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Preclinical safety evaluation of
Macleaya Cordata extract: A
re-assessment of general toxicity
and genotoxicity properties in
rodents

Zhen Dong1,2, Shu-Sheng Tang3, Xiao-Lan Ma4,
Chang-Hong Li5, Zhao-Shan Tang5, Zi-Hui Yang1,2* and
Jian-Guo Zeng1,2*
1College of Veterinary Medicine, Hunan Agricultural University, Changsha, China, 2Key Laboratory of
Chinese Veterinary Medicine in Hunan Province, Hunan Agricultural University, Changsha, China,
3College of Veterinary Medicine, China Agricultural University, Beijing, China, 4College of Veterinary
Medicine, Shanxi Agricultural University, Jinzhong, China, 5Hunan MICOLTA Biological Resources Co.,
Ltd., Changsha, China

Macleaya cordata extract (MCE) is widely used for its diverse pharmacological

actions and beneficial effects on farm animals. Modern pharmacological studies

have shown that it has anti-inflammatory, anti-cancer, and anti-bacterial

activities, and is gradually becoming a long-term additive veterinary drug

used to improve animal intestinal health and growth performance. Although

some evidence points to the DNA mutagenic potential of sanguinarine (SAN), a

major component of MCE, there is a lack of sufficient basic toxicological

information on the oral route, posing a potential safety risk for human

consumption of food of animal origin. In this study, we assessed the acute

oral toxicity, repeated 90-day oral toxicity and 180-day chronic toxicity of MCE

in rats and mice and re-evaluated the genotoxicity of MCE using a standard

combined in vivo and ex vivo assay. In the oral acute toxicity test, the LD50 for

MCE in rats and mice was 1,564.55 mg/kg (95% confidence interval

1,386.97–1,764.95 mg/kg) and 1,024.33 mg/kg (95% confidence interval

964.27–1,087.30 mg/kg), respectively. The dose range tested had no

significant effect on hematology, clinical chemistry, and histopathological

findings in rodents in the long-term toxicity assessment. The results of the

bacterial reverse mutation, sperm abnormality and micronucleus test showed

negative results and lack of mutagenicity and teratogenicity; the results of the

rat teratogenicity test showed no significant reproductive or embryotoxicity.

The results indicate that MCEwas safe in the dose range tested in this preclinical

safety assessment. This study provides data to support the further development

of maximum residue limits (MRLs) for MCE.

KEYWORDS

Macleaya cordata, extract, rodent, acute toxicity, long-term toxicity, genotoxicity,
teratogenicity
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Introduction

The Papaveraceae Juss. has about 38 genera and 700 species

worldwide, mainly in the north temperate zone, especially in the

Mediterranean region, West Asia, Central Asia to East Asia and

southwestern North America (Zhang et al., 2020). Some of these

species are used as medicines, especially Corydalis yanhusuo W.

T. Wang in the genus Corydalis (Liu et al., 2021; Wu et al., 2021).

However, a variety of plants in this family have obvious toxicity,

such as Papaver somniferum L.,Macleaya cordata (Willd.) R. Br.,

and Chelidonium majus L. Symptoms of poisoning manifest as

depression of the central nervous system, liver damage,

circulatory disorders, and gastrointestinal irritation (Moro

et al., 2009; Günaydın et al., 2015; Lin et al., 2018). Because of

its severe toxicity for human when taken orally, as documented in

Tang Dynasty medical texts, M. cordata (Willd.) R. Br. (M.

cordata) has been restricted to external use in China (Chen

and Shang, 2002).

A variety of isoquinoline alkaloids have been identified in

M. cordata (e.g., sanguinarine, dihydrosanguinarine,

chelerythrine, dihydrochelerythrine, 6-cyano-

dihydrochelerythrine, protopine, allocryptopine, berberine,

etc.) (Ye et al., 2009; Qing et al., 2014, Qing et al., 2016a,

Qing et al., 2016b; Lin et al., 2020), phenolic acids (ferulic acid,

eugenol, p-hydroxybenzoic acid, and p-coumaric acid) and

sterols (stigmasterol), etc. (Zou et al., 2016). Among them,

alkaloids have the greatest advantage in terms of biological

activity (Cai et al., 2020; Liu et al., 2022b).

