randomly divided into three groups, control group (n = 6), con A group
(n = 6), and extract of Japanese Ardisia (EJA) (n = 6) groups after being fed adaptively for a
week. The control and model groups were given saline, while the administration group
was given 36 g/kg of Japanese Ardisia by gavage once daily for 10 days. One hour after
the last dose, all groups were given 25 mg/kg con A in the tail vein, except for the control
group which was given an equal amount of saline in the tail vein, rats were euthanized
12 h after con A treatment, and their livers were dissected from the rats.

The kits purchased from Nanjing Jiancheng Institute of Biological Engineering were
used, and the alanine transaminase (ALT) (Cat.No.C009-2-1) and aspartate transaminase
(AST) (Cat.No.C010-1-1) measurements were performed according to the instructions
provided by the kit supplier.

All the animals were provided by Hunan Sleek Jingda Laboratory Animal Co. License
No. SCXK (Xiang) 2019-0005. Animal welfare and experimental procedures followed the
regulations of the Animal Ethics Committee of Guilin Medical College.

4.8.3. Histopathological Section Analysis of Liver

Tissue removed from 2.8.2 was fixed in 4% paraformaldehyde, paraffin sections were
embedded, and, finally, the pathological sections were observed by HE staining, and the
pathological changes of liver tissues were observed under an electron microscope.

4.8.4. Western Blot

To verify the protein expression level, we extracted protein from rat liver tissue,
weighed a certain amount of liver tissue, fully lysed it with RIPA lysis solution (Solarbio,
Beijing, China), used SDS-PAGE electrophoresis, and then transferred it to PVDF (Solarbio,
Beijing, China) membrane. We then blotted and closed them at room temperature for
one hour, and then we incubated them with AKT1 (60203-2, proteintech, Wuhan, China),
CASP3 (ab184787, Abcam, Cambridge, UK), IL-6 (ab259341, Abcam, Cambridge, UK),
β-actin antibody (66,009, proteintech, Wuhan, China), and incubated them overnight at
4 ◦C. Then, we incubated them with goat anti-rabbit IgG (H + L) and goat anti-mouse Ig
G (H + L) for 1 h at room temperature. The protein bands were visualized using an ECL
chemiluminescence kit (Beyotime, Shanghai, China) and quantified under Image J system,
version 6.0.
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4.9. Statistical Analysis

The experimental results are presented as mean ± SEM for each group, with at least
three independent experiments. The differences between the treatment and normal groups
were analyzed by a one-way analysis of variance using GraphPad Prism 8.0 (GraphPad
Software Inc., San Diego, CA, USA). p < 0.05 was used to indicate statistical significance.

5. Conclusions

In summary, we first performed a network pharmacology and molecular docking
approach to elucidate the anti-AIH effects and potential mechanisms of Japanese Ardisia,
and finally determined the effect of Japanese Ardisia anti-AIH on the expression of key
target proteins by Western blotting analysis. Japanese Ardisia tends to work through the
IL-17 signaling pathway, the TNF signaling pathway, the AGE–RAGE signaling pathway
in diabetic complications, and other targets such as AKT1, IL-6, and CASP3 to exert drug
effects. The potential signaling pathways uncovered in this study lay the theoretical
groundwork and point the way for future experimental validation.
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Abstract: Snake venom serine protease (SVSP) interferes with the regulation and control of impor-
tant biological reactions in homeostasis and can be classified as an activator of the fibrinolytic
system and platelet aggregation. Our group has recently isolated a new serine protease from
Crotalus durissus terrificus total venom (Cdtsp-2). This protein exhibits edematogenic capacity and
myotoxic activity. A Kunitz-like EcTI inhibitor protein with a molecular mass of 20 kDa was iso-
lated from Enterolobium contortisiliquum and showed high trypsin inhibition. Thus, the objective
of this work is to verify the possible inhibition of the pharmacological activities of Cdtsp-2 by the
Kutinz-type inhibitor EcTI. To isolate Cdtsp-2 from total C. d. terrificus venom, we used three-step
chromatographic HPLC. Using the mice paw edema model, we observed an edematogenic effect,
myotoxicity and hepatotoxicity caused by Cdtsp-2. In vitro and in vivo experiments showed that
the alterations in hemostasis caused by Cdtsp-2 are crucial for the development of marked hepato-
toxicity and that EcTI significantly inhibits the enzymatic and pharmacological activities of Cdtsp-2.
Kunitz-like inhibitor may be a viable alternative for the development of ancillary treatments against
the biological activities of venoms.

Keywords: serine protease; Cdtsp-2; Kunitz-type inhibitor; Crotalus durissus terrificus

1. Introduction

Snake venoms exhibit several toxic enzymes, including serine proteases, which catal-
ysis the cleavage of peptide covalent bonds in proteins. These macromolecules play key
roles in several biological processes ranging from digestion to control and regulation of
blood coagulation, immune system modulation, besides exhibiting an essential control of
inflammation. Serine proteases from snake venoms are trypsin-like enzymes with highly
conserved S1 substituents, as we can see in Figure 1. They show high selectivity towards
molecular substrates, such as blood coagulation factors, while also being glycosylated
molecules; this allows them to interact with other molecules [1,2]. Several experimental
data show that these proteins exhibit various pharmacological roles, including a clear
pro-inflammatory action [2–4]. Recent studies with Gyroxin, a venom serine protease, have
shown that this enzyme can act on PAR (protease activated receptor) receptors, which
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activate the phospholipids breakdown in the membrane and generate IP3 upon proteolytic
cleavage [5–7].
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Costa and collaborators isolated Cdtsp-2 (Crotalus durissus terrificus serine protease
2) with a 98% purity and characterized this protein as another serine protease different
from Gyroxin. This new macromolecule causes edema by enzymatic cleavage of PAR1
receptors, PAR2 and G proteins, activating PLC and PKC, which raise cPLA2 activity by
increasing arachidonic acid metabolism and its interaction with oxidative stress. Thus, the
evidence suggests that this toxin is an essential and still neglected aggravating factor for the
action of snake venom and the venom of other animals. Reviews on clinical manifestations
induced by the bite of Crotalus durissus venom show that besides the neurotoxic, myotoxic
and hemorrhagic action, there are also reports on the hepatotoxic potential of rattlesnake
venom. Several data from experimental animal studies indicate that components of the
coagulation cascade, particularly coagulation factor Xa and thrombin, lead to profibrogenic
events, leading to liver fibrosis and acute liver inflammation [1–3,7–12].

Antivenoms cannot neutralize the pharmacological actions of serine proteases, there-
fore the search for inhibitors is fundamental to allow for adequate treatment following
ophidian accidents [13,14]. Serine protease inhibitors (SPIs) are widely distributed in living
organisms, such as bacteria, fungi, plants and humans, and their main activity is to regulate
proteolytic activity. In plants, SPIs are involved in the control of endogenous proteolytic
processes, such as in the regulation of proteases in seeds. Batista et al. [15] isolated a
Kunitz-type inhibitor named EcTI (Enterolobium Contortisiliquum trypsin inhibitor), with
97% purity, from seeds, using a plant extract with saline and acetone solution, with four
chromatographic steps. This protein exhibited 173 amino acids, four of which were cys-
teine, forming two disulfide bridges. As could be observed in this study, EcTI was not
efficient at inhibiting all the serine proteases to which it was exposed; it managed to block
the activity of trypsin, but did not have the same success with thrombin. The literature
shows that EcTI has anti-inflammatory activity and acts in modulating cytokines, inducing
apoptosis of breast cancer cells [16]. In addition, numerous studies reveal that EcTI exhibits
anti-inflammatory activity, including in lung tissues, modulates the metabolism of various
tumor cells, including in brain tumors, considerably reducing their activities [2,12–15].

Hence, this work aimed to characterize the Cdtsp-2 hepatic inflammatory effect per-
forming the first set of experimental and in silico data of the EcTI inhibitor action on the
enzymatic, edematogenic, myonecrotic and hepatotoxic effects induced by serine protease
Cstsp2 from Crotalus durissus terrificus venom.

2. Results

Firstly, enzymatic activity of Cdtsp-2 incubated with the Kunitz-like inhibitor EcTI,
was evaluated. The result shown in Figure 2 demonstrate that EcTI abolished the enzymatic
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activity of the serine protease Cdtsp-2 (positive control). The second step was an evaluation
of the anti-inflammatory capacity of EcTI through the edematogenic (paw edema) assay
against Cdtsp-2 (positive control). In this test we used pure EcTI and Cdtsp-2 and all
samples had their concentrations adjusted to 1 mg/mL. The EcTI effect was performed
in two situations: applied 10 min before Cdtsp-2 injection and 30 min before Cdtsp-2
application. In the first edematogenic assay, 10 min after injecting Cdtsp-2 in the right paw,
50 µL EcTI was injected into the peritoneum of the mice, simulating a parenteral treatment.
Under these conditions, we can observe in Figure 3 that EcTI inhibited the inflammatory
process in a subtle way (Figure 3B). However, to verify the protective capacity against the
inflammation caused by Cdtsp-2, we tested again the paw edema model, in which the
inhibitor was injected into the peritoneum 30 min before Cdtsp-2 application in the paw.
For control, saline solution (0.9% NaCl) was used in both analyses and all the concentrations
were adjusted to 1 mg/mL. In Figure 3A, we can clearly see that EcTI has a significant
anti-inflammatory protective capacity. In Figure 4, we did the same test as in Figure 3, but
we used the anti-inflammatory Dexamethasone (DXP), a Phospholipase A 2 (PLA) inhibitor,
and we can see that DXP was a protective molecule for paw edema as EcTI.

To analyse the myotoxic and protective capacities of the Kunitz-like inhibitor EcTI and
Cdtsp-2, we performed the Creatine Kinase (CK) breakdown assay, with the concentrations
adjusted to 1 mg/1 mL. Myonecrosis induced by Cdtsp-2 is shown both in the test 10 min
after (Figure 5B) and in the test 30 min before (Figure 5A). The results with the Kunitz-type
inhibitor showed a myoprotective capacity in both tests, significantly minimizing CK levels
in both situations, which used the inhibitor 30 min before Cdtsp-2 application (Figure 5A)
or applied it 10 min after the serine protease (Figure 5A). Due to these results we chose to
investigate the hepatotoxicity of Cdtsp-2 and the EcTI hepatoprotective capacity against
serine protease.

Acetaminophen (paracetamol, N-acetyl-p-aminophenol) was used as a positive control
for hepatotoxicity in all tests. In Figure 6A, the first hepatotoxic marker tested was LDH
(Lactate dehydrogenase), and in this test we can see that pure EcTI is not hepatotoxic
when compared to paracetamol; however, Cdtsp-2 shows LDH levels above paracetamol.
Another result we can see in Figure 6A is that EcTI was not able to mitigate LDH release
against serine protease. Still in reference to the hepatotoxicity, we used five different
hepatotoxicity marker tests, of which the second was the Gamma-Gt presented in Figure 6B.
In the graph, we observe that the Kunitz-type inhibitor was not able to mitigate the release
of the y-GT molecule against Cdtsp-2. Figure 6C exhibits the release of C-reactive protein
(CRP), revealing that the inhibitor was able to reduce the damage caused by serine protease.
AST and ALT were also evaluated, and Figure 6 shows that, in both tests, EcTI revealed
no hepatotoxic activity itself, but could not significantly reduce hepatotoxicity caused by
Cdtsp-2. However, neither infiltrated inflammatory or signals of necrosis can be seen with
the samples present normal aspect, as shown in Figure 7.

The circular dichroism data exhibited in Figure 8B reveals that EcTI interacts so
strongly with Cdtsp-2 that it significantly modifies its three-dimensional structure, changing
the percentages of the secondary structures of the serine protease. A theoretical model of
the Crotalus durissus terrifucus serine protease (Cdtsp-2) (Figure 9) was generated through
homology of the Agkistrodonhalys thrombin-similar protein (identity 72.77%) coordinates of
the enzyme (pdbcoordinates 4e7n) [12]. The structures represented were generated using
PyMOL. It is possible to verify the estimated structures by dichroism, whose random coil is
the most expressive. The structure was validated using MolProbity software, generating
the Ramachandra graph. The quality validation of the theoretical model by Ramachandra
resulted in the presentation of only three amino acids in unfavorable positions, thus the
theoretical model generated by our group is viable for studies in bioinformatics interactions.

In the interaction of Cdtsp-2 with the EcTI inhibitor simulation (Figure 10D) we found
a completely different interaction from the one shown by Zhou [17]. The interaction of
Cdtsp-2 with EcTI shows bonds of all types, van der Walls, hydrogen bridges and even
covalent bonds in the active site, as we show in Figure 10, whose distances were from 0.9 Å
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to 3.5 Å. However, the interactions between the protein and the inhibitor occurred through
all the amino acids of both proteins, not only between the active site and the reactive loop,
as shown by Zhou [17]. It is possible to see all the interactions and alignments that occurred
between the amino acid residues of the proteins.
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Figure 2. Graph of the enzymatic assay of Cdtsp-2 incubated with pure compounds and with EcTI
protein (velocity × time). Prasa et al.’s [18] protocol was used, where the wavelength for detection
was 405 nm and the protein substrate BapNa. The treatments were controlled, with substrate only,
Cdtsp-2 incubated with substrate, Cdtsp-2 with protein, which were pipetted in microplate and
incubated at 37 ◦C. The readings were performed on SPECTRA MAX (Molecular Devices, San Jose,
CA, USA). It is observed that a decrease in the enzymatic activity of the protein was evident in the
presence of EcTI.
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Figure 3. (A): Graph of paw edema volume (µL) of Swiss mice during inflammation, induced by
the presence of Cdtsp-2 venom or the toxin with EcTi, which was injected 30 min before protein
application. (B): Plot of the paw edema volume (µL) of Swiss mice during inflammation, induced by
the presence of Cdtsp-2 or the toxin with EcTi injected 10 min after the protein application. Both assays
were performed using 10 µg of protein and 50 µg of EcTi. Results were expressed as mean ± standard
deviation (n = 5), and treatments with significant difference marked with (*) (Two-way ANOVA, with
Bonferroni as a posteriori test, F = 150.0 and p < 0.001).
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Figure 5. (A): Creatine kinase breakdown assay, revealing a significant decrease in the myotoxity of
the protein when it was applied EcTI 30 min after Cdtsp-2. (B): There was no significant decrease in
the myotoxicity of the protein when it was applied 10 min after the pure compounds. However, there
was a decrease in myotoxicity when Cdtsp-2 was exposed to EcTI. Data were expressed as mean and
standard deviation, and treatments with significant difference marked with (*) and ANOVA was
used as the statistical test, with Dunnet as the a posteriori test, F = 9.797, p = 0.0017.
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Figure 6. (A): It is possible to see an increase in LHD excretion in the presence of Cdtsp-2 protein when
it was applied to EcTI 30 min after Cdtsp-2. (B): There was a significant decrease in Hepatotoxicity in
relation to y-GT excretion caused by the protein when it was applied to EcTI 30 min after Cdtsp-2.
(C): There was a significant decrease in liver inflammation caused by Cdtsp-2 protein when the same
was applied to EcTI 10 min after Cdtsp-2. (D,E): There was no significant decrease in hepatotoxicity
of the protein when it was applied to EcTI 10 min after Cdtsp-2. Data were expressed as mean and
standard deviations, and treatments with significant difference marked with (*) and ANOVA was
used as a statistical test, with Dunnet as a posteriori test, F = 9.797, p = 0.0017.
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Figure 7. All samples present normal aspects, with neither infiltrated inflammatory or signals of
necrosis. The pieces were processed according to the method described by Medeiros et al. for
tests [19] and histopathological evaluations of the liver were made qualitatively with the aid of a
light microscope in a blinded trial, based on the guidelines issued by the Society for Toxicologic
Pathology [20] and the National Toxicology Program Health and Human Services [21].
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Figure 8. (A): Analysis of interaction through HPLC molecular exclusion. (B): Analysis on bench
circular dichroism, Jasco, with monitoring at 190 to 260 nm in 0.1%TFA and 66% ACN buffer and the
protein with concentration 0.02 mg/mL. Profile analysis (recording the differentiated absorption of
polarized light) was given by Spectra manager program: “Randon coil” about 61% of the structure,
17.84% of the structure is organized in alpha-helices; 21.16% in sheet.
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and in the breakdown of fibrinogen into fibrin monomers. However, Cdtsp-2 is not as 
glycosylated as Gyroxin. Therefore, it is plausible that protein glycosylations are crucial 
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bonds are 0.9 Å to 3.5 Å. (A): His 188. (B): Asp 92. (C): His 43. (D): Interaction between EcTI and
Cdtsp-2.

3. Discussion

Cdtsp-2 is a protein that closely resembles human Gyroxin and thrombin, and its
active sites are highly preserved [6] (Figure 1). The protein can act in the coagulation
cascade and in the breakdown of fibrinogen into fibrin monomers. However, Cdtsp-2 is not
as glycosylated as Gyroxin. Therefore, it is plausible that protein glycosylations are crucial
for its function and to inhibit the action of other elements. Another significant difference
between Thrombin and Cdtsp-2 is the type of clot formation; the former produces firm
clots, while the latter produces only loose clots.

Batista [15], when isolating EcTI, found that it was possible to inhibit factor XIIa of
the coagulation cascade, plasma kallikrein and plasmin, chymotrypsin and trypsin, but
it was not possible to inhibit factor Xa and thrombin. However, this result is not seen
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when compared to Cdtsp-2. Although the active sites are highly preserved in the thrombin
mimics, structural changes in the allosteric regions may account for the differences in
inhibition of enzyme activity [22,23]. More tests were done to evaluate the pharmacological
characteristics of the Cdtsp-2 protein and its possible actions in in vivo tests. As Cdtsp-2
is a recently discovered serine protease [12], not much is known about its activities. In
particular, it is not known whether it is hepatotoxic or not. For the in vivo studies, 25 g
to 35 g female Swiss mice were used. The paw model described by DI ROSA [24] was
used, injecting 10µg of Cdtsp-2 protein into the right paw, and saline (0.9% NaCl) into the
intraperitoneal region 10 min later, to mimic a parenteral treatment. The edema test aims to
observe the effectiveness of protective treatments, such as the injection of saline, the pure
compounds and the inhibitor, 30 min before exposure to Cdtsp-2.

Our group’s study [12] paw edema assay revealed that the serine protease Cdtsp-2
was not only able to induce damage to the coagulation cascade as a thrombin similar, but
was also able to produce significant edema, i.e., the protein in question also triggers the
inflammatory process. This result, shown in Figure 3, is consistent with Menaldo et al. [25],
who showed a serine protease purified from the venom of a snake of the genus Bothrops,
which can also cause edema.

The EcTI inhibitor showed a significant ability in reducing edema (Figure 3A). This
Kunitz-like inhibitor also acts by decreasing key inflammatory cytokines, such as TGF-α,
IL-6, IL-8 and MCP-1, in addition to NFκB, a transcription factor, responsible for aggressive
and metastatic characteristics [16]. Cdtsp-2, indeed, presents the ability to cause myonecro-
sis, as published by Costa and collaborators in 2018; we can observe this in Figure 5. Its
ability to cause edema and cell death is quite particular when compared to the other en-
zymes of the same type, but very similar to the effects caused by sPLA2, already described
in the literature [26], and we can see that a inhibitor of sPLA2 the DXPshowed a significant
ability in reducing edema from Cdtsp-2 (Figure 4). Besides, CK results showed that there
was an expressive reduction in the myotoxicity caused by Cdtsp-2 when exposed to EcTI
(Figure 5). The induction of myonecrosis by Cdtsp-2 was very similar to the myonecroses
presented by other classes of proteins.

Accidents with Crotalus durissus terrificus can be fatal, since the venom has neurotoxic,
myotoxic, coagulant and hepatotoxic actions [9,11]. Therefore, tests with Cdtsp-2 related to
hepatotoxicity are necessary, and the inhibitory capacity of EcTI against these parameters
is essential for the development of a possible adjuvant treatment. JR Mitchell and co-
workers [22] observed in their studies that glutathione depletion by acetaminophen was
increased by treatments that potentiate liver necrosis and covalent binding produced by
the toxic metabolite of acetaminophen. Due to this fact, many studies now use paracetamol
(acetaminophen) as a gold standard for hepatotoxicity. In our work, we also used it as a
positive standard.

Lactate dehydrogenase (LDH) is an enzyme present in almost all tissues [27]. Increases
can be caused by diseases such as hepatitis, anemia, heart attack, fractures, muscle trauma,
cancer and infections such as encephalitis, meningitis and HIV [28]. Since LDH is nonspe-
cific and routine isoenzyme analysis is usually not available in clinical laboratories, LDH
measurements provide incomplete data and other tests, such as CK for muscle, ALT for
liver, troponin for heart disease, etc. are required. Also, LDH activity is impaired when
there is hemolysis in the blood sample. Since red blood cells (RBCs) have the LDH protein,
hemolysis leads to false-positive results [29].

Our samples had an elevated concentration of LDH, which despite being a nonspe-
cific test, corroborates with the results we found for CK and all the other hepatitis and
inflammatory markers. These data are in line with the results found in the studies of
Barravieira and collaborators in [9], France [11] and Al-Quraishy [30]. Still regarding
the LDH results, the EcTI inhibitor was unable to reverse the damage already caused by
Cdtsp-2 (Figure 5A). Another non-specific marker for hepatotoxicity used was Gamma
GT (Gamma-Glutamyltransferase); this marker can be produced in organs such as liver,
kidneys, seminal vesicles, spleen, pancreas, heart and brain [31]. It may be increased in
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renal failure, pancreatic disease, myocardial infarction, diabetes and other diseases besides
liver disease.

GGT levels increase markedly in the setting of bile duct obstruction, and the ratio of
alanine aminotransferase (ALT) to GGT can guide the clinician in deciding between ob-
structive jaundice (low ALT/medium-high GGT) versus hepatitis (high ALT/low-medium
GGT) during the investigation of a patient with jaundice [32]. Alanine aminotransferase is
the most widely used biological indicator for liver health [33]. ALT, as the name suggests, is
linked to the transamination of alanine and is concentrated in greater amounts in the liver
than in other organs. The release of ALT by the hepatocyte into the bloodstream occurs
after hepatocellular injury, and it is eliminated with a plasma half-life of approximately
42 h in humans and 24 h in mice [34]. Elevation of ALT can indicate liver injury, but is not
liver-specific. ALT can be caused by muscle, skeletal or cardiac damage and drugs that
increase ALT gene expression [35].

Aspartate aminotransferase is a transaminase enzyme which catalyzes the reaction be-
tween aspartate and alpha-ketoglutarate to form oxaloacetate and glutamate. The enzyme
AST, also called serum glutamate oxalate transaminase (SGOT), is present in all tissues
except bone and levels are highest in the liver and skeletal muscles. The concentration
of AST is increased after injury, trauma, necrosis, infection or neoplasia in the liver or
muscle [36]. Another liver marker, C-reactive protein (CRP), was discovered by researchers
Tillett and Francis [37] when they identified a substance in the serum of patients with acute
inflammation. Our results suggest that there was no bile duct obstruction, since in the
results found in Figure 6 the GGT is low-medium, and both aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) in Figure 6 are at high levels, thus suggesting
hepatotoxicity.

CRP is a protein composed of five subunits synthesized by the liver which reacts to the
acute phase of an inflammatory/infection process, mainly due to the action of IL-6 on the
gene that controls CRP transcription [38]. In Figure 6C, we show that Cdtsp-2 generated
a significant increase in CRP, as much as paracetamol when compared to the untreated
animals. Another interesting result shown in the graph was that the Kunitz-like inhibitor
EcTI was able to reduce the damage caused by the serine protease (Cdtsp-2); these results
corroborate with the studies of T Shimomura and co-workers [39].

Barravieira et al. [7,9] showed in his works that the liver presents alterations after 6 h
of snake-venom exposure. However, our samples were exposed to Cdtsp-2 for 4 h, and
because of this we cannot see any alterations in histopatology analysis.

Shimomura, in his studies, revealed that the hepatocyte growth factor (HGF) activator
is a serine protease produced by the liver that circulates inactive in the blood.

Shearer and colleagues [40] described in their work that by suppressing PAR2 there
was an effective inhibition to in induced fibrosis, inflammation, steatosis and hepatocellular
necrosis, thus suggesting a new multifaceted approach to treat severe liver diseases.

Cdtsp-2 is a serine protease that depends on PAR1 and PAR2 to trigger its pharma-
cological effects [12], thus, our results demonstrate that the EcTI inhibitor was able to
strongly interact with Cdtsp-2, not allowing the protease to activate PAR 2 in the liver, thus
preventing the hepatobiliary inflammatory cascade (Figures 6–8 and Scheme 1).

Tissue injury activates HGF, which is converted to the active form by proteolysis. The
activator of HGF activates an inactive protein which is transformed into a biologically active
heterodimer in the injured tissue. Activated HGF may be involved in the regeneration of
injured tissue. The inhibitor (HGF) is a member of the Kunitz family of serine protease
inhibitors, as is EcTI [41].

It is crucial to understand the secondary and tertiary structures of a protein to fully
understand its physiological functions. Thus, the circular dichroism assay was performed
with the Cdtsp-2 fraction. This experiment shows us that 17.84% of the structure is com-
posed of alpha-helices; 21.16% is in beta sheets and the other amino acids are in random
structures (Randon coil), about 61% of the structure (Figure 8A,B). The results that we
found through circular dichroism correlate with the structures found in studies conducted
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by [7,9,22]. The inhibition found by Rodrigues C.F. et al. [23] was associated with the
structural changes of Thrombin and the modification in its activity, which occurred by
changes in its catalytic site or allosteric regions, which did not occur with Cdtsp-2, possibly
due to the absence of glycosylations.
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Scheme 1. In summary, this scheme shows that Cdtsp-2 is involved with perturbation of coagulation
cascade, in activation of platelet and liver inflammation through activation of PAR’s receptors.

The model of Cdtsp-2 is consistent with sequencing and circular dichroism, which
shows a predominance of the secondary structure random coil, different from the serino-
protease already described for Crotalus durissus terrificus venom. The percentage of serine
proteases in the venom increased from 2.5% to about 7% of the total [12], increasing the
problematic nature of the antivenom serum, since serine proteases are not fully neutralized
in their enzymatic and pharmacological activity by the antivenom serum [42].

Typically, inhibition of trypsin-like serine proteases is through the interaction of the
reactive loop with the active site cleft [43]. The Kunitz-like inhibitor (EcTI), when exposed
to serine protease trypsin, forms a complex with the standard inhibitory mechanism in
which the reactive loop of the inhibitor is anchored to the active site of the trypsin, with
Arg64 and Ile65 side chains occupying S1 and S1’ pockets, respectively [17]. However,
when we study interactions with thrombin simile-type proteins, the forms of interaction
and inhibition are different.

Otlewski and co-workers [44] also summarized the types of interactions that occur
between inhibitors and thrombin simile-type serine proteases. One relevant example is
direct active site blockade. This type of inhibition is given by non-canonical inhibitors
of serine proteases. These inhibitors insert their N-terminal tail into the active site of
the enzyme, forming a small β-sheet parallel with the enzyme residues. Non-canonical
inhibitors were created in hematophagous animals as anticoagulants to inhibit thrombin or
factor X a. The paradigmatic example is the recognition of thrombin by the leech hirudin
inhibitor. The N-terminal end of the globular domain of hirudin establishes contact with
the active site through the parallel β-sheet, while the C-terminal acidic end is recognized
by the anionic fibrinogen recognition exosite [44].

According to Richardson and co-workers (2000), the hemedin of a terrestrial leech
makes interaction through the N-terminal in a similar way to that cited by Gutter [44], but
the acidic C-terminal segment interacts with the heparin binding surface, which differs
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from the two interaction models [45]. In both examples, the inhibitors form a monomer-
like protein complex, as found in the protein-protein docking shown in Figure 8D, i.e.,
Cdtsp-2 interacted with the EcTI inhibitor like thrombin interacts with inhibitors from
blood-phage animals; this result is compatible with those found in the strong enzymatic
and pharmacological inhibitions against Cdtsp-2.

4. Materials and Methods
4.1. Purification of Cdtsp-2

The purification of the Serine Portease Cdtsp-2 was done following the methodology
of Fonseca et al. [46] and Costa et al. [12].

4.2. Reagentes

We obtained commercially from Sigma-Aldrich (St. Louis, MO, USA) all other chemi-
cals, reagents and kits were purchased from Sigma-Aldrich®, Bio-Rad (Hercules, CA, USA),
Cayman Chemical (Ann Arbor, MI, USA).

4.3. Enzyme Assay of Cdtsp-2 Inhibition

The inhibition potential of the EcTI inhibitor was checked against Cdtsp-2. The enzyme
was dissolved in 0.9% NaCl saline solution, with a final concentration of 1 mg/mL. The
samples were incubated with the pure compounds for 20 min at room temperature, then
the solution was incubated on a microplate together with the substrate BapNa, solubilized
in water at 37 ◦C and buffer 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, plus a control (blank
− substrate + saline + buffer) and positive control. The samples were read at sequential
intervals (5 min, with a total time of 90 min) in a spectrophotometer for reading (λ = 405 nm)
(adapted from Prasa et al. [18]) and all absorbance data were transformed in velocity using
this formula: V0 = nm.258 mmol/Tempo(min).

4.4. Circular Dichroism

Polarized light is used in the distal ultraviolet (UV) range (from 180–260 nm). This tech-
nique allows the evaluation of the structural integrity of proteins, conformational changes,
processes of denaturation (unfolding) and renaturation (folding), making it possible to
estimate the composition of the elements in the secondary structure of this macromolecule.
The circular dichroism analysis was performed with 0.02 mg/mL of Cdtsp-2 monitored
using wavelengths of 190–260 nm. The analysis was performed to 8 convolutions, and data
were treated by Spectra manager.

4.5. Evaluation of Paw Edema

In vivo experimental models were performed to evaluate inhibition of acute inflam-
mation caused by purified Cdtsp-2 using randomly chosen Swiss mice (~25 g, n = 5).
These assays were performed only after in vitro investigation of inhibition or interaction
of the compounds with the enzymes used in this work. Animals were treated with 50 µL
(0.5 µg/µg per animal/10 µg per animal) of the compounds via peritoneal or intravenous
injections. A saline solution (0.9% NaCl) was used for the controls. There were 5 groups:
Saline, Cdtsp-2, Cdtsp-2 previously incubated with EcTI, EcTI and carrageenin (1.5% in
solution, with positive control). Edema volume monitoring was achieved using a dig-
ital plethysmometer for about four hours. After the tests, the mice were anaesthetized
and sacrificed via cervical dislocation. In vivo experiments were performed according to
the institutional rules and were approved by the ethics committee from UNESP, number
10/2018-CEUA.

4.6. Hepatotoxicity

The hepatotoxicity study was performed using the methodology according to Hewedy
(2021) [47], where hepatic injury was induced by intraperionial injection using as posi-
tive gold standard the acetaminophen molecule (paracetamol, N-acetyl-p-aminophenol).
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Fifty µg/µL of the EcTI inhibitor, previously incubated for 30 min with Cdtsp-2 (1:1 w/w),
were injected into the right peritoneum (n = 5). After 30 min on average, blood from the
animals was collected from the tail in a heparinized tube, which was centrifuged and
frozen for further testing. Control animals (n = 5) were subjected to the same procedure
as treated animals, but were only inoculated with saline, pure compounds and inhibitor.
The observation time of the animals was 4 h. After testing, the mice were anesthetized
and sacrificed via cervical dislocation. With the separated serum we used commercial kits
where we followed the manufacturers’ guidelines for the determination of CRP (C-reactive
protein), AST (aspartate aminotransferase), ALT (alanine aminotransferase, LDH (lactate
dehydrogenase) and gamma-GT (gamma glutamyl transferase).

Histopathology

Livers were collected and their wet weights (absolute and relative to body weight)
were recorded and destined for histological procedures. Samples were fixed in buffered
formaldehyde solution (10%) for 24 h and lately transferred to 70% alcohol. The pieces were
processed according to the method described by Medeiros et al. [19] and histopathological
evaluations of the livers were made qualitatively with the aid of a light microscope in a
blinded trial, based on the guidelines issued by the Society for Toxicologic Pathology [20]
and the National Toxicology Program Health and Human Services [21]. The following
parameters were observed for hepatic tissue: presence of hydropic or fat degeneration,
defense cells foci, mitotic figures and binucleated hepatocytes and hyaline casts. All
parameters were classified according to the frequency: absent, mild (<25% of the histological
section), moderate (25% to 50% of the histological section) and severe (occurring between
50% and 100% of the histological section).

4.7. CK Level Measurement

In total, 20 µL (2.5 µg) of the compounds were added into the peritoneum 10 min
after Cdtsp-2 (n = 5) was injected into the gastrocnemius muscle. After an average of
30 min, blood from the animals was collected from the tail in a heparinized tube, which
was centrifuged and frozen for later analysis. Control groups (n = 5) underwent the same
procedure as the treated animals, but were inoculated with 20 µL of 0.9% NaCl, 20 µL
(2.5 µg) of the purified compounds or 20 µL (10 µg) of isolated Cdtsp-2. After testing,
the mice were sacrificed by cervical dislocation. Serum creatine kinase (CK) levels were
determined according to the kit manufacturer (Bioliquid, Pinhais, Brazil).

4.8. Statistical Analysis

Data are expressed as mean ± standard deviations. The results were analysed through
an analysis of variance (ANOVA) of one or two routes followed by the Bonferroni and t-test
with statistical variance p < 0.05.

4.9. Preparation of Ligands

Thrombin (1doj), Trypsin (6yiw), Cdtsp-2 (Gka1) and EcTI (4j2k) proteins were found
in PDB (Protein Data Bank-https://www.rcsb.org accessed on 18 September 2022) and
NCBI (NCBI https://www.ncbi.nlm.nih.gov accessed on 18 September 2022) database and
coding was used in this analysis to find the amino acid sequence of all the proteins. The
crystallographic model was chosen as the best model for building the theoretical structural
model from human models.

The structure information of the compounds was taken from the PubChem platform
(https://pubchem.ncbi.nlm.nih.gov accessed on 20 September 2022) associated with the
Molinspiration and SwissADME platforms were used for better visualization of the struc-
ture of the compounds [40]. The ligands were in 3D format with the SDF extension. After
downloading, the ligands and files were converted to Mol2. format and the PDB models
were generated by RCBS, to be inserted into the SwissDock platform for further analysis
in the Chimera 1.14 tool, where we observed the sites that have the highest interactions
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between the compound and the protein, among the 250 positions generated by SwissDock
in this preliminary docking [42].

The Swiss ADME platform (www.swissadme.ch accessed on 20 January 2023) was
created by the Swiss bioinformatics institute. The platform was used to estimate individual
types of ADME biological behavior, prior to chemical synthesis and biological testing, to
approximate the biological activity profiles of the simulated molecules [46].

4.10. Molecular Docking

In this study, the molecular docking experiments were performed by the SwissDock
platform [48], subsequently we used the CavityPlus platform [49], following the idea of XU
et al. [50] that the association of using the platforms generated better results to generate
a Grid Box more faithful to reality, using the Autodock Vina software [49,50]. Several
results from various fitting runs were generated and summarized in a table for further
analysis [45,47].

The SwissDock and Cavity Plys platform (https://swissmodel.expasy.org, accessed
on 16 April 2023) was used to assemble the structural molecular model of the protein and
evaluate the possibilities of binding the chosen protein.

After a prior study of the mechanisms and essential residues of these proteins, molec-
ular docking experiments were performed by Autodock Vina with two Grid Boxes: one
larger, covering more site residues, and the other with the 40 × 40 × 40 parameters focused
on the site of largest interactions with 100 exhaustive assays per sample [51].

Coupling calculations using the Lamarckian genetic algorithm and standard proce-
dures for fitting a versatile ligand to a rigid protein were performed with AutoDock 5.6.
The docking calculations were performed on the binding of each protein target and catalytic
site.

Once the possible binding sites were identified, the coupling of compounds to these
sites was performed to decide the most likely and most energetically desirable binding
conformations [43].

Autodock Vina 1.1.2 was used to obtain robust docking simulations involving a grid
box at the identified binding site. A 32 Å matrix with a grid spacing of 0.375 Å was bounded
by an active site. Affinity scores were obtained and ranked based on the free energy binding
theory provided by AutoDock Vina (in kcal/mol). To verify the binding relationships, we
used Discovery Studio Visualizer 2.5 (http://3dsbiovia.com/products/ accessed on 16
April 2023), PyMOL and LigPlot+ [52,53], evaluating the binding energies, distances and
orientations of the molecules in the microenvironment of the active site of the enzymes
with the binding compounds [50].

5. Conclusions

The Kunitz-like inhibitor purified from Enterolobium contortisiliquum EcTI was efficient
against the damage caused by serine protease. These results were important pointers for
studies on the mechanism of interaction between Cdtsp-2 and EcTI proteins. The EcTI
inhibitor showed strong interactions not only with the triad of the catalytic site, but also
with all other amino acids of the protein, forming a complex and inactivating the enzymatic
activities of Cdtsp-2. Therefore, we can see that Kunitz inhibitor is a plausible option for
developing ancillary treatments against the biological activities of venoms.
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Abstract: Quercetin derivatives have already shown their anti-inflammatory potential, inhibiting
essential enzymes involved in this process. Among diverse pro-inflammatory toxins from snake
venoms, phospholipase A2 is one of the most abundant in some species, such as Crotalus durissus
terrificus and Bothrops jararacussu from the Viperidae family. These enzymes can induce the inflam-
matory process through hydrolysis at the sn-2 position of glycerophospholipids. Hence, elucidating
the main residues involved in the biological effects of these macromolecules can help to identify
potential compounds with inhibitory activity. In silico tools were used in this study to evaluate the
potential of quercetin methylated derivatives in the inhibition of bothropstoxin I (BthTX-I) and II
(BthTX-II) from Bothrops jararacussu and phospholipase A2 from Crotalus durissus terrificus. The use of
a transitional analogous and two classical inhibitors of phospholipase A2 guided this work to find
the role of residues involved in the phospholipid anchoring and the subsequent development of the
inflammatory process. First, main cavities were studied, revealing the best regions to be inhibited
by a compound. Focusing on these regions, molecular docking assays were made to show main
interactions between each compound. Results reveal that analogue and inhibitors, Varespladib (Var)
and p-bromophenacyl bromide (BPB), guided quercetins derivatives analysis, revealing that Leu2,
Phe5, Tyr28, glycine in the calcium-binding loop, His48, Asp49 of BthTX-II and Cdtspla2 were the
main residues to be inhibited. 3MQ exhibited great interaction with the active site, similar to Var
results, while Q anchored better in the BthTX-II active site. However, strong interactions in the
C-terminal region, highlighting His120, seem to be crucial to decreasing contacts with phospholipid
and BthTX-II. Hence, quercetin derivatives anchor differently with each toxin and further in vitro
and in vivo studies are essential to elucidate these data.

Keywords: natural compounds; inflammation; toxins; snake venoms; molecular docking

1. Introduction

Flavonoids, compounds that are secondary metabolites from plants, have a nucleus
which consists of A, B and C rings. A series of modification reactions, such as hydroxylation,
glycosylation, prenylation, and methylation, can enhance multiple physiological functions
corresponding to both their structural diversity and tissue specificities. The O-methylation
of aglycone flavonoids, such as Quercetin (Q), results in the reduction of the molecular
activity of a hydroxyl fraction and the consequent increase in lipophilicity, which modifies
its intracellular compartmentalization. Furthermore, O-methylation provides a branch
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point in the biosynthesis of several metabolic pathways, including production of modified
flavonoids with increased antimicrobial properties [1]. Considered a post-modification
product, these derivatives are formed through the methyl group fixation with oxygen at
the flavonoid hydroxyl moiety. Due to the diverse hydroxyl groups in the flavonoid core,
flavonoids’ methylation positions are diverse and provide multiple health benefits, such as
increased bioavailability compared to flavonoid precursors [2]. Therefore, these methylated
flavonoids are potential candidates for use as anti-inflammatories by decreasing the enzy-
matic activity of enzymes such as cyclooxygenases (COX), pro-inflammatory interleukins,
reactive oxygen species (ROS) and nitrogen (RNS) production [2–4]. Previous analyzes
using ChEMBL and SwissTargetPrediction tools reveals that both Rhamnetin (Rhm; 7-
O-Methylquercetin); 3-O-Methylquercetin (3MQ; 3-O-Methylquercetin) are compounds
with an antioxidant capacity, besides to exhibits anti-inflammatory potential by strongly
decreasing the cyclooxygenase (COX) and Lipoxygenase (LOX) activity. Rhamnazin (Rhz;
7,3’-Di-O-methylquercetin) exhibits two methylations, which seem to considerably increase
the ability to sequester free radicals in cells. Methylated derivatives of Q are also found
in some plant species, such as Coriandrum sativum, Achyrocline satureioides, and Rhamnus
petiolaris with Rhm, 3MQ, and Rhz compounds, respectively, which have already shown
different responses against BthTX-II activities [5].

Snake venoms consist of a complex mixture of biologically active molecules, and the
phospholipase A2 (PLA2) group is one of the most studied toxins. There are two main
groups of PLA2 (E.C. 3.1.1.4) in snake venoms: phospholipase A2-like (PLA2-like), such as
the Lys49-PLA2 and the classic phospholipase A2, Asp49-PLA2. These proteins belong to
the secreted PLA2 (sPLA2), a subgroup found in diverse secretions, body fluids and venom
of bees, scorpions, and snakes [6]. Therefore, these macromolecules hydrolyze the sn-2
position of glycerophospholipids, leading to a release of fatty acids, such as arachidonic
acid (AA) and lysophospholipids, triggering the inflammatory process [7,8]. Bothropstoxin
II (BthTX-II) is an Asp49-PLA2 from Bothrops jararacussu (Bj), which belongs to the Viperidae
family. This toxin is considered a PLA2-like due to some characteristics, such as the Ca2+

binding loop distortion, leading to changes in the C-terminal region. In this way, this
protein shows a low phospholipase A2 activity besides to exhibit myotoxic, edematogenic,
and hemolytic effects [9,10]. Bothropstoxin I (BthTX-I) is a Lys49-PLA2, which reveals
high myotoxic activity with a lack of enzymatic activity. The myotoxic mechanism of these
enzymes has already been demonstrated and includes mainly some amino acids from the
C-terminal region, which interacts with membrane [8].

Crotalus durissus terrificus (Cdt) belongs to the same family and has an essential het-
erodimeric complex named Crotoxin in its venom, which is a potent β-neurotoxin with a
phospholipase A2 activity. This toxin consists of two subunits: a basic pla2 with a weak
neurotoxicity, named crotoxin B (CB) or Cdt PLA2, associated with a small acidic, nontoxic
and nonenzymatic protein named crotapotin or crotoxin A (CA) [11]. CB presents four
isoforms, CBa2, CBb, CBc, and CBd, performing 16 different CA-CB complexes. To date,
there are three crystal structures from these isomers: one of them includes CA2 and CBb,
the other with CBd (tetramer), and the structure used in this study consists of isoforms
CBa2 and CBc (tetramer) [12].