Sanguinarine (SAN) and chelerythrine (CHE) are the most

abundant alkaloids in M. cordata, which are also distributed in

other plants of the poppy family, such as Chelidonium majus L.,

Eomecon chionantha Hance, etc. (Warowicka et al., 2019; Lu

et al., 2020). They have a wide range of pharmacological

activities, such as anti-inflammatory (Danielewski et al., 2022),

anti-cancer (Zhu et al., 2020; Prabhu et al., 2021), antibacterial

(Falchi et al., 2021; Lu et al., 2022), antifungal (Anjago et al.,

2021), anthelmintic (Li et al., 2022), and immune enhancing (Liu

et al., 2022a), etc. The biggest application of M. cordata is in

livestock production, where studies have shown that MCE can

provide a slight bitter taste in feed to increase animal intake

(Chin, 2008; Wang et al., 2018). The main active ingredient ofM.

cordata, SAN, was included in the Chinese feed additive species

list in 1999 (Ministry of Agriculture Announcement No. 105)

and classified as a flavoring agent and spice management; SAN

was approved as a flavoring agent by the European Union in

2004 and is on the feed additive list (Council of the European

Union and European Parliament, 2008). Meanwhile, the

standardized MCE product Sangrovit® is approved for use in

animal feeds as a plant-derived feed additive as an alternative to

feeding growth-promoting antibiotics (AGPs) to promote animal

growth and improve feed conversion (Juskiewicz et al., 2011).

MCE is well tolerated in animals such as pigs, chickens, sheep

and reindeer, and has been shown to significantly improve

animal intestinal health, reduce oxidative stress damage,

enhance innate immunity and disease resistance, and thus

improve growth performance (Juskiewicz et al., 2011; Aguilar-

Hernández et al., 2016; Chen et al., 2018; Chen et al., 2020;

Bussabong et al., 2021). MCE does not induce the spread of

antibiotic resistance genes and has a lower ecological risk (Zhang

et al., 2021). In view of the obvious “antibiotic” nature of SAN,

the 2008 edition of the “Feed Additive Species List” (Ministry of

Agriculture Announcement No. 1126) issued by the Chinese

Ministry of Agriculture and Rural Development removed SAN

and transferred it to the veterinary medicine department for

management. A growing body of research evidence

demonstrating the benefits of MCE as a farm input for animal

health and antibiotic resistance control has raised public and

governmental concerns about the safety of MCE. Although some

reports point out the risks associated with SAN, such as

intraperitoneal injection of SAN can induce hepatotoxicity

through oxidation of the protein thiol (Choy et al., 2008); In a

zebrafish model, SAN can trigger cardiotoxicity by inducing

extracellular Ca2+ influx and MAPK pathway (Hu et al., 2005;

Wang et al., 2022); In addition, studies have shown the damaging

effects of SAN on oocytes of mice fertilized in vitro and the

increased embryonic resorption and reduced fetal weight after

embryo transfer into the body (Chan, 2011, 2015). However, the

concerns about toxicity of SAN were mainly attributed to the

1998 outbreak in New Delhi, India, of a disease known

collectively as “epidemic dropsy” caused by contamination or

adulteration of Argemone mexicana seed oil (AO) (Vaidya et al.,

2001; Sharma et al., 2002). Numerous studies have shown

evidence of a correlation between AO and genotoxicity

(Ansari et al., 2006; Ghosh and Mukherjee, 2016). SAN is

considered to be a major contributor to AO toxicity, and

in vitro tests have shown that SAN can be embedded in DNA,

and in vivo tests have shown the potential of SAN to damage

DNA in blood and bone marrow cells in mice (Ansari et al.,

2005). Zdarilova et al. (2008) evaluated the use of MCE as a feed

additive in rats fed 600 mg per kg of feed for 90 days without any

significant risk of organismal damage or genotoxicity (Stiborova

et al., 2008). In addition, MCE was declared a veterinary drug for

long-term use in China and its safety needs to be re-evaluated due

to a change in use, with the EU removing MCE from the list of

feed additives in May 2021 (Directorate-General for Health and

Food Safety, 2021). Since the predominant route of exposure to

exogenous compounds is oral, however, oral safety data for MCE

are still vacant. In this study, we systematically evaluated the

acute, long-term toxicity (repeated oral toxicity and chronic

toxicity) of MCE in rodents. Given the risk of genotoxicity of

SAN, we also conducted a series of standardized genetic

toxicology tests, including the murine Salmonella revertant

mutation (Ames) test, the mouse sperm aberration test, and

the mouse bone marrow micronucleus test, to reassess the

genotoxicity of MCE. In addition to this, a rat teratogenicity

test was carried out to assess the embryotoxicity of MCE. Our
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findings provide data to support a comprehensive understanding

of the potential risks of oral exposure to MCE.

Materials and methods

Test drugs and reagents

MCE, was provided by Hunan MICOLTA Biological

Resources Co., Ltd. (Changsha, China). MCE is a

standardized extract prepared by a series of processes,

including heated sulfuric acid percolation, sodium

hydroxide precipitation, filtration, drying, alcohol

extraction, salt formation, and crushing. The total content

of SAN (Figure 1A) and CHE (Figure 1B) in MCE is greater

than 60%, with SAN ≥ 40% and CHE ≥ 20%, and the

remaining trace components have been qualitatively

characterized (Dong et al., 2021). The samples were kept

at the Veterinary Drug Safety Supervision, Inspection and

Testing Center of the Ministry of Agriculture and Rural

Affairs, China Agricultural University (Beijing, China).

Reagents for hematological and serum biochemical assays

were purchased from Mindray Biomedical Electronics Co.,

Ltd. (Shenzhen, China). Other reagents were purchased

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,

China).

Animals

SPF-grade SD rats and ICR mice were purchased from

Beijing Vital River Laboratory Animal Technology Co., Ltd.

(Beijing, China) and housed in a China Ministry of Agriculture

and Rural Affairs certified GLP animal rearing room at the

Veterinary Drug Safety Supervision, Inspection and Testing

Center, Ministry of Agriculture and Rural Affairs, China

Agricultural University, with controlled environmental

parameters Conditions were as follows: temperature 25 ±

2°C, relative humidity 50% ± 20%, 12-h light/dark cycle, and

ventilation 8–15 times/hour. All animals had free access to

maintenance diets (crude protein ≥18%, crude fat ≥4%,

crude fiber ≤5%, Beijing Keao Xieli Feed Co., Ltd.) and

reverse osmosis water. All animal experiments were

approved by the Animal Ethics Committee of China

Agricultural University (Experiment approval number:

WTPJ20090001-1~7) and strictly followed the Chinese Guide

for Ethical Review of Laboratory Animal Welfare (GB/T 35892,

2018).

Oral acute toxicity in rats and mice

Sixty healthy SD rats (weighing 180–200 g) and ICR mice

(18–22 g) were housed adaptively for 5 days. The oral acute

toxicity test of MCE was carried out on rats and mice with

reference to the half lethal dose method in the Compendium

of Technical Guidelines for Veterinary Drug Research and

the Guidelines for the acute toxicity (LD50 determination) of

veterinary drugs (Ministry of Agriculture and Rural Affairs

of PRC, 2009f; Veterinary Drug Assessment Centre of the

Ministry of Agriculture of the and People’s Republic of

China, 2012). The dose ranges were obtained from

2,500.00 to 879.20 mg/kg (rats) and 1750 to 573.44 mg/kg

(mice) by pretesting, and the rats and mice were grouped

separately (n = 10, half were males and the other half were

females) using the complete randomization method, and the

MCE was mixed in 1% CMCC-Na solution and transfused

into rodents by oral gavage. The volume of the oral solution

was 2 ml/100 g (rats) and 0.2 ml/100 g (mice) according to

the protocol in Table 1. The rodents were observed for

general behavior, signs of poisoning and mortality after

poisoning.