Commercial inhibitors of PLA2, such as p-bromophenacyl bromide (BPB) and Vares-
pladib (Var), have already shown their potential against PLA2 from diverse snake venoms.
The classical inhibitor BPB has been used since 1970 to inhibit the catalytic PLA2 once
it binds specifically with the His48 residue. However, this compound has already been
shown to inhibit myotoxic activity of PrTX-I, a Lys49-PLA2 from Bothrops pirajai, through a
covalent binding to His48, leading to a Ca2+-binding loop distortion and then, a C-terminus
rearrangement [13]. Var (LY315920) is a synthetic molecule which was clinically tested
to block the inflammatory cascade initiated by secreted PLA2. There are several studies
that reveal the efficacy of this compound in the treatment of phospholipase A2-rich snake
venoms [14]. In snake venoms, this compound has already been shown to inhibit the
cytotoxic e myotoxic effect of MjTX-II from Bothrops moojeni through the physical blockage
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of its allosteric activation [15]. In addition to this, a synergic effect of this compound with
the antivenom was observed to decrease neuromuscular blockage induced by crotamine,
highlighting the broad-spectrum effect of this drug [16].

Due to PLA2 role in the inflammatory process, the abundance of this toxin in the Cdt
and Bj venoms, and the fact that these proteins show similar structures with sPLA2 from
mammals [12], it is essential to find new inhibitors of this enzyme. Hence, in this study,
we performed some steps to better understand how these compounds could interact with
these three phospholipases A2. First, we aim to elucidate the main protein’s regions to
anchor with an inhibitor using CavityPlus. Afterwards, using the phosphonate transition-
state analogue from 1POB crystal structure, named L-1-0-octyl-2-heptylphos-phonyl-sn-
glycero-3-phosphoethanolamine (Analogue) [17], we focus on the elucidation of the main
residues that interact with each toxin. Moreover, two commercial inhibitors were used
for comparison purposes to identify the main residues involved in the anchoring with all
toxins. Finally, we intend to compare the compounds’ interactions with phospholipase
A2 from Bothrops jararacussu and Crotalus durissus terrificus with the analogue and the
inhibitors. Thus, we analyze if compounds anchor equally with all toxins, and if not, we
try to elucidate main differences and the reasons for that.

2. Results
2.1. Properties of Compounds

Firstly, compounds were evaluated concerning physical–chemical features to better
understand their biological activity. Data obtained from SwissADME, Mollinspiration and
ChEMBL support these results. Q reveals a molecular weight (MW) of 302.24 g/mol, Rhm
and 3MQ show the same value, and Rhz, with two methylations, exhibits a higher MW.
The topological polar surface area (TPSA) is higher in Q, the same in Rhm and 3MQ, and
Rhz exhibits the smallest value (Table 1). A classical descriptor evaluated lipophilicity:
the partition coefficient between n-octanol and water, which is essential to analyzing
physicochemical properties for pharmacokinetics drug discovery [18].

Table 1. Physical–chemical characteristics from Q, Rhm, 3MQ and Rhz.

Q Rhm 3MQ Rhz

MW (g/mol) 302.24 316.26 316.26 330.29
Num. rotatable bonds 1 2 2 3

Num. H-bond acceptors 7 7 7 7
Num. H-bond donors 5 4 4 3

TPSA 131.36 Å2 120.36 Å2 Å2 109.36 Å2

Lipophilicity
(Consensus Log Po/w) 1.23 1.63 1.75 2.02

Each compound shows specific alerts related to chemical structures which reveals a
high tendency to interact with a great number of molecules and macromolecules. Moreover,
the physicochemical properties are exhibited in the second column, revealing specific
differences between them, such as a higher amount of unsaturation in Q than the others,
besides being more polar. In general, these compounds show that enzymes are their main
target (Figure 1).

2.2. Molecular Docking
2.2.1. Cavity Analysis

The cavities of each toxin were evaluated using the CavityPlus web server to detect
potential binding sites on the protein surface. Figure 2 shows two cavities of each protein
with the first and the second highest values of druggability. Figure 2a exhibits the first
cavity of BthTX-I between chains A and B and the second (Figure 2b) in the hydrophobic
channel, which includes residues such as Gly30, Tyr22, Lys7, Tyr52, Lys69, Ala19, Cys45,
Lys69, Lys49, His48, and Ile9. Figure 2 reveals the binding region in the active site of
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BthTX-II (Figure 2c) and in the interface between chains A and B (Figure 2d). On the other
hand, the highest values of druggability found in CdtsPLA2 were in the tetramer interface,
including the active sites of the protein (Figure 2e,f).
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Figure 2. Two best cavities of each protein according to the highest druggability values. (a) First
cavity observed in BthTX-I between chain A and B and the second region exhibited in the chain A
hydrophobic channel (b). In (c), the highest value of druggability shows cavity in the chain B active
site, and the second, in the interface between chain A and B (d). In (e), CdtsPLA2 reveal a huge area
in the interface, and a small one, also in the interface (f).

2.2.2. Docking Analysis with a Transitional Analogous

Figure 3a shows that the molecule establishes hydrogen bonds with Gly30, Lys49,
and Tyr22 of chain B of BthTX-I. Hydrophobic contacts with Leu2, Leu5, and Gly6 of the
same chain are observed, besides essential contacts with Lys20 and His120 of chain A.
BthTX-II shows hydrogen bonds with Gly32–33 and Thr23, despite presenting hydrophobic
contacts with Asp49, Tyr28 and Cys29 (Figure 3b). Glycine is also essential in CdtsPLA2 in
its interaction with the molecule, once hydrogen bonds were observed with Gly32 with
diverse interactions with calcium ion, besides the hydrogen bond with His48 (Figure 3c).
Hydrophobic contacts with Cys29, Gly30, Trp31 and Lys69 are also observed. Hence,
these are the main residues that must be inhibited to prevent phospholipid hydrolysis and
its entrance.
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Figure 3. Interactions between BthTX-I (a), BthTX-II (b) and CdtsPLA2 (c) with a phosphonate
transition-state analogue.

2.2.3. Classical Inhibitors BPB and Var

The compound BPB was used as a guide once it became a classic inhibitor of PLA2 [19].
It mainly shows contacts involved in the catalytic activity of these enzymes or in the channel
responsible for phospholipid entrance in BthTX-I. Figure 4 exhibits that all toxins present
great interactions with residues essential to the phospholipid fitting (BthTX-I, a and b) or in
the active site (BthTX-II (c and d)) and CdtsPLA2 (e and f). Table 2 shows affinity values
and rmsd of each docking analysis.

Table 2. Binding free energy (affinity) and rmsd values of each toxin with BPB.

1º Cluster 2º Cluster

Affinity
(kcal/mol) Rmsd (l.b.; u.b.) Affinity

(kcal/mol) Rmsd (l.b.; u.b.)

BthTX-I:BPB −5.6 0; 0 −5.4 2.086; 4.796
BthTX-II:BPB −5 0; 0 −5 0.102; 1.460

CdtsPLA2:BPB −5.5 0; 0 −5.4 1.129; 2.875

Results with the inhibitor Var are exhibited in Figure 5. BthTX-I shows hydrogen
bonds with Gly30, Asn28, Lys49, and His48 in the first cluster, with a binding free energy of
−8.7 kcal/mol (Table 3). Similarly, hydrogen bonds were observed with the same residues,
except Ans28 in the second cluster with −8.5 kcal/mol of affinity (Figure 5a,b). Results
with BthTX-II revealed less affinity than the other two toxins, and both clusters show
−7.1 and −6.7 kcal/mol, referring to clusters 1 and 2, respectively (Figure 5c,d). Residues
involved in the anchoring observed in Figure 4c,d were Cys45, Asp49, and Tyr28, also
revealing a lower number of hydrogen bonds when compared with BthTX-I and CdtsPLA2.
Figure 4e,f present the same residues involved in the CdtsPLA2 interaction with Var, with
hydrogen bonds with residues present in the calcium-binding loop, such as Tyr28, Gly30
and 32, besides with Asp49 and His48, residues involved in the protein-catalytic network
(Figure 5e,f). In this case, binding free energy revealed −8.3 and −8.2 kcal/mol in clusters
1 and 2, respectively.
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Figure 4. BPB docking results with BthTX-I, BthTX-II and CdtsPLA2. BthTX-I exhibits in the first
cluster hydrogen bonds with His48 and Lys49, besides to exhibit hydrophobic contacts with Gly30
(a), while second cluster shows hydrophobic contacts with N-terminal residues, Gly30, His48, Lys49,
Tyr52 and Lys69 (b). Hydrogen bond with His48 is also observed in BthTX-II in the first cluster,
besides to show hydrophobic contacts with N-terminal region (c), and hydrophobic contacts in the
second cluster (d). Similarly, BPB with CdtsPLA2 reveal hydrogen bond with His 48 and hydrophobic
contacts with essential amino acids (e), and (f) exhibits just hydrophobic contacts. Purple and red
colors around residues represent hydrophobic contacts with the compound.
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Figure 5. Var docking results with BthTX-I in the first cluster, (a) and second cluster (b) revealing
hydrogen bonds with Gly30, His48 and Lys49. BthTX-II-Var in the first cluster (c), with hydrogen
bonds with Asp49 and Tyr28, and just with Asp49 in the second cluster (d). CdtsPLA2 anchoring with
Var, exhibiting strong interactions with the active site and calcium binding loop in the first (e) and
second (f) cluster. Blue cylinders represent hydrogen bonds between residues and the compound.
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Table 3. Binding free energy (affinity) and rmsd values of each toxin with Var.

1º Cluster 2º Cluster

Affinity
(kcal/mol) Rmsd (l.b.; u.b.) Affinity

(kcal/mol) Rmsd (l.b.; u.b.)

BthTX-I:Var −8.7 0; 0 −8.5 1.871; 2.797
BthTX-II:Var −7.1 0; 0 −6.7 2.444; 3.928

CdtsPLA2:Var −8.3 0; 0 −8.2 1.942; 3.649

2.2.4. BthTX-I

Docking analysis with BthTX-I reveals that quercetin derivatives can interact with the
hydrophobic channel responsible for anchoring with phospholipids. Hydrogen bonds with
His48 and Val31, or Ala19 and Lys20, were observed in Figure 6a,b, which corresponds to
clusters 1 and 2, respectively, of Q and BthTX-I. Rhm exhibits great interactions between
the chains in the first cluster, with hydrogen bonds in Ala19 (A) and Lys20(A), besides
the hydrophobic contacts with residues of both protein chains. Figure 6d also shows that
Rhm can exhibit hydrogen bonds with residues essential to the phospholipid anchoring,
such as His48, Gly30, and Lys69 (Figure 6c,d). Hydrogen bonds with His48, Lys49, Lys69,
and His120 were found in the two clusters of 3MQ with the toxin, besides presenting
hydrophobic contacts with essential residues from both chains. Similar to Rhm, Rhz
exhibits great contact with both chains, revealing hydrogen bonds with Ala19, Lys20, His48,
Lys49, and Lys69. Furthermore, hydrophobic contacts with essential amino acids, such
as Gly30 and Val31, were observed. Table 4 shows the values of affinity and rmsd from
each analysis.

Table 4. Binding free energy (affinity) and rmsd values of BthTX-I with each quercetin derivative.

1º Cluster 2º Cluster

Affinity
(kcal/mol) Rmsd (l.b.; u.b.) Affinity

(kcal/mol) Rmsd (l.b.; u.b.)

Q −8.2 0; 0 −7.9 2.655; 3.657
Rhm −8.2 0; 0 −8.1 1.625; 2.395
3MQ −7.9 0; 0 −7.9 2.817; 4.116
Rhz −8.2 0; 0 −8 2.465; 3.041

2.2.5. BthTX-II

Cluster 1 of BthTX-II:Q exhibits hydrogen bonds with His48, Cys29, and Cys45 and
hydrophobic contacts with Asp49, Thr23, and Leu2 of chain A, with a binding energy of
−7.4 kcal/mol (Figure 7a). The second cluster shows hydrogen bonds with Cys29, Cys45,
and His48, besides hydrophobic contact with Leu2 (Figure 7b). Rhm was the unique
compound which exhibits great interactions in the interface between monomer A and
B, showing hydrogen bonds with Arg111(B), Leu110(B), Arg107(B), Gly80(A), Arg77(A),
Arg77(B), and Glu12(B) with a binding energy of −7.7 kcal/mol (Figure 7c). The second
cluster reveals similar results, with contacts between chains A and B (Figure 7d). Com-
parable with Q, 3MQ exhibits hydrogen bonds with Cys29, Cys45, and His48. However,
the energy affinity was lower, −6.9 kcal/mol, and there were no hydrophobic contacts.
Otherwise, the second cluster is between the chains with lower affinity (Figure 7e,f). On
the other hand, Rhz shows a hydrogen bond with Asp49 and Lys69, despite presenting
hydrophobic interactions with Leu2, Phe5, Ile9, Pro18, Tyr22, Thr23, Cys29, Cys45, and
Tyr52, with an energy of −7.3 kcal/mol. Hydrogen bonds with Asp49 and Lys69 were
observed in the second cluster; additionally, hydrophobic contacts with Phe5 and Tyr52
were exhibited. Table 5 shows the affinity values and their respective rmsd.
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Figure 6. Docking results of BthTX-I with Q in the first cluster (a) and the second cluster (b), revealing
great interactions with His48, Lys49 and Lys69. BthTX-I-Rhm anchoring, emphasizing Lys20, Tyr119
in the first cluster (c) and His48, Lys49 and Gly30 in the second (d). 3MQ exhibit in the first image
(e) to anchor strongly with His48 plus Lys69, and in the second with Gly30, Lys49 and the C-terminal
region (f). Lys20 and Tyr 119 also appears anchoring with Rhz (g) and Lys49 and His48 are the
strong interactions in the second cluster (h). Hydrogen bonds are represented by blue cylinders, and
hydrophobic contacts by purple and red colors around the residues.
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Figure 7. Docking results of BthTX-II with quercetin derivatives. Q reveals to anchor with the active
site in the first (a) and also in the second cluster (b), while Rhm fits in the interface between the
chains, emphasizing Gly80, Leu110 and Arg 111 in the first (c) and second clusters (d). First, 3MQ
reveals hydrogen bond with His48 and Cys45 (e), and in the second cluster, it was observed contacts
with N-terminal and C-terminal region with both chains (f). Rhz first shows to anchor with active
site and the N-terminal region with mostly hydrophobic contacts (g), and in the last cluster, similar
residues are shown (h).
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Table 5. Binding free energy (affinity) and rmsd values of BthTX-II with each quercetin derivative.

1º Cluster 2º Cluster

Affinity
(kcal/mol) Rmsd (l.b.; u.b.) Affinity

(kcal/mol) Rmsd (l.b.; u.b.)

Q −7.4 0; 0 −7.3 1.688; 2.723
Rhm −7.7 0; 0 −7.5 0.629; 1.395
3MQ −6.9 0; 0 −6.7 1.908; 2.325
Rhz −7.3 0; 0 −6.9 1.826; 6.889

2.2.6. CdtsPLA2 Molecular Docking

Q mostly interacts with the interface of the chains B and D or B, C and D and does
not exhibit contact with the active site in the first cluster, which exhibited an affinity of
−9.7 kcal/mol, with hydrogen bonds with residues from the N- terminal region and Gly26,
Cys29, and Tyr120. Hydrophobic contacts between chains B and D were also observed
(Figure 8a). The second cluster presents less affinity (−8.0 kcal/mol) (Table 6) and shows
a hydrophobic contact with an amino acid which is fundamental to the catalytic activity:
Gly30. In addition to this, it shows hydrogen bonds with Lys69, Trp31, Phe24, Gly26, and
Tyr120 (Figure 8b). Rhm showed the first cluster at the interface with chains A and C,
exhibiting hydrogen bonds with Cys29, Tyr25, Gly26, Tyr120, and Asp122. Hydrophobic
contacts were observed with the N-terminal region and Gly30 (Figure 8c), with an affinity
of −9.4kcal/mol. Figure 8d shows hydrogen bonds with Lys69, Trp31, Phe24, and Gly26,
and hydrophobic contacts were observed with Gly30, Tyr120, and Cys27.

Table 6. Binding free energy and rmsd values of Cdt sPLA2 molecular docking with quercetin
derivatives.

1º Cluster 2º Cluster

Affinity
(kcal/mol) Rmsd (l.b.; u.b.) Affinity

(kcal/mol) Rmsd (l.b.; u.b.)

Q −9.7 0; 0 −8 1.878; 2.823
Rhm −9.4 0; 0 −8.2 0.530; 1.426
3MQ −9.4 0; 0 −8.5 1.908; 2.325
Rhz −8.9 0; 0 −8.8 1.807; 4.896

3MQ reveals an energy affinity of −9.4 kcal/mol with hydrogen bonds with Asn6,
Ala18, Gly26 and Cys29. Diverse hydrophobic contact between chains B and D were
observed around the molecule (Figure 8e). The second cluster showed great interactions
with CdtsPLA2 active site, with an energy affinity of −8.5 kcal/mol (Table 6). Figure 8f
also highlights the hydrogen bonds with Gly32, an essential amino acid in the calcium
bind loop. Furthermore, all residues are connected with calcium ions, which is essential
to catalytic activity. In addition, hydrophobic contacts with N-terminal amino acids and
Cys-29 were observed. The first cluster of Rhz shows interactions between monomers B, C,
and D, with a bind free energy of −8.9 kcal/mol. Similarly, with −8.8 kcal/mol, the second
cluster exhibits interactions between monomers B, C, and D. Rhz does not show contact
with residues directly involved in the catalytic activity of CdtPLA2.
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Figure 8. Docking results of CdtsPLA2 with Quercetin derivatives. (a) First cluster of Q revealing
interactions between chain B and D, and the second, between B and C (b). Chain A, B and C were
involved in the first Rhm anchoring with the protein (c), however, just B and C were observed in the
second (d). Differently, with a high number of hydrophobic contacts, the first cluster of 3MQ anchors
between chains B and D (e), and the second one fits in the protein active site (f). Similar residues
are involved in the Rhz-CdtsPLA2 anchoring, with hydrophobic contacts in the first (g) and second
cluster (h).
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3. Discussion

To date, diverse in silico tools help to evaluate molecular structures, mainly to select
compounds which exhibit great possibility to become an effective drug [13]. These tools
also have an essential role in identifying the interaction of target compounds [20]. The TPSA
is an important descriptor to understand the specific regions of the protein-compound’s
interactions, and Rhz shows the smallest value. Rhm and 3MQ show a similar value, and
Q exhibits the highest polar area, which exceeds the range (20–130 Å2) [13]. Therefore,
lipophilicity could be another descriptor to support the results obtained in the molecular
docking analysis. Diverse natural compounds, such as flavonoids, exhibit an inhibitory
potential against sPLA2 activity that seems to be dependent on the 5-hydroxyl group,
besides the double bond and the double-bonded oxygen in the oxane ring and the hydroxyl
groups at the 3′ and 4′ position [21]. Q is widely found as a secondary metabolite in
fruits, vegetables, and flowers. Its structure consists of three rings, consisting of a basic
nucleus of a phenyl benzo (γ) pyrone and the side groups usually are hydroxyl, glycosyl,
or methoxyl [22].

In recent studies, the search to provide an alternative or complementary treatment
to antivenom therapy using synthetic and natural compounds has been the subject of
investigation. Var is a synthetic compound known for its inhibitory potential against
human-secreted groups IIA PLA2. Due to their high structural homology with PLA2 from
snake venoms, studies were made to verify its inhibitory potential [10]. Furthermore, this
compound has already been shown to inhibit myotoxins revealing great contacts with
Gly30, Lys49 and His48 of MjTX-I and MjTX-II from Bothrops moojeni [15]. Additionally, Var
also shows to anchor with other myotoxins, such as PrTX-I from Bothrops pirajai and BthTX-I
from Bothrops jararacussu [10]. Herein, results with inhibitor Var reveal that the compound
shows higher affinity by BthTX-I from B. jararacussu, with great contacts with His48, Lys49,
and Gly30, residues also observed in the analogue interactions and in other phospholipases
from some Bothrops sp venoms [15]. Although BPB interacted with essential amino acids to
anchor with the analogue (Figure 3), it exhibits lower values of affinity when compared
with Var. This inhibitor is known to decrease the enzymatic activity of phospholipase A2,
binding covalently to His48 of PrTX-I [13,19]. This interaction leads to a distortion of the
Ca2+-binding loop plus a C-terminus rearrangement, decreasing the myotoxic activity of
this protein. In this study, BPB also exhibits interactions with His48, Lys49, Leu5, Gly30,
and Lys69 of BthTX-I and with the main residues of BthTX-II and CdtsPLA2 active site.
In addition, earlier studies reveal that BPB also fits well in the hydrophobic channel with
extensive hydrophobic interactions with the surrounding residues, especially Phe5, Cys45,
and Gly30 from bovine pancreatic PLA2, besides reducing edema induced by PrTX-I in rat
and rabbit [22,23]. Moreover, it has already demonstrated the His48 chemical modification
of the acid phospholipase A2 from B. jararacussu using BPB [24].