Repeated dose 90-day oral toxicity test in
rats

Repeated Dose 90-Day Oral Toxicity test was conducted

with reference to the Guidelines for 30-Day and 90-Day

Feeding Tests for Veterinary Drugs (Ministry of

Agriculture and Rural Affairs of PRC, 2009a). SD rats of

80–100 g (n = 20/group, half males, and the other half

females) were divided into four groups and pellets were

FIGURE 1
Chemical structure formula of the main compounds in MCE.
(A) Sanguinarine; (B) Chelerythrine.

TABLE 1 Oral acute toxicity dosing regimens in rats and mice.

Animals Dose (mg/kg) Animals Dose (mg/kg)

Rats 2,500.00 Mice 1,750.00

Rats 2,000.00 Mice 1,400.00

Rats 1,600.00 Mice 1,120.00

Rats 1,280.00 Mice 896.00

Rats 1,024.00 Mice 716.80

Rats 819.20 Mice 573.44

Frontiers in Pharmacology frontiersin.org03

Dong et al. 10.3389/fphar.2022.980918

8

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.980918


made at 156.46 (1/10 LD50), 31.49 (1/50 LD50), 6.26 (1/

250 LD50) and 0 mg/kg of MCE added to the feed and

given by ad libitum feeding for 90 days. At the end of

90 days, all surviving rats were anesthetized, heart blood

was collected and executed.

Chronic toxicity test in rats

The 180-day chronic toxicity test was conducted with

reference to the Guidelines for Chronic Toxicity and

Carcinogenicity Testing of Veterinary Drugs (Ministry of

TABLE 2 Oral acute toxicity mortality in rats and mice at different doses of MCE.

Dosage (mg/kg) Numbers Number of deaths Mortality rate (%) Survival rate (%)

Rats

2,500.00 10 10 100 0

2,000.00 10 7 70 30

1,600.00 10 5 50 50

1,280.00 10 3 30 70

1,024.00 10 1 10 90

819.20 10 0 0 100

1,750.00 10 10 100 0

Mice

1,400.00 10 8 80 20

1,120.00 10 6 60 40

896.00 10 4 40 60

716.80 10 1 10 90

573.44 10 0 0 100

FIGURE 2
No effect of MCE on body weight gain in SD rats during 90 days of feeding. Male and female rats were orally administered 156.46, 31.49, 6.26,
and 0 mg/kg (n= 10 rats/gender). (A) Bodyweight ofmale rats at 90 days; (B) Bodyweight of female rats at 90 days; (C) Body weight gain ofmale and
female rats for 90 days.
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Agriculture and Rural Affairs of PRC, 2009c). Based on the

results of 90-day subchronic toxicity, SD rats of 60–80 g (n = 50/

group, half males, and the other half females) were divided into

four groups and pellets were made at 78.23 (1/20 LD50), 15.65 (1/

100 LD50), 3.13 (1/500 LD50) and 0 mg/kg of MCE added to the

feed and given by ad libitum feeding for 180 days. At the end of

180 days, all surviving rats were anesthetized, heart blood was

collected and executed.

Hematology and serum biochemical tests

Blood from rats taken via the heart was tested separately in

90-day and 180-day long-term toxicity tests. Whole blood

stored in vacuum EDTA-K2 anticoagulation tubes was

examined on a BC-2800 Vet Animal Blood Cell Analyzer

(Mindray Biomedical Electronics Co., Ltd., Shenzhen,

China) for hemoglobin (Hg), red blood cell count (RBC),

white blood cell count (WBC), and platelet count (PLT). Blood

preserved in ordinary vacuum blood collection tubes without

additives is separated by centrifugation to obtain serum. The

serum alanine aminotransferase (ALT), aspartate

aminotransferase (AST), urea nitrogen (BUN), creatinine

(CR), glucose (GLU), albumin (ALB), total protein (TP),

and total cholesterol (TCH) were measured using a BS-180

automated biochemical analyzer (Mindray Biomedical

Electronics Co., Ltd., Shenzhen, China).

Gross autopsy and histopathological
examination

The major organs of rats anesthetized and executed in 90-day

and 180-day long-term toxicity tests were removed from the

surface blood and weighed after visual detection of tissue

damage. All organs were preserved in 10% neutral buffered

formalin solution for more than 3 days. The fixed tissues were

washed with water, dehydrated in gradient ethanol, and treated

with xylene before paraffin embedding. The prepared paraffin

tissue block was sectioned and stained with hematoxylin & eosin

(H&E) and then glued and stored. According to the requirements

of veterinary drug declaration, if no toxicity-related

histopathological changes are found, the relevant results are

not required, so the histopathological picture results are not

reflected in this report.

Salmonella typhimurium revert mutation
(Ames) test

Ames tests are conducted in accordance with the Guidelines

for Ames Tests of Veterinary Drugs (Ministry of Agriculture and

Rural Affairs of PRC, 2009b). Four test strains, TA97, TA98,

TA100, and TA102, were tested by spot test and plate

incorporation method using 100, 20, 4, 0.8, and 0.16 μg/ml of

MCE, respectively. Additional solvent control, DMSO and

TABLE 3 Effect of feeding MCE for 90 and 180 days on hematological parameters in rats.

Groups Hematological parameters (Mean ± SD)

Hg (g/L) RBC (M/mm3) WBC (th/mm3) PLT (th/mm3)

M F M F M F M F

90 days

156.46 mg/kg 140.00 ± 4.34 140.40 ± 3.88 7.74 ± 0.15 7.26 ± 0.15 9.18 ± 0.71 7.64 ± 0.30 360.20 ± 29.05 351.00 ± 15.59

31.29 mg/kg 142.00 ± 2.83 145.20 ± 3.01 7.69 ± 0.20 7.14 ± 0.08 9.06 ± 0.48 7.36 ± 0.44 352.40 ± 40.29 344.60 ± 15.17

6.26 mg/kg 140.80 ± 3.43 145.40 ± 5.75 7.81 ± 0.38 7.31 ± 0.09 8.93 ± 1.18 7.58 ± 0.26 367.00 ± 29.46 360.00 ± 28.16

0.00 mg/kg 139.60 ± 2.73 139.40 ± 4.22 7.52 ± 0.21 6.99 ± 0.33 10.22 ± 1.23 7.86 ± 0.30 353.40 ± 16.27 350.20 ± 17.23

180 days

78.23 mg/kg 140.40 ± 6.80 140.40 ± 6.80 6.44 ± 0.29 7.04 ± 1.49 10.85 ± 0.60 8.58 ± 0.33 245.60 ± 15.52 247.60 ± 12.62

15.65 mg/kg 140.40 ± 5.13 139.40 ± 3.36 6.66 ± 0.93 6.95 ± 0.22 10.01 ± 0.66 8.69 ± 0.42 244.80 ± 23.89 244.20 ± 8.70

3.13 mg/kg 141.60 ± 3.58 139.20 ± 4.49 6.61 ± 0.29 7.13 ± 0.17 10.02 ± 0.89 8.60 ± 0.74 245.40 ± 15.84 246.20 ± 12.19

0.00 mg/kg 141.00 ± 6.20 140.60 ± 4.83 6.63 ± 0.13 6.91 ± 0.48 10.52 ± 0.73 8.62 ± 0.89 248.00 ± 22.26 246.40 ± 17.33

Note: Hg, Hemoglobin; RBC, Red Blood Count; WBC, White Blood Count; PLT, Platelet Count.
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TABLE 4 Effect of feeding MCE for 90 and 180 days on serum biochemical parameters in rats.