Cavity analysis has been used to identify potential binding sites on the protein surface
besides ranking them based on ligandability and druggability scores [25]. In this study, this
web server helped to confirm and guide the best sites of the protein to focus on molecular
docking. To better understand the compounds’ potential to interact with these toxins, it is
essential to emphasize the residues involved in the anchoring between these three toxins
with the phosphonate transition-state analogue. In Figure 2a, BthTX-I revealed that Lys20,
Gly30, Lys49, Tyr22, His120, and some N-terminal residues are involved in anchoring
the compound-toxin. BthTX-II exhibited contacts with Tyr28, Gly32,33, and Asp49, and
CdtsPLA2 shows great interactions with Gly30, 32, His48, and Asp49. Similarly, Q shows
great contact with some of these residues of BthTX-I, such as Lys20, Lys49, Gly30, and
His48. Quercetin has already been shown to bind with the dimmer interface and active site
of MTX-II, a Lys-49 PLA2 from the Bothrops brazili venom [26]. Furthermore, in this study,
Q fits well in the active site of BthTX-II, and these data are supported by a previous study
in which the compound inhibited the protein enzymatic activity [5]. Q with CdtsPLA2
exhibited similar interactions with BPB, such as Lys69, Gly30, and some residues of the
N-terminal region. In addition, Q anchors in the interface between monomers B and D
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in both analyses, with a great value of affinity, higher than that observed with BthTX-II.
This toxin in the solution presents dimeric or tetrameric oligomers [27]. Hence, it may be
necessary to use a higher concentration of inhibitor compared to that was used in BthTX-II,
once the protein is primarily in a monomeric form in its relaxed state with a fatty acid in its
hydrophobic channel [28].

Rhm reveals a different region with high affinity with BthTX-I, the interface between
chain A and B, with hydrogen bonds with Lys20 and Gly30, residues that match the
phospholipid analogue interaction. Hydrophobic contacts can also be compared since the
Tyr119 residue next to His120 presented in Figure 2b and Gly30 are included in Rhm with
BthTX-II. Rhm has already revealed an antimyotoxic activity against BthTX-II in previous
work [5] and could be a potential inhibitor of BthTX-I. The dimeric BthTX-II (tense-state) is
necessary for myotoxic activity [8], hence, compounds that change this conformation could
decrease its activity. This compound also shows contacts with Gly30 and other important
residues, such as Trp31, Tyr120, and the N-terminal region, similar to the amino acids
involved in the analogue and myotoxin, BthTX-I. There is no data concerning the inhibitory
potential of this compound with CdtsPLA2; however, it has already been shown to decrease
the inflammatory cytokines levels and oxidative stress in the mice aortic tissue, besides to
inhibit enzymatic, edematogenic, and myotoxic effect of BthTX-II [5,29].

As observed in Rhm, Rhz shows similar interactions with CdtsPLA2. However, it is
possible to notice more hydrophobic contact, and contacts with residues are not found in
the active site. In addition, Rhz reveals an anchoring in the active site in BthTX-II; in fact, it
has already been shown to inhibit the enzymatic activity of this protein [5]. Rhz and Rhm
anchor between chains A and B of the BthTX-I and exhibits some important residues in
common that were involved in this contact, such as His120, Lys69, His48, Val31, Gly30, and
Lys20. Figure 3e,f exhibits that 3MQ also fits in the phospholipid channel, highlighting
Lys49, N-terminal residues and His120 of BthTX-I. BthTX-II, besides its myotoxic activity,
exhibits low enzymatic activity, and Figure 2b, exhibits the phospholipid analogue in the
catalytic site and 3MQ shows to bind in this region. However, it reveals a lower affinity
value and fewer interactions. Therefore, this compound has already been shown to poorly
inhibit BthTX-II catalytic activity [5]. In a different manner, 3MQ exhibits great interactions
in the active site of CdtsPLA2, with the same residues observed in the anchoring between
the protein-analogue and protein-commercial inhibitors.

Considering that all these three toxins are from two different species of snake from
the Viperidae family, and PLA2 is one of the most abundant components of both Cdt
and Bj venoms, it is essential to investigate how distinct compounds can interact with
different macromolecules [30,31]. These data indicate that Q, Rhm, 3MQ, and Rhz can
anchor in different manners with each toxin. Studies concerning the structural interactions
with in vitro analysis, besides the pharmacological assays, could help to better understand
diverse mechanisms of inhibition of these compounds. Therefore, our results show that a
great candidate to inhibit BthTX-I must interact with residues key-residues cited. BthTX-I
docking analysis shows quercetin derivatives could potentially diminish the myotoxic
activity by anchoring in the phospholipid hydrophobic channel or interacting with residues
next to C-terminal region, which is an essential area to execute the biological effects of this
toxin [10]. Nevertheless, it is necessary to perform in vitro and in vivo assays with BthTX-I
and CdtsPLA2 to correlate and confirm all the results.

4. Materials and Methods
4.1. Evaluation of Compounds’ Properties and Preparation

All compounds were analyzed using Molinspiration, SwissAdme and ChEMBL to
better understand their characteristics and how they can influence their activities. Physical–
chemical properties, the structure and the main biological targets were obtained in ChEMBL.
TPSA, lipophilicity, and other features were found in SwissADME and Molinspiration. All
molecules were prepared before the molecular anchoring analysis, adding polar hydrogen
atoms, and aggregating the Kollman charges and converted to PDBQT.
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4.2. Proteins Preparation

The PDB (Protein Data Bank—https://www.rcsb.org, accessed on 1 December 2022)
was used in this analysis to find the 3D structure of all proteins. Information on the 3D
structure of each compound was taken from the PubChem platform (https://puchem.ncbi.
nlm.nih.gov, accessed on 1 December 2022). The crystallographic models chosen as the
best model for the construction of the theoretical structural models to BthTX-I and BthTX-II
from Bothrops jararacussu were 3hzd and 2oqd, respectively, and PLA2 from Cdt was 2qog
and. First, a general analysis using Swissdock was made between each protein with all
compounds to use as a guide for the best regions to interact. Chimera 1.14 program (Ucsf
Chimera, 2004) was used to assemble the structural molecular model of the protein and to
evaluate the general possibilities of the proteins binding with compounds. After these first
steps, proteins were prepared using Autodock Tools, removing the water molecules, besides
additional polar hydrogens and aggregating the Kollman charges. Then, the files were
converted into PDBQT to perform the calculations of the energy maps (Grid Box) using
Autodock Vina [32]. The size was chosen to enclose all amino acids from the catalytic sites or
the C-terminal region. The results were obtained using the tools LIGPLOT+ and PyMOL v
2.4 to evaluate the binding energies and orientations of molecules in the microenvironment
of the active site of PLA2.

5. Conclusions

The results with analogue and the inhibitors corroborate with the literature and
indicate the key residues of each toxin to reduce their activity. Q, Rhm, 3MQ, and Rhz
showed the highest values of affinity with CdtsPLA2; however, the analysis indicates that
3MQ could better inhibit the enzymatic activity. In BthTX-II, Q anchors in the active site
and Rhm in the interface—in vitro and in vivo assays support these results. Rhz also shows
great interaction with the active site, and 3MQ revealed less affinity with BthTX-II. Similar
results were observed with the compounds and BthTX-I, including affinity values. These
docking results emphasize the essential role of Gly30, His48, and Asp49 of BthTX-II and
CdtsPLA2 in the interaction with the phospholipids and their hydrolysis. In the case of
BthTX-I, the C-terminal region, plus Gly30, His48, Lys49, and His120, are essential to the
interaction with the membrane phospholipids and their perturbation and the consequent
inflammation induction.
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Abstract: In the present study, various procedures have been compared for the determination of
lipophilicity, hydrophobicity, and plasma protein binding of curcuminoids, boswellic acids, andro-
grapholides, and piperine as biologically active ingredients of botanicals used in IBD treatment. Our
results have shown that IAM-HPLC assay is the most suitable one for lipophilicity determination
of all analytes regardless of their class and botanical source. HSA-HPAC and AGP-HPAC assays
revealed that all investigated compounds have a higher affinity for HSA which is the most abun-
dant protein in human plasma. The high affinity of biologically active compounds to all biological
structures (phospholipids and proteins) admonishes that their small portion is available for thera-
peutic effects in IBD patients. Our experimental research is complemented by various theoretical
approaches based on different algorithms for pharmacokinetic properties prediction. The similarities
between experimental and calculated values were evaluated using PCA and CA as a statistical tool.
The statistical analysis implies that plasma protein binding is a complex process, and theoretical
approaches still cannot fully replace experimental ones.

Keywords: inflammatory bowel diseases; botanicals; biomimetic chromatography; shake-flask
method; immobilized artificial membrane; plasma protein binding

1. Introduction

Inflammatory bowel disease (IBD), in its definition, includes two primary conditions—
ulcerative colitis (UC) and Crohn’s disease (CD). These are chronic, relapsing gastrointesti-
nal tract disorders that occur worldwide and affect people of all ages, with a high impact on
their quality of life. More than 2 million Europeans and 1.5 million North Americans have
IBD, and researchers report the rising incidence rates in newly industrialised countries
in South America, Eastern Europe, Asia and Africa paralleled with the westernisation of
diet and culture [1]. Proper IBD management requires early diagnosis, novel therapies,
and management programs. Regardless recent improvements in IBD treatment, comple-
mentary and alternative therapeutic approaches for IBD have earned growing interest
from patients, with a dynamic landscape of research in this area. According to Lin and
Cheifetz [2], up to 60% of IBD patients use complementary and alternative medicine, with
botanicals being the most popular. This growing popularity of botanicals is not surprising
since patients perceive these products as safe and natural way of healing, free of side
effects unlike conventional medicines. Amongst the botanicals, Curcuma longa L., Zingib-
eraceae (Turmeric), Boswellia serrata Roxb. ex Colebr., Burseraceae (Indian frankincense) and
Andrographis paniculata (Burm. f.) Wall. ex Nees, Acanthaceae (Green chiretta) are the most
popular herbal remedies used in IBD treatment. Despite the results of the relevant clinical
studies showing the role of these botanicals in preventing and alleviating the symptoms of
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IBD, there is still considerable concern surrounding the bioavailability of their biologically
active ingredients: curcuminoids as the most prominent compounds present in turmeric,
boswellic acids as pentacyclic terpenoid molecules that make up 30% of frankincense resin
and andrographolides as diterpene lactones (aglycone and glycosidic form) isolated from
Green chiretta (Figure 1) [3–6]. Piperine is a piperidine alkaloid isolated from the fruits of
Piper nigrum L., Piperaceae (Black pepper). Several studies unravel the therapeutic potential
of piperine on amelioration of IBD as well as improvement in dissolution, stability of
metabolic processes and membrane permeability of above mentioned biologically active
compounds [7].
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Numerous investigations have pointed out that research on herbal remedies, such as
those mentioned above, has proved to be very difficult in all respects. Such a statement is
attributed to their complex composition consisting of diverse chemical constituents each
identical to a single active pharmaceutical ingredient of conventional medicine. However,
a study providing deeper mechanistic insights into the bioavailability of biologically active
ingredients of botanicals used in IBD treatment is essential to develop better treatment
strategies in the future based on botanical products. The gold standard of bioavailability de-
termination has long been considered a research study involving human volunteers. Albeit
valuable, these studies are frequently demanding, unfeasible, subject to high overheads,
and time consuming. In the light of these considerations, the scientific community’s atten-
tion towards alternative methods is increasing. Chromatographic methods are undoubtedly
the most prominent ones since these methods using immobilized artificial membrane (IAM)
provide the introduction to the separation mode of biological structures playing an es-
sential role in drugs’ bioavailability, namely membrane phospholipids [8,9]. Likewise,
high-performance affinity chromatography (HPAC) using human serum albumin (HSA)
and α1-acid glycoprotein (AGP) as ligands within the chromatographic column has been
successfully used to evaluate the interactions of drugs with serum proteins [10–12].

Unlike screening methodologies implemented on cell and animal models, these
biomimetic chromatographic methods offer a superior reproducibility of the measure-
ments, high-throughput data acquisition and environment-friendly, sustainable analytical
approach [13]. Moreover, it is known that the biomimetic chromatography is based on
physicochemical parameters, which allows elucidation of molecular mechanisms.
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The main aim of this study was to assess the lipophilicity of biologically active in-
gredients of botanicals used in IBD treatment by miniaturized shake-flask procedure and
evaluate their hydrophobicity, lipophilicity and affinity for plasma proteins using chromato-
graphic techniques. Another goal of our research was to compare experimental indices with
physicochemical parameters as well as adsorption and distribution properties estimated by
artificial intelligence.

2. Results and Discussion
2.1. In Silico Calculation

Nowadays, computer-aided drug design is a crucial factor in the drug discovery and
development process. As such, it was used as a starting point of our research to get some
insight in physicochemical properties of biologically active ingredients of the most popular
botanicals used in IBD treatment. The selection of parameters for in silico calculation was
founded upon their relation to experimentally determined properties.

Lipophilicity expressed as the logarithm of the partition coefficient between n-octanol
and aqueous phase (log P) is one of the most important physicochemical parameters that
has been found to affect a number of pharmacokinetic parameters. Accordingly, various
software packages based on different algorithms are available for prediction of these
properties. The log P values of biologically active ingredients of botanicals used in IBD
treatment estimated by means of 15 theoretical approaches are summarized in Table 1. The
highest values were obtained for lipophilic boswellic acids (average log P values were
in the range from 5.56 to 6.57) followed by piperine (average log P value was 3.12) and
curcuminoids (average log P values were in the range from 3.05 to 3.13). Generally, the
lowest values were found for both compounds from the andrographolides group (average
log P values were 2.06 and 2.11). The highest difference between log P values obtained by
different theoretical approaches (up to high 4.42 units) found for boswellic acid reflects the
incoherence of in silico approaches for highly lipophilic compounds. The lowest values for
boswellic acids (up to 2.58 units lower than average calculated value) were obtained by
iLOGP prediction that uses a rather new approach relaying on free energies of solvation
in n-octanol/water and solvent accessible surface area for lipophilicity calculation. On
the other hand, the highest values for this group of biologically active compounds (up to
1.86 units higher than average calculated value) were obtained using XLOGP3 software
based on the well-known atomic method including corrective factors and knowledge-
based library. For other less lipophilic compounds (curcuminoids, andrographolides and
piperine), differences between calculated values were rather reasonable. Silicos-IT LogP
software using an hybrid theoretical approach relaying on fragments and topological
descriptors slightly overestimated log P values for all three curcuminoids (differences
between calculated and average values were less than 0.91 units) while miLogP values
calculated using group contribution model were lowest ones for both bicyclic diterpenoid
lactones andrographolides (differences between calculated and average values were less
than 1.00).

The solubility of biologically active ingredients of botanicals used in IBD treatment
estimated by means of five theoretical approaches is presented in Table 1 and expressed
as the logarithm of molar concentration (log S). As expected, the high lipophilicity of
investigated compounds resulted in reduced solubility. The discrepancy between predicted
log S values was acceptable for all compounds (∆ ≤ 1.74 units) except lipophilic boswellic
acids (∆ was in the range from 2.61 units to 3.70 units) which confirms that highly lipophilic
compounds are challenging for in silico approaches.

After the log P and log S value evaluation was completed, we have moved to the
prediction of pharmacokinetic properties of target compounds using three platforms. We
have used well recognized preADMET platform as well as two novel approaches to the
prediction of pharmacokinetic properties pkCSM which relies on graph-based signatures as
well as admetSAR platform based on models trained by state-of-the-art machine learning
methods such as support vector machine, k-nearest neighbors, neural network etc. (Table 1).
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All prediction procedures labelled boswellic acids as biologically active compounds
with the high human intestinal absorption (obtained values were higher than 94%). De-
spite the widespread use of Indian frankincense, only few preliminary pharmacokinetic
studies were conducted [14]. AdmetSAR web service offered us prediction not only of
boswellic acids absorption but also their human oral bioavailability. This term is used
to indicate the fraction of an orally administered dose that reaches the systemic circu-
lation as intact drug, taking into account absorption, gastrointestinal stability and local
metabolic degradation. Although the highest absorption among investigated biologically
active compounds was predicted for boswellic acids at the same time their lowest bioavail-
ability (from 50% to 53%) might be attributed to gastrointestinal instability of boswellic
acids, high accumulation within the enterocytes, intestinal metabolism, extensive phase
I metabolism observed for non-acetylated boswellic acids in human liver microsomes as
well as saturable kinetics [15,16]. The most intriguing high absorption (obtained values
were in the range from 82% to 98%) and bioavailability (obtained values were in the range
from 60% to 64%) by these theoretical approaches was outlined for curcuminoids. Despite
their demonstrated biological effects, the potential health benefits of curcuminoids are
limited by their poor solubility, intestinal instability at a pH lower than 3 and higher than 6
and extensive first-pass intestinal and hepatic metabolism. As a result, different innova-
tive strategies have been pursued to improve the absorption of curcuminoids including
nanocrystals, emulsions, liposomes, etc. [14]. Amongst the investigated compounds the
lowest human intestinal absorption (obtained values were between 62% and 81%) was
predicted for diterpene neoandrographolide which can be related both to its pyranose ring
and α,β-unsaturated lactone.

Regarding the plasma protein binding data, we found a discrepancy between values
obtained by two tested theoretical approaches (Table 1). The recent studies confirmed the
stable binding of biologically active ingredients of botanicals used in IBD treatment with
plasma proteins and their complex formation supporting the data obtained by preADMET
system [14,17]. Because boswellic acids represent lipophilic acids, it appeared reasonable to
speculate that high plasma protein binding will be revealed. The predicted plasma protein
binding of 100% for three boswellic acids needs to be interpreted with attention as such
tight albumin-binding raises doubts regarding the efficiency of Indian frankincense in vivo
and questions its pharmacological relevance.

Although diverse in silico values were obtained for biologically active ingredients of
botanicals used in the treatment of IBD, this approach was our starting point in experi-
mental design for lipophilicity, hydrophobicity and biomimetic chromatography profile
assessment.

2.2. Shake-Flask Method

So far, the different approaches for the log P evaluation have been developed and
described in literature [18]. We have chosen the reference shake-flask method on account of
the fact that the gained results are scalable and easily transferable to other experimental and
theoretical procedures. In our previous work [19] we have developed a miniaturized shake-
flask methodology to increase the experimental throughput and to reduce the experimental
effort and costs. Principles of green analytical chemistry were implemented in all analytical
processes from sample preparation to their analysis. From the results presented in Table 1
it is evident that boswellic acids are highly lipophilic and such as that these compounds
are not good candidate for lipophilicity determination by shake-flask methodology. Our
preliminary investigation showed that shake-flask procedure failed for those compounds
due to solubility issues even with the use of dimethylsulfoxide as a modifier. Therefore,
at this point our investigation was directed to validation of procedure for curcuminoids,
andrographolides and piperine according to ICH quidlines [20]. Results presented in
Table 2 reveal linear (correlation coefficients (r) were higher than 0.999), sensitive (Limits of
Quantitation (LOQ) were lower than 10 µg/mL), accurate (recoveries were within ±5%) and
precise (Relative Standard Deviations (RSD) were lower than 3.61%) analytical methodology.
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The obtained log D7.4 values were in the range from 1.51 to 1.94 supporting the well-known
applicability of the method for moderately lipophilic compounds (Table 3). Curcumin
is a symmetric compound whose structure comprises three chemical units consisting of
2 aromatic ring systems containing O-methoxy phenolic groups linked through an α,β-
unsaturated β-diketone moiety. Lower log D7.4 values obtained for demetoxycurcumin
(∆ = 0.42 units) and bisdemetoxycurcumin (∆ = 0.22 units) are related with loss of one or
both O-methoxy groups, respectively. On the other hand, pyranose ring in the structure of
neoandrographolide slightly increased lipophilicity (∆ = 0.19 units) of this Green chiretta
active ingredient compared to andrographolide. Moderate lipophilicity of curcumin and
its novel synthetic structural analogues is observed in previous studies [21,22].

Table 2. Shake-flask method validation data.

Analyte Linearity Range
(µg/mL)

Regression
Equation * r LOD (µg/mL) ** LOQ (µg/mL) ***

Curcumin 1–375 y = 987.3 x + 0.935 0.9999 0.3 1
Demetoxycurcumin 1–375 y = 421.0 x + 0.610 0.9998 0.3 1
Bisdemetoxycurcumin 10–375 y = 134.4 x + 0.200 0.9999 3 10
Andrographolide 5–300 y = 15,039 x + 35.28 0.9996 2 5

Neoandrographolide 5–250 y = 1723 x + 3.188 0.9995 2 5
Piperine 5–300 y = 10,601 x + 10.15 0.9999 2 5

Analyte Precision (RSD, %) **** Accuracy (Recovery and RSD, %) *****

Repeatability
(n = 6)

Intermediate
Precision (n = 9)

Low
(n = 3)

Medium
(n = 3)

High
(n = 3)

Curcumin 0.42 1.59 102.5 ± 3.89 95.0 ± 3.55 97.5 ± 2.95
Demetoxycurcumin 0.38 0.80 102.9 ± 3.81 95.4 ± 3.41 98.8 ± 3.01
Bisdemetoxycurcumin 0.98 0.27 103.0 ± 3.40 96.2 ± 3.31 99.4 ± 2.55
Andrographolide 1.61 3.61 97.2 ± 3.66 99.1 ± 1.98 98.4 ± 1.59

Neoandrographolide 1.73 3.39 98.1 ± 2.90 102.1 ± 2.50 96.5 ± 2.34
Piperine 0.73 0.59 102.5 ± 0.92 104.3 ± 0.94 103.0 ± 0.91

* Linearity was examined on at least five concentration levels in three individual standard solution preparations
from which a single regression line was constructed. ** Limit of Detection (LOD) was determined using signal-to-
noise value 3. *** Limit of Quantitation (LOQ) was determined using signal-to-noise value 10. **** Repeatability
was assessed analysing six individual samples on the same day, while intermediate precision was examined
on three individual samples over three days. Results are expressed as Relative Standard Deviations (RSD).
***** Accuracy of the method was examined by analysis of standard solutions in triplicate on three concentration
levels. Results are expressed both as recoveries and Relative Standard Deviations (RSD).

Table 3. Log D7.4 values * of biologically active ingredients of botanicals used in IBD treatment
determined by applied shake-flask procedure.