Serum biochemical parameters (Mean ± SD)

Groups ALT (U/L) AST (U/L) BUN (μmoL/L) CR (μmoL/L) GLU (mmoL/L) ALB (mmoL/L) TP (G/L) TCH (mmoL/L)

M F M F M F M F M F M F M F M F

90 days

156.46 mg/kg 59.20 ± 3.71 59.20 ± 3.92 159.80 ± 3.71 157.40 ± 2.58 6.78 ± 0.17 7.68 ± 0.25 80.82 ± 4.04 89.12 ± 3.96 6.70 ± 0.55 6.22 ± 0.17 32.98 ± 1.35 39.40 ± 1.01 69.88 ± 3.84 78.74 ± 3.28 1.88 ± 0.16 1.94 ± 0.08

31.29 mg/kg 59.80 ± 3.54 60.80 ± 2.86 163.40 ± 6.72 158.40 ± 1.62 6.84 ± 0.65 7.56 ± 0.22 79.48 ± 2.72 90.32 ± 2.18 6.64 ± 0.41 6.24 ± 0.19 32.70 ± 1.30 38.30 ± 0.63 72.04 ± 4.06 78.81 ± 2.61 1.86 ± 0.10 1.82 ± 0.07

6.26 mg/kg 58.20 ± 2.32 59.00 ± 1.41 159.80 ± 5.64 158.60 ± 4.76 6.76 ± 0.60 7.58 ± 0.31 78.90 ± 3.25 90.44 ± 2.18 6.70 ± 0.32 6.32 ± 0.23 33.32 ± 1.14 38.22 ± 3.62 70.22 ± 2.31 78.20 ± 2.30 1.84 ± 0.10 1.86 ± 0.10

0.00 mg/kg 55.80 ± 5.91 60.00 ± 4.15 159.00 ± 5.73 158.40 ± 3.64 6.58 ± 0.40 7.62 ± 0.33 79.56 ± 4.16 91.58 ± 2.24 6.50 ± 0.58 6.34 ± 0.22 32.60 ± 1.31 39.50 ± 1.09 64.44 ± 14.19 79.50 ± 2.77 1.86 ± 0.30 2.04 ± 0.12

180 days

78.23 mg/kg 58.20 ± 4.21 73.40 ± 3.21 173.20 ± 3.42 188.60 ± 1.14 8.86 ± 0.37 9.72 ± 0.45 76.70 ± 4.43 74.80 ± 2.16 7.52 ± 0.59 8.04 ± 0.18 32.88 ± 1.14 27.72 ± 1.13 72.28 ± 0.64 68.30 ± 0.71 1.52 ± 0.08 1.44 ± 0.15

15.65 mg/kg 58.40 ± 4.72 72.60 ± 4.51 173.40 ± 3.58 189.20 ± 5.07 8.94 ± 0.59 9.71 ± 0.14 77.82 ± 2.34 75.00 ± 0.71 7.56 ± 0.42 7.94 ± 0.52 32.42 ± 2.49 27.38 ± 0.92 73.06 ± 1.80 68.84 ± 2.04 1.60 ± 0.07 1.42 ± 0.11

3.13 mg/kg 58.00 ± 1.87 73.20 ± 3.11 173.00 ± 3.39 188.20 ± 5.07 8.92 ± 0.37 9.78 ± 0.25 77.06 ± 2.00 74.66 ± 1.67 7.50 ± 0.12 8.20 ± 0.59 32.60 ± 1.15 27.94 ± 0.34 72.96 ± 0.79 68.92 ± 1.64 1.58 ± 0.08 1.42 ± 0.08

0.00 mg/kg 58.20 ± 2.28 72.40 ± 8.91 173.20 ± 2.41 185.00 ± 6.11 8.82 ± 0.59 9.76 ± 0.27 77.30 ± 3.14 74.46 ± 1.56 7.54 ± 0.43 7.98 ± 0.45 32.74 ± 0.42 27.44 ± 1.13 77.92 ± 4.02 68.80 ± 1.30 1.58 ± 0.08 1.46 ± 0.11