Analyte log D7.4 ± RSD ** (%)
(n = 3)

Curcumin 1.94 ± 2.59
Demetoxycurcumin 1.52 ± 3.78

Bisdemetoxycurcumin 1.72 ± 4.21
Andrographolide 1.32 ± 3.25

Neoandrographolide 1.51 ± 2.55
Piperine 1.67 ± 3.55

* Log D7.4—the logarithm of the distribution coefficient between n-octanol and buffer phase; describes the
distribution of all forms of the compound at a specific pH. ** RSD—Relative Standard Deviation.

2.3. Chromatographic Methods
2.3.1. Hydrophobicity Evaluation

In the course of the research, various stationary phases were used, differing in chemical
structure and physicochemical properties. First, we have used C18 stationary phase which is
alkyl-bonded phase modification of silica gel to which octadecyl carbon chains are attached.

143



Pharmaceuticals 2022, 15, 965

This stationary phase offers simple hydrophobic interaction with analyte and is available
as thin-layer chromatography (TLC) plate and high performance liquid chromatography
(HPLC) column. To get insight into hydrophobicity of investigated biologically active
compounds, both solutions were used in this research.

In TLC measurements RF value depends on the chemical structure of analyte and its
interaction with stationary and mobile phase. All investigated compounds were strongly
retained by hydrophobic stationary phase and for this reason mixtures of buffer and organic
solvent were used as mobile phase. Methanol appeared to be the most suitable organic
modifier for this purpose because it does not disturb the hydrogen-bonding network of
water. As it was expected, with increase in the percentage of organic modifier in the
mobile phase the increase in RF values can be seen with accompanied decrease in RM
values expressed as RM = log(1/RF − 1). Measured RF values were in the range from 0.1
to 0.7 obtained in a wide range of mobile phase organic modifier concentrations. Due to
strong interaction with the stationary phase for hydrophobic analytes (11-keto-β-boswellic
acid and 3-acetyl-11-keto-β-boswellic acid) this range was somewhat narrower, and mobile
phases rich in an organic modifier had to be used. For the most hydrophobic analytes
(α- and β-boswellic acids) no spot migration was observed regardless the percentage
of the organic modifier in the mobile phase. The TLC hydrophobicity index, RM0, was
determined by extrapolation of the organic modifier in the mobile phase to the zero
concentration (Table 4) and regression coefficient for all analytes were higher than 0.979
with small values of standard error of the regression model (lower than 0.1041), which
proves the high significance for hydrophobicity determination. Increasing concentration
of the organic modifier in the mobile phase caused a slower decrease in the RM values
for less hydrophobic analytes than for more hydrophobic ones. Based on these results,
generally, bicyclic diterpenoid lactones andrographolides show the least hydrophobic
character followed by piperine and curcuminoids while extremely high was found for
boswellic acids. Increase in the hydrophobicity within curcuminoids and andrographolides
is related to increase in lipophilicity determined by shake-flask method (Table 3).

Functional groups present in the structure of these compounds increase their hy-
drophobicity and lipophilicity in the same manner. The presence of keto group in the
structure of boswellic acids was crucial for applicability of TLC procedure in determination
of hydrophobicity of these compounds. As it was expected, the acetyl group present in the
structure of 3-acetyl-11-keto-β-boswellic acid increased hydrophobicity of this boswellic
acid compared to 11-keto-β-boswellic acid (∆ = 1.53 units).

Hydrophobicity of analytes was also investigated using high-performance liquid
chromatography and C18 stationary phase. The analytical approach to both indirect chro-
matographic determination of hydrophobicity was coherent, still each technique provided
advantages and limitations. The adaptability of TLC allowed us the analysis of all investi-
gated compounds simultaneously, while the most important practical advantage of HPLC
was process automatization and online detection.

The principles of hydrophobicity determination by HPLC are characterized by the
logarithm of retention factor (k), defined as logk = log (tR−t0)/t0, where tR is retention time
of analyte and t0 is the dead time. The direct measurement of logk in buffer of investigated
biologically active compounds was impossible due to their high hydrophobicity which led
to very long retention time and at the same time to extensive broadening of the peaks. The
percentage of methanol in the mobile phase was optimized so that the analytes had retention
time between dead time and a maximum of 20 min keeping the analysis time as short as
possible, and the peak shape acceptable (peak asymmetry factor were between 0.8 and 1.2).
By evaluating the profiles of logk values for all methanol fractions, the regular changes in
retention with increasing methanol ratios were observed. The HPLC hydrophobicity index,
logk0, was determined by extrapolation of the organic modifier in the mobile phase to its
zero concentration. The results of linear regression are listed in Table 4. For all analytes,
high values of regression coefficients (higher than 0.970) and small values of standard error
of the regression model (lower than 0.0581) were achieved. The interaction of analytes
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with stationary phase was consistent within both C18 chromatographic systems. Still,
except in the case of neoandrographolide the obtained HPLC hydrophobicity indices were
slightly lower than those obtained by C18-TLC assay (from 0.18 to 1.07 units). Although
a good chromatographical separation of curcuminoids and piperine in different mobile
phases was observed, this method failed in discriminating logk0 values of curcuminoids
and piperine (∆ = 0.01 units). As it can be seen in the case of the highly hydrophobic
substances boswellic acids, these compounds are beyond the reach of C18-HPLC assay.
Their retention time using mobile phase with high 80% of methanol was over 17 min. The
polarization of the stationary phase in the presence of increasing content of methanol as
well as increased hydrophobic interactions of analytes with stationary phase explains the
disruption of the linearity of the regression and unsuitability of C18-HPLC system for such
highly hydrophobic compounds.

Table 4. Hydrophobicity and lipophilicity parameters determined by chromatographic assays.

Analyte Linear Equation * r Standard Error

C18-TLC Assay
Curcumin y = −0.0540 x + 4.4855 0.9916 0.0835

Demetoxycurcumin y = −0.0504 x + 4.1781 0.9932 0.0699
Bisdemetoxycurcumin y = −0.0503 x + 4.1751 0.9937 0.0675

11-keto-β-boswellic acid y = −0.0564 x + 5.3756 0.9950 0.0399
3-acetyl-11-keto-β-boswellic acid y = −0.0722 x + 6.9059 0.9798 0.1041

Andrographolide y = −0.0302 x + 2.0908 0.9970 0.0277
Neoandrographolide y = −0.0334 x + 2.1672 0.9964 0.0266

Piperine y = −0.0526 x + 4.4044 0.9789 0.0913
C18-HPLC Assay

Curcumin y = −0.0442 x + 3.4187 0.9918 0.0368
Demetoxycurcumin y = −0.0448 x + 3.4349 0.9827 0.0542

Bisdemetoxycurcumin y = −0.0447 x + 3.4174 0.9818 0.0556
Andrographolide y = −0.0271 x + 1.9065 0.9695 0.0581

Neoandrographolide y = −0.0359 x + 2.8595 0.9782 0.0489
Piperine y = −0.0394 x + 3.4218 0.9796 0.0519

IAM-HPLC Assay
Curcumin y = −0.0565 x + 4.3463 0.9969 0.0530

Demetoxycurcumin y = −0.0555 x + 4.4229 0.9941 0.0554
Bisdemetoxycurcumin y = −0.0568 x + 4.6386 0.9940 0.0569
α-boswellic acid y = −0.0788 x + 6.3109 0.9956 0.0526
β-boswellic acid y = −0.0816 x + 6.5157 0.9982 0.0346

11-keto-β-boswellic acid y = −0.0570 x + 4.9194 0.9874 0.0645
3-acetyl-11-keto-β-boswellic acid y = −0.0703 x + 5.1157 0.9944 0.0526

Andrographolide y = −0.0464 x + 2.2763 0.9796 0.0753
Neoandrographolide y = −0.0620 x + 3.4572 0.9854 0.0755

Piperine y = −0.0512 x + 3.2026 0.9830 0.0872

* Depending on the applied methodology, the intercept of linear regression represents hydrophobicity/lipophilicity
indices RM0, logk0 and logk0 IAM, respectively. The indices were derived by extrapolation using the following
equations: RM = RM0—S xϕ for C18-TLC assay, logk = logk0—S xϕ for C18-HPLC assay, and logk IAM = logk0 IAM—
S x ϕ for IAM-HPLC assay. ϕ represents the volume fraction of the organic modifier in the mobile phase and S a
constant derived by linear regression analysis.

2.3.2. Lipophilicity Evaluation

Both C18-TLC and C18-HPLC assays gave us insight into hydrophobicity of inves-
tigated compounds. Although these results are valuable, to evaluate bioavailability of
biologically active compounds more data should be collected and discussed. IAM columns
provide potential to simulate membrane permeability since the amphiphilic character
of phospholipid functional groups plays an important role in IAM retention especially
when charged molecules are analysed. In order to clarify similarities and dissimilarities
between chromatographic approaches the analytical procedure used for determination of
HPLC lipophilicity index, logk0 IAM, was comparable with above-described procedure for
C18-HPLC assay.
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Our findings would seem to imply that IAM-HPLC assay is the most suitable one
for determination of lipophilicity of all analytes regardless of structure and botanical
source (Table 4). In addition to the wide applicability of the method, the high values of
correlation coefficients (higher than 0.980) and the small values of standard error of the
regression model (lower than 0.0872) support the idea that IAM-HPLC assay would lend
itself well for use in membrane permeability studies. The all investigated compounds
retained less on IAM stationary phase than on C18 one, still logk0 IAM values obtained
for all analytes except piperine (∆ = 0.01 units) are generally higher than logk0 values
(differences were in the range between 0.37 to 1.22 units). In the case of boswellic acids,
the position of two methyl groups on C-19/C-20 (α-type: germinal groups on C-20; β-type:
vicinal groups on C-19/C-20) had an influence on interaction with phospholipids. The
oleanane (β) type interacted strongly with phospholipids compared to ursane (α) type. The
pharmacologically interesting 11-keto-β-boswellic acid had a lower affinity compared to
β-boswellic acid (∆ = 2.60 units), most likely due to carbonyl group at C-11 of pentacyclic
triterpene. Conversely, the acetyl function at C-3 position increased logk0 IAM for more than
one unit. The evidence from this study points toward the idea that IAM stationary phase
may be useful for the evaluation of lipophilicity of highly lipophilic compounds, such as
boswellic acids, which distinguish this experimental approach among the others. On the
other hand, low solubility and high affinity of boswellic acids for phospholipids leads
to question of their bioavailability and pharmacological relevance. Consequently, future
work in the field of pharmaceutical development needs to be performed to get the most of
Boswellia serrata extract as it was assigned orphan drug status in 2002 by the European
Medicine Agency for treatment of peritumoral edema [23]. All analytes from curcuminoid
group compared to boswellic acids showed to some extent lower affinity to phospholipid.
The less retained curcuminoid on IAM stationary phase was curcumin whose structure
comprises of the two phenolic-methoxy groups in the opposite sides of curcumin backbone.
The IAM assay revealed the increase in log k0 IAM values for each methoxy function attached
to phenolic backbone from 0.1 to 0.2 units. Still, as in the case of Boswellia serrata extract an
innovative improvement in pharmaceutical development of Curcuma extract is considered
a very reasonable approach for improving their bioavailability [24]. Moderate affinity of
andrographolides to IAM stationary phase among investigated compounds is in accordance
with their lower retention in C18 stationary phase. Still, the presence of sugar residue in
the structure of labdane glucoside diterpene neoandrographolide considerably affected its
affinity to phospholipids (difference in logk0 IAM values was 1.18 units) than alkyl chains
(difference in logk0 values was 0.95 units and RM0 values 0.08 units). Before interpreting
results for piperine, it should be stated that the IAM stationary phase surface is mainly
zwitterionic at pH 7.4. The positively charged choline moieties are located in the outer
part of the IAM layer. By way of contrast, the negatively charged phosphate groups are
present in the phase’s inner part. This would appear to indicate that retention of piperidine
alkaloid piperine in IAM stationary phase is mostly due to interaction of its positively
charged nitrogen atom and phosphate groups more in-depth of stationary phase.

2.3.3. Plasma Protein Affinity Evaluation

In the consecutive set of studies, plasma protein binding of biologically active com-
pounds was evaluated by bioaffinity chromatography using both assays HSA-HPAC and
AGP-HPAC, respectively. The selection of HSA-HPAC assay for protein binding assess-
ment purposes was substantiated by the fact that HSA is the most abundant protein found
in human plasma (around 60%), and accordingly the most emerged versatile carrier for
therapeutic agents. Albeit the AGP concentration in the plasma ranges up to only 3%, its
concentration depends on the disease state and can increase significantly in patients with
IBD. Therefore, our study has gone some way towards enhancing our understanding of
plasma protein binding of selected biologically active compounds particularly in patients
with IBD [25].
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The gradient retention times obtained by HSA-HPAC and AGP-HPAC assays were
standardized using a calibration set of compounds with known percentage of plasma
protein binding data and procedure described in our previously published study [12].
Although the utmost care was put in preserving the performance of both biomimetic
columns over the time verification of protein stationary phase was essential and was
ensured by analysis of racemic mixture of warfarin during six consecutive days that
revealed the repeatable separation of enantiomers (average resolution factors between
enantiomers were 2.27 with RSD value 1.93% for HSA while 1.63 with RSD value 1.04%
for AGP) (Table S1). This verification assured that the protein affinity indices obtained by
HPAC assays depict not only unspecific generally lipophilicity-driven interactions, but also
highly specific recognition forces responsible of enantioselectivity.

Table 5 highlights that HSA strongly attracted biologically active ingredients of botan-
icals used in IBD treatment. Beside andrographolides, all investigated compounds have
exceptional affinity to HSA (more than 95%). The high affinity for protein molecule pos-
sibly relies on the hydrophobic regions of compounds (aliphatic and aromatic rings) that
improved their ability to penetrate the hydrophobic cavity. Hydrogen bonds might also be
involved in the sharing of hydroxylic or phenolic protons with numerous amide carbonyl
moieties of HSA [17,26].

Table 5. Plasma protein binding data (%) determined by HSA-HPAC and AGP-HPAC assays.

Analyte HSA Binding ± RSD * (%)
(n = 3)

AGP Binding ± RSD (%)
(n = 3)

Curcumin 97.52 ± 0.20 83.07 ± 1.10
Demetoxycurcumin 97.97 ± 0.35 82.92 ± 1.15

Bisdemetoxycurcumin 98.37 ± 0.10 83.14 ± 1.15
α-boswellic acid 98.94 ± 0.35 89.22 ± 0.30
β-boswellic acid 99.79 ± 0.30 89.15 ± 2.04

11-keto-β-boswellic acid 98.09 ± 0.02 79.01 ± 0.20
3-acetyl-11-keto-β-boswellic acid 99.83 ± 0.47 83.10 ± 0.37

Andrographolide 80.07 ± 0.74 37.13 ± 1.11
Neoandrographolide 87.71 ± 0.41 64.95 ± 0.41

Piperine 95.48 ± 0.41 71.98 ± 1.33
* RSD—Relative Standard Deviation.

We have found that our analytes had generally lower affinity for AGP than HSA (AGP
binding proportions were from 10% to 42% lower than values obtained for HSA) (Table 5).
The differences were specific for each botanical group. The lowest deviations were obtained
for highly lipophilic boswellic acids (differences were around 10%), a difference of 15% was
obtained for all curcuminoids, while the least lipophilic andrographolides and piperine
had the highest differences between HSA and AGP binding proportions from 23% to 43%
(neoandrographolide, the only compound in glycosidic form).

High affinity to phospholipids demonstrated by IAM-HPLC assay supported with
reversed but still noteworthy inactivation by protein binding presented by both assays
reinforces the claim that a small portion of biologically active ingredients of botanicals used
in IBD treatment are available for therapeutic effects [14]. Moreover, the most lipophilic
compounds and consequently ones with the most compromising bioavailability have the
highest affinity for both plasma proteins which makes them therapeutically inactive.

2.4. Comparison of Computational and Experimentally Observed Values Using Statistical Methods

To evaluate the similarities between calculated and experimentally observed values,
and their mutual correlation, statistical tools such as Principal Component Analysis (PCA)
and Cluster Analysis (CA) were used. Obtained results of PCA showed that first two
principal components describe 85.49% of data variability, where first component (PC1) and
second (PC2) describe 76.90% and 8.59% of data variability, respectively (Figure 2).
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Figure 2. Results of PCA analysis reflecting correlation between predicted and experimentally
observed values.

Looking at the bi-plot we can see that most of the data is densely placed far right on the
PC1 axis, mostly comprised of predicted log P values, as well as experimentally observed
log D7.4 values and hydrophobicity and lipophilicity indices obtained using TLC and
HPLC techniques. Similar orientation of these vectors, with small angles between them and
similar PC1 values mean that predicted values are relatively close to those experimentally
observed, which implies that used calculation tools have good prediction capability.

The second cluster formed is mostly comprised of predicted log S values representing
the predicted solubility/hydrophilicity of examined biologically active compounds. Seeing
that they are placed opposite of predicted and experimentally observed lipophilicity values
says that there is a negative correlation between them, which is in line with our expectations.
The only one pharmacokinetic parameter that correlates with predicted log S values is
human oral bioavailability observed by the admetSAR software package. As mentioned
above, the bioavailability of xenobiotics is a complex process. According to our results the
solubility of investigated biologically active ingredients of herbals used in IBD treatment
plays a crucial role in their oral bioavailability.

The third cluster is formed from human intestinal absorption values obtained by
different prediction procedures. These values are closed to various hydrophobicity and
lipophilicity parameters indicating acceptable relationship.

The last cluster, rather dispersed, is comprised of predicted plasma protein binding val-
ues accompanied by experimentally observed affinity to AGP and HSA protein. However,
predicted plasma protein binding values are poorly corelated with experimentally observed
ones which implies that prediction of affinity of our biologically active compounds to both
plasma proteins is rather complex.

On the other hand, Figure 3 highlights the results of CA that reflect the similarity of
observed values. As expected, the formation of two main clusters which are dissimilar
one to another, one comprised of data related to lipophilicity and solubility and other
representing the data related to plasma protein binding, human intestinal absorption
and human oral bioavailability of biologically active ingredients of botanicals is evident
(Figure 3a).
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Figure 3. Results of CA showing (a) observed dendrogram in full scale from 0–450,000 with brake
after 15,000, and (b) dendrogram showing only 0–50 range of dissimilarity values.

For the better visualisation of CA results, due to the high dissimilarity of those two
clusters, Figure 3b shows a fraction of the main dendrogram. We can see that the green
cluster is comprised of two subclusters. The first subcluster shows results related to
lipophilicity. Experimentally obtained log D7.4 values are closest to values predicted by
the MLOGP procedure, followed by procedure of Molinspiration Cheminformatics Group.
Log P values predicted by ALOGP98 and SKlog_P are closest to those experimentally
observed by C18-HPLC assay, followed by predicted ALOGPs values. With best accuracy
Silicos-IT LogP values predict logk0 IAM ones collected using IAM-HPLC assay. Following
the dendrogram we can notice which model predicted log P values with the best accuracy,
leaving iLOGP with the highest dissimilarity implying that it showed poor performance.
Second subcluster is comprised of log S values showing the order of similarity between
used prediction tools.

The second main cluster, related to plasma protein bindings, shows that the predicted
values are not as accurate as ones observed experimentally, which was also observed
in PCA.

3. Materials and Methods
3.1. Chemicals

Analytical grade standards of biologically active ingredients of botanicals (curcumin,
demetoxycurcumin, bisdemetoxycurcumin, α-boswellic acid, β-boswellic acid, 11-keto-β-
boswellic acid, 3-acetyl-11-keto-β-boswellic acid, neoandrographolide and piperine) were
purchased from Sigma-Aldrich (St. Louis, MO, USA), while andrographolide (≥98.0%)
was obtained from TCI (Tokyo, Japan). Warfarin (PESTANAL®, analytical standard) was
obtained by Sigma-Aldrich. Buffer solutions were prepared using phosphate buffer saline
(PBS) tablets (Sigma Aldrich), di-sodium hydrogen phosphate dihidrate (buffer substance
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for chromatography) and sodium dihydrogen phosphate dihydrate (EMSURE® reagent
Ph. Eur.) both by Merck KGaA, Darmstadt, Germany. Organic solvents n-octanol (gra-
dient grade for liquid chromatography, ≥99%) and methanol (gradient grade for liq-
uid chromatography LiChrosolv® Reag. Ph Eur.) as well as formic acid (for LC-MS,
LiChropur®, 97.5–98.5%) and dimethyl sulfoxide (suitable for HPLC, ≥99.7%) were ob-
tained by Merck KGaA. Dead volume of HPLC system was evaluated using sodium nitrate
(reagent for USP/NF monographs) by J.T. Baker, Gliwice, Poland. Ultrapure water was
produced using an Ultra Clear UV water purifying system (SG Water, Barsbuttel, Germany);
resistivity > 18 MΩ/cm at 25 ◦C and total organic carbon < 5 ppb.

3.2. Methods
3.2.1. In Silico Calculation

Several software packages were used for lipophilicity calculations, whereas each
is based on different algorithms. Six different log P values (iLOGP, XLOGP3, WLOGP,
MLOGP, Silicos-IT LogP, SwissADME LogP) were attained using a web service developed
by the Molecular Modeling Group of the Swiss Institute of Bioinformatic (available online:
http://www.swissadme.ch, accessed on 1 June 2022). ALOGPs values were calculated
using a software developed by Virtual Computational Chemistry Laboratory (available
online: http://www.vcclab.org, accessed on 1 June 2022). Free web property calculation
service developed and maintained by Molinspiration Cheminformatics Group was used
for calculation of miLogP values (available online: https://www.molinspiration.com,
accessed on 1 June 2022), while Mcule logP values were derived using an online drug
discovery platform developed by Mcule, Inc. (available online: https://mcule.com/apps/
property-calculator/, accessed on 1 June 2022). OSIRIS Property Explorer as Integral part
of Actelion’s system (available online: https://www.organic-chemistry.org/prog/peo/,
accessed on 1 June 2022) calculated cLogP values. Free on-line software tool (available
online: https://molsoft.com/mprop/, accessed on 1 June 2022) from Molsoft L.L.C. was
used for acquiring MolLogP values. In the same vein, the web-based application for drug-
likeness prediction preADMET QSARhub available online: https://preadmet.qsarhub.
com/druglikeness/ (accessed on 1 June 2022) was used for calculation of ALOGP98 values.

Software packages by the Molecular Modeling Group of the Swiss Institute of Bioinfor-
matic and Virtual Computational Chemistry Laboratory enabled solubility prediction (log
SSILICOS-IT and log SALOGPS). This parameter as AquaSol was also available at ChemDB
Portal available at https://re.edugen.wiley.com/, accessed on 1 June 2022.

The pkCSM integrated freely available web server platforms for predicting small
molecule pharmacokinetic properties from the University of Melbourne and University
of Cambridge available at: http://biosig.unimelb.edu.au/pkcsm/, accessed on 1 June
2022 was used for calculation of log P values and pharmacokinetic property (Human
Intestinal Absorption). Web service preADMET, available online at https://preadmet.
webservice.bmdrc.org/adme/, accessed on 1 June 2022 from Yonsei University, was used
to predict lipophilicity (SKlog_P), solubility (log SpreADMET) and biological properties
(Human Intestinal Absorption and Plasma Protein Binding). Finally, an upgraded version
of the comprehensive source and free tool for evaluating ALOGP values, solubility (log
SadmetSAR) and similar chemical pharmacokinetic properties (Human Intestinal Absorption,
Human Oral Bioavailability and Plasma Protein Binding) admetSAR is available online:
http://lmmd.ecust.edu.cn/admetsar2/, accessed on 1 June 2022.

3.2.2. Shake-Flask Method with Chromatographic Analysis
Sample Preparation

Stock solution of biologically active ingredients of botanicals used in IBD treatment
were prepared using dimethylsulfoxide in concentration of 2 mg/mL. Working solu-
tions were prepared daily by dilution of the stock solutions with PBS (20 mM, pH 7.4)
pre-saturated with n-octanol. Before the injection into the HPLC system all solutions
were sonicated for 15 min at room temperature in Elmasonic XtraTT (Elma Schmidbauer,
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Singen, Germany) and filtered through 0.2 µm polyethersulfone filters (Obrnuta faza,
Pazin, Croatia).

The pre-saturated solutions of n-octanol and PBS (20 mM, pH 7.4) were used for
determination of logarithm of distribution coefficient (log D7.4). The n-octanol and aqueous
phase (mixture 1:1, v/v) were mutually saturated for 24 h in an orbital shaker-incubator
ES-20/60 (Biosan, Riga, Latvia) at 100 oscillations per min at 25.0 ± 0.1 ◦C. The prepared
mixture was left resting for at least 12 h in the thermostat at 25.0 ± 0.1 ◦C to ensure complete
separation of the two phases. Until analysis, separated saturated solutions were kept in
refrigerator at 4 ◦C.

Shake-flask procedure was conducted in amber 2 mL HPLC vials. 300 µL of the
working solution was added to 1500 µL of n-octanol pre-saturated with PBS. To prevent
material loss due to volatilisation, the two-phase system nearly filled the entire volume of
the test vessels. All n-octanol–buffer mixtures were first vortexed for 1 min and then shaken
for 1 h (150 oscillations per min) at room temperature (25.0 ± 0.1 ◦C) to reach equilibrium
and phase distribution. Afterward, the samples were centrifuged using a Z 326 K tabletop
centrifuge (HERMLE Labortechnik, Wehingen, Germany) for 30 min at 4000× g and 25 ◦C
to ensure that possible emulsions were removed.

Sample Analysis

After equilibration and phase separation, the aqueous phase of all samples was anal-
ysed on an Agilent HPLC 1100 (Agilent Technologies, Waldbronn, Germany) with diode
array detection. Analysis was conducted with a Zorbax SB C18 column (length 150 mm, i.d.
4.6 mm, particle size 5 µm) by Agilent Technologies. 10 min chromatographic runs were
performed at 25.0 ± 0.1 ◦C in isocratic mode using a methanol/water mixture (60/40, v/v)
with addition of 0.1% of formic acid as mobile phase modifier at a flow rate of 1.0 mL/min.
The mobile phase was filtered through a membrane filter, no. 66, diameter 47 mm, pore
size 0.45 µm (Supelco, Bellefonte, PA, USA). The vials were placed in the rack on the
autosampler at 25 ◦C. The injection volume was 10 µL, with a needle offset of 0.5 mm. To
avoid any carryover of the analyte-containing n-octanol phase, the outside of the syringe
was subsequently washed in methanol before injection. The absorbance of the analytes
during a chromatographic run was collected in the spectral range 200–400 nm, and the
detection wavelength for each analyte was the one providing the maximum peak height.

3.2.3. Chromatographic Methods
Sample Preparation

Stock solutions of analytes and calibration standards were prepared by dissolving
10 mg of each solute in 10 mL of methanol and kept at 4 ◦C. Working solutions were freshly
prepared at the beginning of each day by dilution of the stock solutions to 100 µg/mL with
methanol for TLC measurements or mobile phase for HPLC measurements. Before use, the
samples were sonicated (Elmasonic XtraTT, Elma Schmidbauer) for 10 min at 25 ◦C and all
working solutions were filtered through 0.2 µm polyethersulfone filters (Obrnuta faza). To
protect analytes from photodegradation, the amber glass HPLC vials were used.

C18-TLC Assay

Analyses were carried out using a commercially available 10 cm x 20 cm RP-18 TLC
plates with fluorescent indicator (Merck KGaA). 5 µL of each working solution (100 µL/mL)
was applied to the plates as 5 mm bends, 10 mm from the lower edge and 15 mm from
sides of plates. The mobile phases were prepared by mixing the respective amounts of PBS
(20 mM, pH 7.4) and methanol from 50% to 80% of organic solvent in 5% increment. The
vertical flat-bottom chamber (Camag, Muttenz, Switzerland) with a stainless-steel lid was
saturated with mobile phase for 30 min. The plates were developed to a distance of 9 cm at
room temperature, dried in the open air for 5 min and visualized under λ = 254 nm UV
light (UV Cabinet with Dual Wavelength UV lamp by Camag).
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C18- and IAM-HPLC Assays

C18-HPLC assay was carried out at Agilent HPLC 1100 and Zorbax SB C18 chro-
matographic column (length 250 mm.6 mm, particle size 5 µm) by Agilent Technologies,
while IAM-HPLC assay was conducted using IAM P.C.DD2 chromatographic column
(length 50 mm, i.d. 3.0 mm, particle size 300 Å) by Regis Technologies (Morton Grove,
IL, USA). Retention data were collected at 25.0 ± 0.1 ◦C using isocratic method working
with mobile phases, mixing the respective amounts of PBS (10 mM, pH 7.4) and methanol
from 35% to 80% of organic solvent in 5% increment. Each mobile phase was shaken vig-
orously and filtrated through membrane filter, no. 66, diameter 47 mm, pore size 0.45 µm
by Supelco and degassed by sonication 5 min before use. The injection volume was set
at 10 µL, and the measurements were carried out at flow rate 1.0 mL/min. Natrium ni-
trate solution (0.1 mg/mL in mobile phase) was used as the marker of dead-time. The
absorbance of the analytes during a chromatographic run was collected in the spectral
range of 200–400 nm, and the detection wavelength for each analyte was the one providing
the maximum peak height.

HSA- and AGP-HPAC Assays

The binding of biologically active compounds to the plasma proteins was investigated
using affinity chromatographic columns by ChromTech (Cedex, France) containing immo-
bilized human serum albumin (HSA) (Chiralpak-HSA, length 50 mm, i.d. 4.6 mm, particle
size 5 µm) and α1-acid glycoprotein (AGP) (Chiralpak-AGP, length 50 mm, i.d. 4.6 mm,
particle size 5 µm) and Agilent HPLC 1100 instrument. The 20 mM potassium phosphate
buffer with the pH adjusted to 7.4 and iso-propanol were used as mobile phase components
A and B. Retention data were collected at 25.0 ± 0.1 ◦C using gradient program as follows:
0 min/0% B, 6 min/30% B, 15 min/30% B and 20 min/0% B. Injection volume was set at
10 µL and the measurements were carried out at 25.0 ± 0.1 ◦C with flow rate of 1.5 mL/min.
The absorbance of the analytes during a chromatographic run was collected in the spectral
range 200–400 nm, and the detection wavelength for each analyte was the one providing
the maximum peak height.

3.2.4. Statistical Analysis

Statistical analyses for shake-flask method and biomimetic chromatography were
conducted using Microsoft Excel v16.0.14026.20270 (Microsoft Corporation, Redmond,
WA, USA).

PCA and CA analysis was performed using XLSTAT by Addinsoft (Paris, France) with
the aim of correlation and better visualization of experimental and calculated data. A matrix
30 × 10 was created where number of rows represented data related to each analyte and
columns represented data obtained from each prediction tool. Statistical data processing
was performed using the principal component analysis with Pearson’s correlation and
cluster analysis using Euclidean distance measures and Ward’s agglomerative clustering.

4. Conclusions

This research describes the shake-flask and chromatographic investigations used to
understand the interactions of bioavailability challenged biologically active ingredients of
botanicals used in IBD treatment with cell membrane and plasma protein models.

Our findings imply that IAM-HPLC assay is recommended as the most suitable
method for determining the lipophilicity of these classes of biologically active compounds,
regardless of their structure and botanical source. Moreover, the excellent linearity of
the regression models supports the idea that IAM-HPLC assay is useful in membrane
permeability studies. The standardized HSA- and AGP-HPAC assays were successfully
applied to evaluate of plasma protein binding of selected biologically active compounds.
Our results revealed that investigated compounds have a higher affinity for HSA than
AGP. A high affinity to phospholipids supported with meaningful inactivation by plasma
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proteins presented by both assays underpins the claim that a small portion of biologically
active ingredients of botanicals used in IBD treatment are available for therapeutic effects.

Our research was empowered by 16 theoretical approaches innovatively applied,
based on different algorithms to solve pharmacokinetics matters. The similarities between
experimental and calculated values were evaluated using PCA and CA as a statistical tool.
The outcomes from statistical analysis imply that among investigated parameters, plasma
protein binding is the most complex, and further work in the improvement of in silico
approaches in this area is wanted.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph15080965/s1, Table S1. Verification data of HSA-HPAC and
AGP-HPAC assays.
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Abstract: Inflammatory pain is a type of pain caused by tissue damage associated with inflammation
and is characterized by hypersensitivity to pain and neuroinflammation in the spinal cord. Neuroin-
flammation is significantly increased by various neurotransmitters and cytokines that are expressed
in activated primary afferent neurons, and it plays a pivotal role in the development of inflammatory
pain. The activation of microglia and elevated levels of pro-inflammatory cytokines are the hallmark
features of neuroinflammation. During the development of neuroinflammation, various intracellular
signaling pathways are activated or inhibited in microglia, leading to the regulation of inflammatory
proteins and cytokines. Numerous attempts have been conducted to alleviate inflammatory pain by
inhibiting microglial activation. Natural products and their compounds have gained attention as
potential candidates for suppressing inflammatory pain due to verified safety through centuries of
use. Many studies have also shown that natural product-derived compounds have the potential to
suppress microglial activation and alleviate inflammatory pain. Herein, we review the literature on
inflammatory mediators and intracellular signaling involved in microglial activation in inflammatory
pain, as well as natural product-derived compounds that have been found to suppress microglial
activation. This review suggests that natural product-derived compounds have the potential to
alleviate inflammatory pain through the suppression of microglial activation.

Keywords: natural products; inflammatory pain; microglial activation; microglia; neuroinflammation

1. Introduction

The International Association for the Study of Pain (IASP) describes pain as an un-
pleasant sensory and emotional experience associated with, or resembling that associated
with, actual or potential tissue damage. If pain persists for more than 3 months, which is
considered the tissue healing period, it is diagnosed as chronic pain. In 2019, approximately
20% of adults in the US were diagnosed with chronic pain, and the number of patients with
chronic pain is increasing with the increase in the aging population [1]. According to a
National Institute of Health (NIH) report, the cost of treating chronic pain exceeds that of a
few major diseases related to the highest morbidity and mortality, such as cardiovascular
diseases (USD 309 billion), cancers (USD 243 billion), and injuries (USD 205 billion) [2]. Pa-
tients with chronic pain have a poor quality of life for reasons such as difficulty engaging in
daily activities and prolonged treatment. Patients with chronic pain also suffer from mental
disorders such as depression, anxiety disorders, and sleep disturbances [3]. As the average
lifespan continues to increase, the importance of pain management is also increasing.

Pain perception is a complex and highly orchestrated process involving a series of
sequential events [4]. Following inflammation-related tissue damage, nociceptors, which
are sensory neurons responsible for detecting harmful stimuli, initiate a response. Noci-
ceptors convert stimuli into electrical signals, which are then transmitted to the central
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nervous system (CNS). Subsequently, these electrical signals are transmitted to secondary
afferent neurons located in the dorsal horn of the spinal cord. With the repetitive trans-
mission of pain signals, neuroinflammation is strongly induced within the spinal cord.
Neuroinflammation profoundly influences synaptic transmission, thereby contributing to
the persistence of pain.

The causes of chronic pain include nerve injury, cancer, muscle injury, and inflamma-
tion [5]. Among the various causes, pain caused by inflammation is called inflammatory
pain. Currently, non-steroidal anti-inflammatory drugs (NSAIDs) are the most commonly
used drugs to treat inflammatory pain [6]. The main mechanism underlying the analgesic
and anti-inflammatory effects of NSAIDs is inhibition of the cyclooxygenase (COX2) en-
zyme, which produces prostaglandins. Prostaglandin is a representative inflammatory
mediator that induces fever, inflammation, and pain. Aspirin, naproxen, and ibuprofen are
some of the commonly used NSAIDs. However, since NSAIDs have adverse effects, such as
indigestion, stomach ulcers, headaches, drowsiness, and dizziness, interest in natural prod-
ucts as agents for alleviating inflammatory pain has recently increased. Natural products
have been used for centuries to treat various diseases related with inflammation, without
causing side effects [7]. Therefore, natural products have the potential to be developed into
new drugs against inflammatory pain.

In this review, we aim to summarize the current understanding of inflammatory
factors and intracellular signaling involved in the development of inflammatory pain as
well as to highlight the potential of natural products in treating inflammatory pain.

2. Mechanism Underlying the Development of Inflammatory Pain

Inflammatory pain is characterized by a heightened sensitivity to pain due to tissue
damage resulting from an inflammatory or immune response. The two typical symptoms
of pain are hyperalgesia and allodynia. Hyperalgesia is characterized by an abnormally
increased sensitivity to pain and an extreme response to pain. Allodynia is recognized as
pain for common stimuli that do not normally cause pain. Chronic inflammatory diseases
and infections, such as arthritis, shingles, and tissue injury are representative causes of
inflammatory pain [8]. Inflammatory mediators are released locally by immune cells at
the site of inflammation and can directly activate sensory neurons in peripheral tissues.
Activated sensory neurons then release neuropeptides, such as substance P, calcitonin
gene-related peptide, and prostanoids, into the dorsal horn of the spinal cord. Repetitive
and persistent stimulation of sensory neurons can lead to the over-release of neuropeptides,
resulting in neuroinflammation of the spinal cord.

Spinal neuroinflammation, caused by peripheral inflammation, is characterized by
the activation of microglia and increased expression of inflammatory mediators in the
spinal cord [9]. Activated microglia are major sources of pro-inflammatory cytokines
and inflammation-related proteins that are regulated by various intracellular signaling
(Figure 1). Along with spinal neuroinflammation, microglial activation is significantly
induced, resulting in pain hypersensitivity through central sensitization. Central sensitiza-
tion, a leading cause of chronic pain, represents the reinforcement of the function between
pre- and post-synaptic neurons in the nociceptive pathway caused by increasing excitatory
transmission and strengthening of synapses in response to inflammation and nerve injury.
The increased levels of pro-inflammatory cytokines can enhance synaptic transmission by
increasing excitatory synaptic transmission and decreasing inhibitory synaptic transmission
in the dorsal horn of spinal cord [10,11]. Pro-inflammatory cytokines may induce gene
expression by activating cAMP response element-binding protein (CREB) transcription
factors, leading to long-term potentiation [12]. These results comprehensively contribute to
the persistence and hypersensitivity of pain through central sensitization.
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Figure 1. Inflammatory mediators associated with the development of microglial activation-mediated
inflammatory pain. Tissue damage associated with inflammation lead to microglial activation by
releasing diverse signaling molecules from sensory neurons. Activated microglia induce neuroinflam-
mation through increasing the expression of inflammatory mediators, such as excessive NO, iNOS,
COX-2, TNF-α, IL-1β, IL-6, MCP1, and MCP3. These mediators lead to central sensitization, resulting
in increased sensitivity to pain. Activated microglia can trigger inflammatory pain via inflammatory
mediator-related signaling.

Microglia, the resident macrophage-like cells located in the CNS, play an important
role in the development of chronic pain associated with neuroinflammation [13,14]. As the
first immune cell in the CNS, microglia are essential for brain maintenance and homeostasis
as they are involved in removing cell debris, infectious agents, and other unnecessary
elements. Although the primary function of microglia is to protect the CNS, they can have
destructive effects on neurons. Various signaling molecules are released from sensory
neurons damaged by inflammation and eventually activate microglia [13]. Microglial
activation is characterized by the increased production of inflammatory mediators, such
as iNOS, COX-2, MMP-9, TNF-α, IL-1β, IL-6, MCP1, and MCP3. The expression of these
inflammatory mediators is regulated by intracellular signaling pathways, including NF-B,
MAPK, JAK2-STAT3, Nrf2, and autophagy. The expression and secretion of inflamma-
tory mediators are induced by intracellular signaling in activated microglia, resulting in
an increase in neuroinflammation [15]. Inflammatory mediators contribute to increased
neuroinflammation to damage to cells. Furthermore, these mediators and cytokines are
involved in the induction and maintenance of central sensitization by upregulating the
NMDA receptor in excitatory synaptic neurons [16]. In agreement with these findings, pro-
inflammatory cytokines, such as TNF-α, IL-1β, or IL-6, modulate the function of receptors
associated with central sensitization in the spinal cord [12]. Experimental studies using
rodent models have shown that intrathecal injection of pro-inflammatory cytokines induces
pain hypersensitivity [10,17,18]. A previous study showed that the specific deletion of
microglia in the spinal cord had an inhibitory effect on formalin-induced inflammatory pain
via the modulation of central sensitization [19]. Inhibition of microglial activation using
chemogenetic approaches, specifically DREADD, alleviate neuroinflammation and chronic
pain following nerve injury [20]. Inhibition of microglial activation attenuated nerve
injury-induced pain hypersensitivity in the early phase but not the late phase. Therefore,
understanding and targeting the processes and factors involved in microglial activation-
induced neuroinflammation may offer an effective approach to prevent the early phase of
inflammatory pain, which has the potential to become chronic pain.
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3. Expression of Inflammatory Mediators in Activated Microglia
3.1. Inducible Nitric Oxide Synthase

Nitric oxide synthase (NOS) is an enzyme that catalyzes the production of nitric oxide
(NO) from L-arginine. Among the different isoforms of NOS, inducible nitric oxide syn-
thase (iNOS) plays a significant role in the development of inflammatory pain. iNOS is
induced in various cells and tissues by cytokines and other molecules. Although previous
studies have reported the role of iNOS in various inflammatory diseases except for the
CNS, it has been recently confirmed that iNOS contributes to the development of chronic
pain [21,22]. iNOS continuously produces large amounts of NO until it is degraded. High
amounts of NO result in the production of high levels of reactive nitrogen oxide species
(RNOS), causing damage to the surrounding tissue and cells. Among various cells in the
CNS, microglia are the major cellular sources of iNOS [23]. Many previous studies have
shown that activated microglia remarkably increase the expression of iNOS, leading to
the excessive production of NO [24–26]. Additionally, iNOS expression and neuroinflam-
mation in the dorsal horn of the spinal cord were found to have significantly increased
in CFA-injected mice [27]. Osborne et al. reported that carrageenan-induced thermal hy-
peralgesia was significantly alleviated by the intrathecal injection of the nonselective NOS
inhibitor L-NAME in rats. Furthermore, a selective iNOS inhibitor suppressed thermal
hypersensitivity during carrageenan-induced inflammatory pain [28]. Formalin-induced
pain behavior was attenuated in iNOS knockout mice. Moreover, nerve injury-induced
pain hypersensitivity and microglial activation in the spinal cord were suppressed in the
iNOS knockout mice compared with in wild-type mice [26]. These results demonstrated
that iNOS expression in activated microglia can exacerbate neuroinflammation, resulting
in increased pain sensitivity.

3.2. Cyclooxygenase-2

Cyclooxygenase-2 (COX-2) is a primary target for reducing inflammation and pain.
COX-2 converts arachidonic acid to prostaglandin E2 (PGE2), which is associated with in-
flammation and pain. COX-2 is induced in response to inflammatory stimulation and is pri-
marily expressed by monocytes, macrophages, fibroblasts, neurons, and microglia [29,30].
COX-2 inhibition is expected to reduce inflammation and pain without causing side ef-
fects [31]. Many studies have shown that lipopolysaccharide (LPS) treatment increased
COX-2 expression in microglia [32–35]. These studies suggest that neuroinflammation
can be suppressed by inhibition of COX-2 expression in microglia. In addition, various
COX-2 inhibitors suppressed neuroinflammation by inhibiting the release of inflamma-
tory mediators by microglia [36]. Naproxen is a representative oral NSAID; it attenuated
CFA-induced pain hypersensitivity by inhibiting COX-2 expression in the spinal cord [37].
Therefore, microglia-specific inhibition of COX-2 expression has the potential to alleviate
inflammatory pain.