Note: ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BUN, Blood urea nitrogen; CR, Creatinine; GLU, Glucose; ALB, Albumin; TP, Total protein; TCH, Total cholesterol.
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positive control groups were set up. Positive drugs were

selected as follows: 2 mg/ml of 2-aminofluorene (2-AF) was

used for TA97, TA98, TA100, and TA102 for the point test

plus S9. Without S9, TA97, TA98, TA100, and TA102 were all

treated with 1 mg/ml of diquat. In the plate incorporation test,

TA97, TA98, TA100, and TA102 used 100 μg/ml of 2-AF

when S9 was added; TA97 used 50 μg/ml of acriflavine;

TA98 used 200 μg/ml of 2,7-diaminofluorene (2,7-AF);

TA100 used 15 μg/ml of sodium azide (NaN3) when S9 was

not added; TA102 used 5 μg/ml of mitomycin; and TA97,

TA98, TA100, and TA102 used 5 μg/ml of NaN3. TA100 used

15 μg/ml of NaN3; TA102 used 5 μg/ml of mitomycin C. The

test was repeated twice and the number of revertant colonies

formed in each test strain plate was counted after 48 h of

incubation at 37°C. The test strains were purchased from

China Veterinary Culture Collection Centre and approved

for use by the Biosafety Committee of China Agricultural

University.

Mice bone marrow cell micronucleus test

Bone marrow cell micronucleus testing in mice according

to the Guidelines for Bone Marrow Cell Micronucleus

Testing in Veterinary Mice (Ministry of Agriculture and

Rural Affairs of PRC, 2009g). ICR mice from 25 to 30 g

were housed for 1 week for environmental adaptation. With

reference to the results obtained for oral acute toxicity in

mice, three MCE groups were set up in the test at

concentrations of 512.17, 256.08, and 128.04 mg/kg, a

positive control group (40 mg/kg, cyclophosphamide

monohydrate, Reagent grade, 97.0%–103.0%, Beyotime

Biotechnology Shanghai, China) and negative control

group (distilled water, homemade) (n = 20, male and

female). The drug was administered by gavage at 0.2 ml/

10 g. The drug was administered twice with an interval of

24 h between doses. Mice were euthanized by cervical

dislocation 6 h after the second administration, and bone

marrow cells were harvested from mouse femurs using FBS,

coated on slides, oven-dried, fixed in methanol, stained with

Giemsa working solution (Beyotime Biotechnology,

Shanghai, China) for 30 min, rinsed in distilled water, and

air-dried for examination. The number of polychromatic

erythrocytes (PCE), micronucleated polychromatic

erythrocytes and mature erythrocytes (RBC) were counted

by double-blind light microscopic examination. PCE

micronucleus rate and PCE/RBC values were calculated

for female and male mice in each test group, and the

respective standard deviations were also calculated. The

formula is as follows: PCE micronucleus rate = number of

PCE containing micronucleus/number of PCE

examinations × 100%; PCE/RBC ratio = number of PCE

examinations/number of RBCs.T
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FIGURE 3
No effect of MCE on body weight gain in SD rats during 180 days of feeding. Male and female rats were orally administered 78.23, 15.65, 3.13,
and 0 mg/kg (n = 25 rats/gender). (A) Body weight of male rats at 180 days; (B) Body weight of female rats at 180 days; (C) Body weight gain of male
and female rats for 180 days.

TABLE 6 Ames test results for MCE (Mean ± SD).

Groups TA97 TA98 TA100 TA102

−S9 +S9 −S9 +S9 −S9 +S9 −S9 +S9

100 μg/ml 123.7 ± 10.7 131.7 ± 3.5 34.3 ± 2.5 32.0 ± 1.0 151.3 ± 1.5 160.0 ± 6.2 269.0 ± 8.5 252.3 ± 8.5

125.3 ± 5.1 130.0 ± 7.7 40.0 ± 4.6 41.0 ± 2.6 159.7 ± 8.5 171.7 ± 6.1 285.3 ± 9.5 262.7 ± 4.7

20 μg/ml 126.7 ± 5.5 134.3 ± 10.7 36.0 ± 3.6 39.0 ± 2.6 156.7 ± 2.1 157.7 ± 5.5 279.3 ± 7.4 262.0 ± 6.1