3.3. Matrix Metalloproteinases-9

Matrix metalloproteinases-9 (MMP-9) is a member of the zinc metalloproteinase family
involved in the degradation of the extracellular matrix and is strongly implicated in the
development of various neuroinflammation-related diseases [38]. Microglia are a major
source of MMP-9. Nerve injury has been found to increase the expression of MMP-9 rapidly
and temporarily in the dorsal root ganglion (DRG), leading to the induction of neuropathic
pain [39,40]. Microglial activation is also increased by nerve injury-induced MMP-9 ex-
pression in the spinal cord. Intrathecal injection of siMMP-9 significantly attenuated nerve
injury-induced pain hypersensitivity and inhibited microglial activation in the spinal cord.
A previous study found that activated microglia significantly increased the expression of
MMP-9 in LPS-treated microglial cells [41]. Additionally, in one study, MMP-9 expression
was notably upregulated in the DRG and spinal cord in a CFA-induced inflammatory
pain model [42]. This study showed that inhibition of MMP-9 had inhibitory effects on
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CFA-induced pain hypersensitivity in rats. These studies indicated that MMP-9 is involved
in the development of microglial activation-mediated inflammatory pain.

3.4. Pro-Inflammatory Cytokines

Cytokines are secreted mainly by the immune and glial cells of the CNS. These
cytokines act as intercellular mediators that control the function and differentiation of
other cells [43]. In response to peripheral inflammation and tissue injury, microglia can
be activated to secrete pro-inflammatory cytokines, such as TNF-α, interleukin-1β (IL-
1β), IL-6, monocyte chemotactic protein-1 (MCP1), and MCP3 [24,33,34,37]. These pro-
inflammatory cytokines are strongly involved in neuroinflammation and mainly contribute
to the exacerbation of chronic pain.

3.4.1. TNF-α

Tumor necrosis factor-α (TNF-α) is a cytokine that causes inflammation-related dis-
eases and might be a potential therapeutic target. Moreover, TNF-α is proposed to be a
pro-inflammatory cytokine that plays a critical role in the development of chronic pain [43].
Microglia express and secrete TNF-α in response to stimuli and can also be activated
by TNF-α via TNF receptors (TNFRs) [44]. In one study, TNF-α induced microglial ac-
tivation, as evidenced by the increased expression of iNOS, IL-1β, and IL-6 in primary
cells [45]. This study showed that LPS-induced microglial activation was partially blocked
by treatment with TNFR type 1 (TNFR1) antibody. Moreover, intrathecal injection of TNF-α
significantly induced pain hypersensitivity in mice. In addition, TNFR1 knockout mice
exhibited better inhibition of pain hypersensitivity than TNFR2 knockout mice in CFA and
formalin-induced inflammatory pain models [10]. Thus, TNF-α can activate microglia via
binding to TNFR1 to increase pain sensitivity.

3.4.2. Interleukin-1β

Interleukin-1β (IL-1β) is one of the important mediators of the inflammatory response
and is implicated in microglial activation-mediated inflammatory pain. The IL-1β precur-
sor is cleaved by cytosolic caspase 1 and activated to mediate the inflammatory response.
Previous studies showed that IL-1β could activate microglia, as revealed by the increased
expression of IL-6, MCP1, and CXCL10 in human microglia cells [46,47]. IL-1β is a major
mediator that increases the expression of COX-2 in the spinal cord, resulting in the devel-
opment of CFA-induced inflammatory pain [48]. In one study of a mouse model, inhibition
of IL-1β in the spinal cord decreased sensitivity to pain by decreasing the expression of
COX2. Another study reported that intravenous injection of IL-1β significantly increased
pain hypersensitivity and microglial activation in dorsal horn of the spinal cord [49].

3.4.3. Interelukin-6

Interelukin-6 (IL-6) is also a well-known inflammatory cytokine along with TNF-α
and IL-1β. IL-6 is an important mediator of fever and pathogenesis of chronic pain. In
one study, exposure to LPS remarkably induced the expression of IL-6 in microglia [50].
Furthermore, formalin- and CFA-injected mice showed notably increased microglial ac-
tivation and IL-6 expression in the spinal cord [51,52]. In addition, nerve injury-induced
IL-6 expression was decreased by microglia inhibitor in serum and spinal cord [17,53]. This
study showed that intrathecal injection of IL-6 significantly increased microglial activation
in the spinal cord. These data indicate the presence of a positive feedback loop between IL-6
and microglial activation, resulting in the pathogenesis of microglial activation-mediated
inflammatory pain.

3.4.4. Monocyte Chemoattractant Protein-1

MCP1 is one of the key chemokines that control the migration and infiltration of
monocyte. MCP1 plays an important role in the development of chronic pain. Although
MCP1 is known to interact with several receptors, C-C chemokine receptor type 2 (CCR2)
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is its preferred receptor [54]. Direct injection of MCP1 into the spinal cord induced pain
hypersensitivity, whereas co-treatment with an MCP1 inhibitor reduces sensitivity to
pain by blocking central sensitization [11]. This study showed that CFA-induced pain
hypersensitivity in mice was significantly attenuated by intrathecal injection of a CCR2
inhibitor. Additionally, the intrathecal injection of MCP1 induced microglial activation
in the spinal cord [55]; spinal microglial activation was also markedly decreased by an
antibody against MCP1. A previous study reported that MCP1 was strongly increased
in DRG neurons due to peripheral inflammation and was transported into the spinal
cord [56]. In addition, neuron-derived MCP1 notably induced microglial activation, as
evidenced by the upregulated expression of iNOS, COX2, IL-1β, and IL-6 [57]. Several
in vitro experiments showed that activated microglia could secrete MCP1 [24,58]. These
results suggest that peripheral inflammation induces MCP1 expression in the neurons.
MCP1 is transported into the spinal cord, followed by autocrine activation of microglia by
MCP1. Therefore, peripheral inflammation-induced MCP1 expression may increase pain
sensitivity by activation of microglia through a positive feedback loop.

3.4.5. Monocyte Chemoattractant Protein-3

MCP3 is a small cytokine that is closely related to MCP1. MCP3 has been found to
play a role in the development of chronic pain. In one study, nerve injury remarkably
induced MCP3 expression in the spinal cords of mice [18]. Moreover, nerve injury-induced
microglial activation was decreased in the spinal cord of CCR2 knockout mice compared to
in normal mice. Moreover, intrathecal injection of MCP3 induced pain hypersensitivity in a
dose-dependent manner, while intrathecal injection of a CCR2 inhibitor or antibody against
MCP3 reduced sensitivity to pain in mice. This study suggests that MCP3 is primarily
expressed in astrocytes. Astrocyte-derived MCP3 plays a key role in the development of
neuropathic pain. However, many studies have reported that MCP3 is also expressed in ac-
tivated microglia [24,59]. Furthermore, CFA-induced pain hypersensitivity was attenuated
by inhibition of microglial activation and MCP3 expression in the spinal cord. Microglial ac-
tivation was inhibited by MCP3 knockdown. Therefore, inhibition of MCP3 expression may
alleviate inflammation-induced pain hypersensitivity by regulating microglial activation in
the spinal cord.

4. Intracellular Signaling in Activated Microglia

Activated microglia release inflammatory mediators that may contribute to hypersen-
sitivity to inflammatory pain. Many studies have demonstrated the importance of intra-
cellular signaling pathways that are strongly involved in microglial activation-mediated
inflammatory pain. Activation of microglia leads to the induction of cascades of numerous
intracellular signaling pathways. These signaling pathways may contribute to changes in
the function of microglia, and gene expression resulting from these signaling pathways may
influence the functions and structures of nearby cells and tissues, resulting in exacerbated
inflammatory pain. Understanding how intracellular signaling pathways work in activated
microglia may help identify new therapeutic targets for inflammatory pain (Figure 2).
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Figure 2. Intracellular signaling that can induce inflammatory mediators in activated microglia.
NF-κB, MAPK, and JAK2/STAT3 signaling can be activated in microglia. And this signaling can
induce expression of inflammatory mediators in activated microglia, leading to exacerbation of
inflammatory pain.

4.1. Nuclear Factor-κB

Nuclear factor-κB (NF-κB) is a representative of the family of transcript factors asso-
ciated with the inflammatory response. The activation of NF-κB signaling involves two
major pathways: canonical and noncanonical. Although both pathways are important for
regulating the inflammatory response, the noncanonical pathway is particularly involved
in regulating specific functions of the adaptive immune system [60]. This chapter focuses
on canonical NF-κB signaling, which is associated with microglial activation. Canonical
NF-κB signaling is triggered by various stimuli [61]. The first step in the canonical NF-κB
signaling pathway is the activation of the IκB kinase (IKK) complex, which comprises
IKKα, IKKβ, and IKKγ subunits [62]. The IKK complex phosphorylates IκBα, leading
to ubiquitylation and proteasomal degradation. This results in the phosphorylation and
nuclear translocation of the NF-κB dimer (p65 and p50). The translocated NF-κB dimer
binds to a specific DNA sequence and promotes the transcription of target genes. NF-κB
signaling is strongly associated with the development of microglial activation, as evidenced
by increased expression of inflammatory mediators and cytokines [63]. Previous studies
have shown that microglial activation was significantly reduced by treatment with NF-
κB inhibitors [64,65]. Moreover, LPS-induced expression of inflammatory cytokines and
mediators was reduced by suppression of NF-κB activity through IKK-specific deletion
in microglia [66]. Inhibition of NF-κB in the spinal cord showed an alleviative effect on
CFA-induced pain hypersensitivity and microglial activation [67]. Furthermore, nerve
injury-induced upregulation of pain sensitivity was alleviated by the suppression of NF-κB
signaling in microglial activation [68]. These data demonstrate that activation of NF-κB
signaling in microglia can lead to increased pain sensitivity in inflammatory pain.

4.2. Mitogen-Activated Protein Kinase

The mitogen-activated protein kinase (MAPK) signaling pathway, which comprises
the c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38
mitogen-activated protein (p38) kinase, plays a crucial role in regulating various cellular
functions such as proliferation, differentiation, development, and migration [69]. MAPK is
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involved in protein kinase cascades, in which they are activated in a sequential manner by
the upstream signals such as MAPKK and MAPKKK.

In the nervous system, JNK is implicated in the pathogenesis of various neuro
inflammation-related diseases [70,71]. JNK is activated by its upstream signals, MKK4 and
MKK7, leading to the phosphorylation of the downstream signal, c-Jun. The activated
JNK could induce the production of inflammatory mediators and cytokines in the CNS.
Thus, the inhibition of JNK has been considered a therapeutic target for the treatment
of neurodegenerative diseases. In addition, the inhibition of JNK in microglia has been
suggested to attenuate inflammatory pain. Previously, LPS-induced microglial activation
was remarkably suppressed by treatment with a JNK inhibitor, as revealed by the reduced
expression of inflammatory mediators and cytokines [72]. Additionally, CFA-induced pain
hypersensitivity was attenuated by intrathecal injection of a JNK inhibitor in rats [73].

Among the MAPK family members, ERK1/2 activation by MEK1/2 is generally
considered to regulate cell survival, proliferation, and differentiation. The activation
of ERK in microglia leads to neuroinflammation by increasing the expression of pro-
inflammatory cytokines and inflammatory mediators [74]. These effects have become the
cornerstone in the development of neurodegenerative diseases. A previous study identified
that ERK activation in microglia was significantly increased in the early stages of nerve
injury-induced chronic pain [75]. In in vitro experiments, LPS-induced expression of iNOS,
COX-2, and pro-inflammatory cytokines was notably reduced by treatment with ERK
inhibitor in microglia [76,77]. In addition, direct injection of ERK inhibitor into the spinal
cord showed inhibitory effects on CFA-induced pain hypersensitivity in mice [78,79]; these
effects were accompanied by a reduction in COX-2 expression in the spinal cord.

p38 is more strongly involved in the development of chronic pain related to microglial
activation than other MAPK family members. p38 is activated by the upstream kinases
MKK3 and MKK6 and plays an important role in the inflammatory response. p38 inhibitors
have been found to alleviate inflammatory diseases [80]. During the development of chronic
pain, p38 activation is notably increased in microglia compared to that in other cells [81]. In
addition, the activation of p38 in microglia was upregulated in CFA-induced inflammatory
pain. Moreover, intrathecal injection of p38 inhibitor attenuated CFA- or formalin-induced
pain-like behaviors and significantly suppressed expression of IL-1β and IL-6 in the spinal
cord [82–84]. In in vitro studies, LPS-induced NO overproduction and expression of iNOS
and COX2 were reduced by treatment with a p38 inhibitor in a dose-dependent manner [37].
Taken together, these results demonstrate that MAPK signaling is critical for microglial
activation and leads to the pathogenesis of inflammatory pain.

4.3. Janus Kinase 2 (JAK2)/Signal Transducer and Activator of Transcription 3

The Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3)
pathway is an intracellular signaling pathway activated by cytokines. The JAK2/STAT3
pathway is involved in immune cell division, development, recruitment, and activation.
Many studies have indicated that microglial activation is dependent on the phosphorylation
of the JAK2/STA3 signaling pathway caused by various stimuli [85–87]. These data
revealed that inhibition of JAK2/STAT3 signaling suppressed microglial activation, as
shown by the decreased expression of inflammatory cytokines and mediators. Additionally,
CFA-induced pain hypersensitivity and spinal microglial activation were significantly
reduced by inhibition of the JAK2/STAT3 signaling pathway in rodents [24,88,89]. These
results indicate that JAK2/STAT3 signaling plays an important role in microglial activation
and development of inflammatory pain.

4.4. Nuclear Factor-Erythroid 2-Related Factor 2

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a transcription factor that regulates
antioxidant enzymes to protect against damage caused by oxidative stress. Oxidative
stress is a hallmark of neuroinflammation and neurodegeneration that leads to disease
progression [90]. Accumulating evidence has shown that microglial activation was signif-
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icantly increased in the CNS of Nrf2-deficient mice, contributing to the exacerbation of
neurodegenerative diseases (Figure 3) [91,92]. Previous studies have shown that microglial
activation was increased in Nrf2 knockout mice, as revealed by the upregulated expression
of pro-inflammatory cytokines and inflammatory mediators [93,94]. Nrf2 induces gene
expression via interaction with an antioxidant response element (ARE) that is known to
encode antioxidant enzymes. Nrf2-dependent gene expression exerts a protective effect
against oxidative stress in microglia, resulting in the suppression of neuroinflammation.
Moreover, neuroinflammation-mediated chronic pain is regulated by the activation of
Nrf2 in microglia. Among Nrf2-dependent genes, the heme oxygenase-1 (HO-1) gene is
a representative gene with strong antioxidant effects. Previously, Nrf2-dependent HO-1
expression in microglia showed inhibitory effects against CFA-induced pain hypersensi-
tivity and microglial activation in mice [75]. Additionally, the administration of an HO-1
inducer significantly attenuated formalin-induced pain-like behavior in mice. However,
the attenuative effect of the HO-1 inducer was reversed in Nrf2-knockout mice [95]. These
results indicated that Nrf2 inhibits inflammation-induced microglial activation and pain
hypersensitivity via HO-1 induction.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 9 of 24 
 

 

significantly increased in the CNS of Nrf2-deficient mice, contributing to the exacerbation 
of neurodegenerative diseases (Figure 3) [91,92]. Previous studies have shown that micro-
glial activation was increased in Nrf2 knockout mice, as revealed by the upregulated ex-
pression of pro-inflammatory cytokines and inflammatory mediators [93,94]. Nrf2 in-
duces gene expression via interaction with an antioxidant response element (ARE) that is 
known to encode antioxidant enzymes. Nrf2-dependent gene expression exerts a protec-
tive effect against oxidative stress in microglia, resulting in the suppression of neuroin-
flammation. Moreover, neuroinflammation-mediated chronic pain is regulated by the ac-
tivation of Nrf2 in microglia. Among Nrf2-dependent genes, the heme oxygenase-1 (HO-
1) gene is a representative gene with strong antioxidant effects. Previously, Nrf2-depend-
ent HO-1 expression in microglia showed inhibitory effects against CFA-induced pain hy-
persensitivity and microglial activation in mice [75]. Additionally, the administration of 
an HO-1 inducer significantly attenuated formalin-induced pain-like behavior in mice. 
However, the attenuative effect of the HO-1 inducer was reversed in Nrf2-knockout mice 
[95]. These results indicated that Nrf2 inhibits inflammation-induced microglial activation 
and pain hypersensitivity via HO-1 induction. 

 
Figure 3. Intracellular signaling that can regulate inflammatory mediators in microglia. Nrf2 signal-
ing and autophagy have a protective effect on microglial activation. Inflammatory mediators ex-
pressed in activated microglia are suppressed by activation of Nrf2 signaling and autophagy. 

4.5. Autophagy 
Autophagy is a lysosomal degradation pathway responsible for the removal and re-

cycling of unnecessary or dysfunctional molecules maintain cellular homeostasis [96]. The 
process begins by the marking of unwanted or damaged molecules for removal, followed 
by the formation of an autophagosome that envelopes the unwanted molecules. This au-
tophagosome then combines with a lysosome to degrade the cargo, after which unwanted 
molecules are removed and recycled. Autophagy has a protective effect, as demonstrated 
by its ability to remove amyloid-β, a hallmark of Alzheimer’s disease, and prevent neuro-
degeneration in mice [97]. Additionally, microglial autophagy has been found to play a 
role in regulating neuroinflammation. LPS-treated microglia showed inhibited au-
tophagic activity, leading to increased neuroinflammation. However, treatment with the 
autophagy inducer, rapamycin, significantly reduced LPS-induced neuroinflammation in 
microglia [98]. CFA-induced pain hypersensitivity was attenuated by the induction of au-
tophagy in the spinal cord [24,99,100]. In addition, CFA-induced expression of pro-inflam-
matory cytokines and microglial activation were decreased by enhanced autophagy in the 
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and autophagy have a protective effect on microglial activation. Inflammatory mediators expressed
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4.5. Autophagy

Autophagy is a lysosomal degradation pathway responsible for the removal and
recycling of unnecessary or dysfunctional molecules maintain cellular homeostasis [96].
The process begins by the marking of unwanted or damaged molecules for removal,
followed by the formation of an autophagosome that envelopes the unwanted molecules.
This autophagosome then combines with a lysosome to degrade the cargo, after which
unwanted molecules are removed and recycled. Autophagy has a protective effect, as
demonstrated by its ability to remove amyloid-β, a hallmark of Alzheimer’s disease, and
prevent neurodegeneration in mice [97]. Additionally, microglial autophagy has been found
to play a role in regulating neuroinflammation. LPS-treated microglia showed inhibited
autophagic activity, leading to increased neuroinflammation. However, treatment with
the autophagy inducer, rapamycin, significantly reduced LPS-induced neuroinflammation
in microglia [98]. CFA-induced pain hypersensitivity was attenuated by the induction
of autophagy in the spinal cord [24,99,100]. In addition, CFA-induced expression of pro-
inflammatory cytokines and microglial activation were decreased by enhanced autophagy
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in the spinal cord. These results suggested that autophagy activation may have a protective
effect against microglial activation and inflammatory pain.

5. Natural Product-Derived Compounds against Microglial Activation-Mediated
Inflammatory Pain

Multiple studies have demonstrated that microglial activation contributes signifi-
cantly to the development of inflammatory pain. Therefore, targeting microglial activation
through the regulation of inflammatory mediators has been proposed as a therapeutic strat-
egy for the treatment of inflammatory pain. Many natural products and their compounds
have been found to exert protective effects against inflammation [101]. These studies
suggest that natural product-derived compounds with anti-inflammatory effects inhibit
inflammatory pain by suppressing microglial activation. Table 1 and Figure 4 present a sum-
mary of natural product-derived compounds that have been found to have the potential to
alleviate microglial activation-mediated inflammatory pain.
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5.1. 3,5-Dicaffeoylquinic Acid

3,5-Dicaffeoylquinic acid (3,5-DCQA) is a phenolic nutraceutical present in Arctium
lappa and Aster yomena; it has shown inhibitory effects on the LPS-induced expression of
iNOS and COX-2 and secretion of TNF-α, IL-1β, IL-6, MCP1, and MCP3 in BV2 microglial
cells [24]. Suppression of MCP3 expression by 3,5-DCQA enhanced autophagy by sup-
pressing LPS-induced activation of JAK2-STAT3, resulting in the reduction of microglial
activation. Furthermore, CFA-induced pain hypersensitivity was attenuated by the admin-
istration of 3,5-DCQA. Additionally, the administration of 3,5-DCQA suppressed microglial
activation in the spinal cord of CFA-injected mice.

5.2. Chlorogenic Acid

Chlorogenic acid, an ester of caffeic and quinic acids, is a natural phenolic compound
found in plants. One study showed that chlorogenic acid significantly inhibited LPS-
induced NO production and expression of iNOS and TNF-α in primary microglia [102]. In
addition, LPS-induced phosphorylation of NF-κB signaling was suppressed by treatment

164



Pharmaceuticals 2023, 16, 941

with chlorogenic acid. Carrageenan-induced foot swelling and formalin-induced pain-like
behavior were significantly reduced by oral administration of chlorogenic acid in mice [103].
In a clinical study, plasma antioxidant capacity was significantly increased in the group
that consumed chlorogenic acid-rich coffee/day. Participants had consumed a maximum of
480 mg/day chlorogenic acid for 8 weeks and did not experience any adverse effects [104].
Furthermore, a clinical study identified that the consumption of chlorogenic acid resulted
in improved neuronal function [105].

5.3. Ferulic Acid

Ferulic acid, a well-known phenolic compound, is a bioactive compound found in
medicinal herbs, including Ferula asafoetida. One study showed that LPS-induced expression
of iNOS and TNF-α was reduced after treatment with ferulic acid in BV2 microglial cells in a
dose-dependent manner [106]. Additionally, LPS-induced phosphorylation of JNK and NF-
κB was reduced by ferulic acid. Moreover, formalin-induced pain-like behavior in mice was
alleviated by intraperitoneal injection of ferulic acid [107]. In a clinical study, participants
were administered 1000 mg/day ferulic acid for 6 weeks. No toxicity associated with this
dose of ferulic acid was observed. The oxidative stress marker was significantly reduced in
the group supplemented with ferulic acid. Moreover, TNF-α was remarkably reduced in
blood samples [108]. Another clinical study also showed clinical positive effective of ferulic
acid on neuronal functioning [109].

5.4. 6-Gingerol

6-gingerol, present in Zingiber officinale, is a bioactive phenolic compound, which is
known to have a neuroprotective effect. Previously, LPS-induced NO production and
expression of iNOS, IL-1β, and IL-6 were dose-dependently suppressed by treatment with
6-gingerol, leading to inhibition of microglial activation [110]. LPS-induced phosphoryla-
tion of STAT3 in microglia was significantly reduced by 6-gingerol treatment. Furthermore,
intraperitoneal injection of 6-gingerol was found to attenuate acetic acid- and formalin-
induced pain-like behaviors, such as writhing and licking, in mice [111]. Carrageenan-
induced paw swelling was also suppressed by the administration of 6-gingerol. No clinical
trials have specifically investigated analgesic effects of 6-gingerol alone. However, nu-
merous studies have reported alleviative effects of ginger on inflammation-related pain
in humans [112]. Given that 6-gingerol had no adverse effects at a concentration of 10 mg
twice a day for 12 weeks, it is necessary to evaluate the analgesic effects of 6-gingerol using
this dosage [113].

5.5. Curcumin

Curcumin is a bright yellow bioactive component found in Curcuma longa. LPS-
induced expression of iNOS, TNF-α, and IL-1β was decreased after treating BV2 microglial
cells with curcumin [114]. Additionally, lipoteichoic acid (LTA) treatment increased the
production of NO and PGE3, and expression of iNOS, COX-2, and TNF-α, reversed by
treatment with curcumin in BV2 microglial cells. In one study, curcumin showed a sup-
pressive effect on microglial activation via inhibition of NF-κB and MAPK signaling and
induction of Nrf2 in BV2 microglial cells [115]. Moreover, in another study CFA-induced
hyperalgesia was attenuated via suppression of TNF-α, IL-1β, and IL-6 in the spinal cord
by administration of curcumin [116]. In a clinical study identifying anti-inflammatory
effects of curcumin, the reduction in pain sensitivity and inflammation at the surgical site
was evaluated in a group of patients who receive 400 mg of curcumin three times a day for
6 days [117].

5.6. Kaempferol

Kaempferol, one of the most common flavonoids found in numerous medicinal herbs,
is known to have antioxidant and anti-inflammatory effects. In one study, LPS-induced mi-
croglial activation was suppressed by treatment with kaempferol, as revealed by decreased
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production of NO and PGE2 and decreased expression of iNOS, COX-2, MMP9, TNF-α,
and IL-1β in microglia [118]. The underlying inhibitory mechanism of kaempferol is the in-
hibition of NF-κB and MAPK signaling pathways in microglia. Moreover, formalin-induced
pain hypersensitivity was alleviated by intrathecal injection of kaempferol in mice [119].
Administration of kaempferol showed an inhibitory effect on the formalin-induced ex-
pression of TNF-α, IL-1β, and IL-6 in the spinal cord. A variety of clinical studies had
provided evidence for the preventive effects of kaempferol on diseases associated with
inflammation [120,121]. The consumption of 50 mg a day of kaempferol for 4 weeks is safe
in adults [122].

5.7. Quercetin

Quercetin is considered an antioxidant, anti-inflammatory, and anti-nociceptive com-
pound. Studies have shown that quercetin inhibits LPS-induced NO production and
iNOS expression in BV2 microglial cells. Furthermore, LPS-induced NF-κB activation
was reduced by quercetin treatment [123]. Additionally, in one study, quercetin led to
the activation of Nrf/HO-1 signaling, resulting in the inhibition of NO production in
microglia. Moreover, CFA-induced chronic inflammatory hyperalgesia was attenuated
by the inhibition of ERK1/2 and NF-κB in the spinal cord after the administration of
quercetin [124]. CFA-induced TNF-α expression was also decreased in the spinal cord by
quercetin administration. A previous study investigated the effect of quercetin supplemen-
tation on inflammation and pain in women diagnosed with rheumatoid arthritis [125]. The
patients were given 500 mg of quercetin a day for 8 weeks. The results revealed significant
reductions in plasma levels of TNF-α and improvements in symptoms related to swelling
and pain in patients following quercetin supplementation. Notably, no side effects were
observed in the patients.

5.8. Formononetin

Formononetin is a bioactive isoflavone found in various plants including Trifolium
pratense L. In one study, LPS-induced microglial activation was reduced by treatment
of formononetin, as revealed by a decrease in the expression of TNF-α, IL-1β, and IL-
6 [126]. Additionally, LPS-induced expression of iNOS and COX-2 was suppressed in
BV2 microglial cells. Moreover, formononetin showed an inhibitory effect on LPS-induced
activation of NF-κB signaling. In the CFA-induced inflammatory pain model, the admin-
istration of formononetin alleviated mechanical allodynia and thermal hyperalgesia in
mice [127]. Formononetin has been studied in preclinical tests for other diseases, but clinical
studies for the use of formononetin alone have yet to be performed. A previous study
showed that extracts containing rich-formononetin (50 mg/day for at least 1 year) exhibited
beneficial effects on the bone, with no significantly adverse effects [128]. However, further
clinical research is required to determine the safety and effects of formononetin specifically
on inflammatory pain.

5.9. Naringenin

Naringenin is a flavonoid with antioxidant, anti-inflammatory, and anti-cancer prop-
erties. One study revealed that naringenin blocked transformation into LPS-induced activa-
tion, as evidenced by expression of iNOS, TNF-α, and IL-1β in BV2 microglia cells [129].
In addition, the LPS-induced phosphorylation of MAPK members, including JNK, ERK,
and p38, was notably inhibited by naringenin treatment. In mice with inflammatory
pain, carrageenan-, capsaicin-, CFA-, and PGE2-induced mechanical hyperalgesia was
significantly alleviated by the oral administration of naringenin without gastric or hepatic
toxicity [130]. A study conducted on healthy adults to evaluate the safety and pharmacoki-
netics of naringenin reported that the half-life was 3 h and almost disappeared from the
serum after 24 h of ingestion [131]. No adverse events were reported up to 900 mg of narin-
genin. Clinical trials using orange juice, which is known to contain naringenin, showed
anti-inflammatory effects as evidenced by increasing pro-inflammatory cytokines [132].
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These findings suggest that naringenin has the potential to attenuate pain through the
regulation of inflammation.

5.10. Resveratrol

Resveratrol is a bioactive component produced in grapes and is a representative in-
ducer of autophagy. One study reported that LPS/interferon γ (IFNγ)-induced expression
of iNOS, TNF-α, and IL-1β was suppressed by resveratrol treatment in N9 microglial
cells [133]. In the case of LPS/IFNγ-induced microglial activation, activation of NF-κB was
inhibited by resveratrol treatment. Moreover, in one study, CFA-induced temporomandibu-
lar disorders, resveratrol dose-dependently attenuated pain-like behavior in mice [134].
TNF-α in activated microglia of spinal trigeminal nucleus caudalis is also inhibited by
resveratrol treatment. In a clinical study, resveratrol was evaluated for its effects on in-
flammation and pain in patients with knee osteoarthritis [135]. A total of 110 patients
were treated with 500 mg/day resveratrol for 90 days. In the group that received oral
administration of resveratrol, pain sensitivity and pro-inflammatory cytokines in serum
were significantly decreased compared to the control group.

5.11. Honokiol

Honokiol, a natural polyphenolic compound, is extracted from the bark and seeds of
Magnolia officinalis. Honokiol is an autophagy inducer that suppresses skin cancer [136].
LPS-induced NO production and expression of iNOS, IL-1β, and IL-6 in primary microglia
were suppressed after treatment with honokiol [137]. In addition, in one study, carrageenan-
and CFA-induced mechanical hyperalgesia, allodynia, and thermal hyperalgesia were
alleviated by intraperitoneal injection of honokiol in mice [138]. In a clinical study aimed
at evaluating safety, 50 mg per kg of honokiol was intravenously injected into cancer
patients [139]. There were no serious adverse effects and a positive clinical response was
achieved in patients. Therefore, an evaluation is needed of the anti-inflammatory and
analgesic effects of honokiol at the same concentration in humans.

5.12. Ligustilide

Ligustilide, a major compound found in the roots of Angelica sinensis, has a protec-
tive effect against inflammation in microglia. Studies have shown that LPS-induced NO
production and expression of iNOS and COX2 were remarkably reduced in microglia
after ligustilide treatment. LPS-induced production of TNF-α, IL-1β, IL-6, and MCP1 was
also suppressed by ligustilide treatment in previous studies [140,141]. Furthermore, in
one study CFA-induced pain hypersensitivity and microglial activation in the spinal cord
were significantly reduced after ligustilide treatment; ligustilide treatment alleviated acetic
acid- and formalin-induced pain in mice [142]. Following a safety evaluation of ligustilide
in rats, oral administration of 90 mg/kg ligustilide had good health status, without any
histopathological change [143]. Moreover, tissue analysis indicated that ligustilide could
penetrate the blood–brain barrier. Based on these results, it is suggested that ligustilide
needs to be evaluated for safety and effects on inflammatory pain in clinical settings.

5.13. Glycyrrhizin

Glycyrrhizin, a triterpene saponin present in Glycyrrhiza glabra, has shown inhibitory
effects on inflammatory pain by suppressing microglial activation [144]. In one study, LPS-
induced microglial activation was significantly reduced by treatment with glycyrrhizin,
as evidenced by decreased NO production and expression of pro-inflammatory cytokines.
Glycyrrhizin inhibited LPS-induced HMGB1/TLR4/NF-κB signaling in microglia, leading
to reducing microglial activation. Additionally, CFA-induced pain hypersensitivity was
attenuated by the administration of glycyrrhizin in mice. Glycyrrhizin suppresses CFA-
induced expression of pro-inflammatory cytokines and activation of NF-κB in the spinal
cord. In a clinical study, glycyrrhizin was administered to patients with the selective
serotonin reuptake inhibitor (SSRI) in order to evaluate the effects on depression and
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inflammation [145]. The results showed serum levels of TNF-α, and IL-1β were significantly
reduced and depressive symptoms were improved. No patients experienced severe adverse
events with 150 mg/3 times a day glycyrrhizin in combination with a 10 mg/day SSRI for
4 weeks.

5.14. Docosahexaenoic Acid

Docosahexaenoic acid (DHA) is the major bioactive omega-3 polyunsaturated fatty
acid. DHA is known to regulate the inflammatory responses in neurodegenerative diseases.
In one study, carrageenan-induced inflammatory pain and microglial activation were
inhibited by the administration of DHA [146]. Carrageenan-induced mechanical allodynia
was inhibited by intrathecal injection of DHA in mice. After DHA treatment, carrageenan-
induced microglial activation was suppressed by p38 inhibition in spinal microglia. Further,
LPS-induced expression of TNF-α, IL-1β, IL-6, MCP1, CCL3, and CXCL10 was significantly
suppressed by DHA treatment of BV2 microglial cells. The consumption of omega-3 fatty
acid showed improvements in pain and function in patients with osteoarthritis [147]. The
patients who consumed 0.45 omega-3 fatty acids/day for 24 months experienced beneficial
effects on osteoarthritis without any adverse events. Thus, it is necessary to evaluate the
analgesic effects and safety specifically using DHA alone in clinical settings.

5.15. Paeoniflorin

Paeoniflorin, the main active ingredient of Paeonia lactiflora, is known to reduce CFA-
induced pain hypersensitivity and mRNA expression of TNF-α, IL-1β, and IL-6 in the spinal
cord [148]. Furthermore, in one study, CFA-induced microglial activation in the dorsal horn
was inhibited by paeoniflorin. In in vitro experiments, LPS-induced pro-inflammatory
cytokines were reduced by treatment with paeoniflorin via inhibiting AKT- NF-κB in
microglia. In a clinical study, intravenous injection of powders containing 35.8 mg/day
paeoniflorin for 7 days showed no adverse events in healthy adults [149].

5.16. Sinomenine

Sinomenine is found in Sinomenium acutum and is known to have various pharmaco-
logical effects such as anti-cancer, anti-inflammation, and antioxidant effects. One study
found that treatment with sinomenine suppressed amyloid-β-induced microglial activation,
as evidenced by the reduction in NO production and expression of TNF-α, IL-1β, and
MCP1 in BV2 cells [150]. Moreover, CFA-induced pain hypersensitivity was inhibited by
intraperitoneal injection of sinomenine in mice [151]. In addition, CFA-induced expression
of TNF-α, IL-1β, IL-6, and COX-2 and PGE2 production was inhibited by the activation of
p38 and NF-κB in the spinal cord. In a clinical study, patients with osteoarthritis were orally
administered 20 mg/2 times a day sinomenine for 3 months [152]. The results indicated
that disease symptoms were attenuated and plasma levels of pro-inflammatory cytokines
were significantly reduced by sinomenine in patients. No adverse events were observed
during the study. Based on these findings, further evaluation is necessary to assess the
attenuative effects of sinomenine on inflammatory pain.

5.17. Muscone

Muscone is found in musk, which is a glandular secretion of musk deer; it is a
pharmacologically bioactive compound that has been used in medicine for centuries. One
study revealed that muscone had an inhibitory effect on LPS-induced NO production
and expression of iNOS, IL-1β, and IL-6 in BV2 microglial cells [89]. In addition, LPS-
induced activation of JAK2/STAT3 signaling was significantly suppressed by muscone
treatment of BV2 cells. In an inflammatory pain model, CFA-induced pain hypersensitivity
was attenuated by the intraperitoneal injection of muscone in mice. Moreover, muscone
administration suppressed CFA-induced expression of pro-inflammatory cytokines and
phosphorylation of JAK2/STAT3 signaling in the spinal cord of mice. Muscone exhibited
liver toxicity in Kunming mice at doses exceeding 50 mg/kg [153]. As a result, additional
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studies in pro-clinical and clinical trials are required to further investigate the safety and
effects of muscone on inflammatory pain.

5.18. Urolithins

Urolithins are secondary metabolites formed by gut microbiome from ellagic acid
and ellagitannins found in foods like pomegranate. Urolithins suppressed LPS-induced
production of NO and mRNA expression of TNF-α, IL-1β, IL-6, iNOS, and COX-2 in BV2
microglial cells. Additionally, LPS-induced activation of ERK, p38, and NF-κB signal-
ing were significantly reduced by urolithins in BV2 cells [154]. Another group induced
experimental osteoarthritis to study the effects of urolithins on inflammatory pain. The
meniscotibial and medial collateral ligaments were transected in the knees of mice to induce
osteoarthritis as inflammatory pain model. Mice were given a diet containing urolithins
to identify the effects on pain. Results showed urolithins reduced pain hypersensitivity
and slowed down disease progression in mice [155]. In clinical trials of older adults, sup-
plementation with 1000 mg/day urolithin for 4 months showed no adverse events [156].
Additionally, plasma levels of inflammatory biomarkers were significantly reduced in a
group that consumed urolithin. However, further experiments are needed to evaluate the
effects of urolithins on pain relief.

Table 1. Natural product-derived compounds attenuating microglial activation-mediated inflamma-
tory pain.

Class of
Phytochemicals Subclass Major

Compound Source
Targeting

Inflammatory
Mediators

Targeting
Intracellular

Signaling

Inducer in
Animal
Model

Safety Dosage in
Clinical Study

Effects in
Clinical Study Reference

Phenolics Phenolic acid 3,5-Dicaffeoylquinic
acid

Arctium
lappa, aster yomena

TNF-α, IL-1β, IL-6,
MCP1, MCP3, iNOS,

COX2

JAK2/STAT3,
Autophagy CFA [24]

Phenolics Phenolic acid Chlorogenic acid NO, iNOS, TNF-α NF-κB Carrageenan,
Formalin

480 mg/day for
8 weeks

Improvements in
neuronal function [102–105]

Phenolics Phenolic acid Ferulic acid ferula
asafetida TNF-α, iNOS NF-κB, JNK Formalin 1000 mg/day for

6 weeks
Anti-oxidant,

anti-inflammation [106–109].

Phenolics Phenolic acid 6-gingerol zingiber
officinale

NO, iNOS, IL-1β,
IL-6 STAT3

Acetic acid,
Formalin,

Carrageenan

20 mg/day for
12 weeks

[110,111,
113]

Phenolics flavonoids Curcumin Curcuma
longa

NO, PGE2, iNOS,
COX2, TNF-α,

IL-1β, IL-6

NF-κB, MAPK,
Nrf2 CFA 1200 mg/day for

6 days
Analgesic effects,

anti-inflammation [114–117]

Phenolics flavonoids Kaempferol Tea, broccoli
NO, PGE2, iNOS,

COX2, MMP-9,
TNF-α, IL-1β, IL-6

NF-κB, JNK,
ERK, p38 Formalin 50 mg/day for

4 weeks Anti-inflammation [118–122]

Phenolics flavonoids Quercetin NO, iNOS, TNF-α NF-κB, Nrf2,
ERK CFA 500 mg/day for

8 weeks
Analgesic effects,

anti-inflammation [123–125]

Phenolics flavonoids Formononetin Trifolium
pretense L.

TNF-α, IL-1β, IL-6,
iNOS, COX2 NF-κB CFA [126,127]

Phenolics flavonoids Naringenin TNF-α, IL-1β, iNOS MAPK
Carrageenan,

Capsaicin,
CFA, PGE2

900 mg for a day [129–131]

Phenolics stilbenes Resveratrol grape TNF-α, IL-1β, iNOS NF-κB,
Autophagy CFA 500 mg/day for

90 days
Analgesic effects,

anti-inflammation [133–135]

Phenolics lignan Honokiol Magnolia
officinlis

NO, iNOS, TNF-α,
IL-1β, IL-6 Autophagy Carrageenan,

CFA
50 mg/kg for a

week [136–139]

Non-phenolics phthalide Ligustilide
the roof of
Angelica
sinensis

NO, iNOS, COX-2,
TNF-α, IL-1β, IL-6,

MCP1
NF-κB

CFA,
Acetic acid,
Formalin

[140–142]

Non-phenolics saponin Glycyrrhizin Glycyrrhiza
glabra

NO, TNF-α,
IL-1β, IL-6 NF-κB CFA 450 mg/day for

4 weeks Anti-inflammation [144,145]

Non-phenolics omega-3 fatty
acid

Docosahexaenoic
acid

Omega-3
polyunsaturated

fatty acid

TNF-α, IL-1β, IL-6,
MCP1, CCL3,

CXCL10
p38 Carrageenan [146]

Non-phenolics monoterpene Paeoniflorin Paeonia
lactiflora TNF-α, IL-1β, IL-6 NF-κB CFA 35.8 mg/day for 7

days [148,149]

Non-phenolics alkaloid Sinomenine Sinomenium
acutum

NO, TNF-α, IL-1β,
IL-6, MCP1 NF-κB, p38 CFA 40 mg/day for 3

months Anti-inflammation [150–152]

Muscone Musk NO, TNF-α,
IL-1β, IL-6 JAK2/STAT3 CFA [89]

Urolithins Secondary
metabolite

TNF-α, IL-1β, IL-6,
iNOS, and COX-2

ERK, p38, and
NF-κB Surgery 1000 mg/day for

4 months Anti-inflammation [154–156]

Muscone Musk NO, TNF-α,
IL-1β, IL-6 JAK2/STAT3 CFA [89]

Urolithins Secondary
metabolite

TNF-α, IL-1β, IL-6,
iNOS, and COX-2

ERK, p38, and
NF-κB Surgery 1000 mg/day for

4 months Anti-inflammation [154–156]
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6. Methods

Reference lists were searched for articles published until 19–20 June 2023, using the
keywords “Microglial activation”, “Neuroinflammation”, “Inflammatory biomarkers”,
“Inflammatory pain”, “Chronic pain”, “Intracellular signaling”, “Natural products”, “Phar-
maceuticals”.

In our search for this review, we applied no limits for country of origin or study design.
Articles published in a language other than English were excluded.

7. Conclusions

Inflammation in peripheral tissues can lead to the activation of microglia in the dorsal
horn of the spinal cord, which is a significant contributor to neuroinflammation and
inflammatory pain. Several studies have shown that natural products and their compounds
have the ability to regulate microglial activation. Additionally, many studies have proposed
that microglial activation-mediated inflammatory pain can be modulated using natural
product-derived compounds. However, it is important to consider the possibility of drug–
drug interactions (DDIs) when multiple drugs are consumed in combination, as these
interactions can potentially affect the pharmacological effects of each drug [157]. In the
case of muscone, a previous study reported that it reduced the hypnotic and analgesic
effects of ketamine, which is a widely used anesthetic [158]. Taken together, although
toxicological and pharmacological studies are required to determine their safety in humans,
natural product-derived compounds are potential therapeutic candidates for the treatment
of inflammatory pain.
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