130.7 ± 13.3 129.7 ± 2.3 44.7 ± 5.9 41.0 ± 3.6 167.0 ± 2.6 166.3 ± 10.3 281.7 ± 14.5 274.0 ± 7.9

4 μg/ml 120.3 ± 10.0 127.7 ± 5.5 32.3 ± 2.1 34.7 ± 4.0 154.3 ± 1.5 146.0 ± 2.6 264.3 ± 4.2 250.0 ± 2.6

131.7 ± 11.6 143.7 ± 10.7 39.7 ± 8.1 41.7 ± 4.6 162.0 ± 8.7 161.7 ± 6.8 283.7 ± 17.4 262.7 ± 17.0

0.8 μg/ml 113.7 ± 9.3 138.3 ± 2.1 36.3 ± 2.3 36.0 ± 3.0 166.3 ± 3.8 147.0 ± 1.7 288.3 ± 6.0 246.3 ± 4.2

120.3 ± 6.5 122.0 ± 4.4 37.0 ± 6.6 42.0 ± 6.6 170.7 ± 18.1 159.0 ± 7.0 280.7 ± 3.5 271.0 ± 1.0

0.16 μg/ml 137.7 ± 4.5 126.0 ± 11.0 39.0 ± 2.0 40.7 ± 1.2 160.7 ± 4.0 148.7 ± 3.5 272.3 ± 5.0 260.3 ± 5.0

123.3 ± 6.0 132.3 ± 8.4 38.7 ± 7.1 41.3 ± 6.1 166.0 ± 9.5 159.0 ± 7.0 280.7 ± 3.5 271.0 ± 1.0

Solvent control 129.0 ± 9.6 127.0 ± 7.5 33.3 ± 1.5 33.3 ± 3.1 160.3 ± 6.8 145.3 ± 5.7 275.3 ± 10.5 261.3 ± 6.7

124.3 ± 5.1 127.0 ± 13.5± 40.3 ± 7.5 40.0 ± 6.2 170.7 ± 8.7 156.0 ± 3.5 272.0 ± 1.0 273.3 ± 7.2

DMSO 132.0 ± 9.6 129.7 ± 4.9 37.0 ± 2.0 33.3 ± 2.1 149.0 ± 3.6 162.7 ± 6.0 279.7 ± 5.1 259.0 ± 8.7

136.0 ± 9.5 132.3 ± 3.8 42.0 ± 2.6 37.7 ± 5.1 165.0 ± 4.4 172.0 ± 10.4 270.3 ± 10.7 271.3 ± 6.7

Positive control 579.3 ± 14.0 874.7 ± 15.0 283.7 ± 13.2 560.7 ± 10.0 758.0 ± 12.2 779.7 ± 12.2 1,148.0 ± 20.5 932.3 ± 23.2

564.3 ± 12.3 873.3 ± 13.3 564.3 ± 12.3 569.0 ± 14.5 564.3 ± 12.3 795.7 ± 6.4 1,197.7 ± 49.5 935.7 ± 8.5

Acriflavine (5 μg) 2-AF (10 μg) 2,7-AF (20 μg) 2-AF (10 μg) NaN3 (1.5 μg) 2-AF (10 μg) MMC (0.5 μg) 2-AF (10 μg)

Note: NaN3—Sodium azide; 2-AF, 2-Aminofluorene; 2,7-AF, 2,7-Diaminofluorene; MMC, Mitomycin C.
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Mice sperm abnormality test

Sperm deformity test for mice was conducted according to

the Guidelines for Sperm Deformity Test for Veterinary Mice

(Ministry of Agriculture and Rural Affairs of PRC, 2009e).

Three MCE dose groups of 204.87 (1/5 LD50), 102.43 (1/

10 LD50), and 51.22 mg/kg (1/20 LD50), a negative control

group (distilled water, homemade) and a positive control

group (40 mg/kg, cyclophosphamide, Reagent grade, 97.0%–

103.0%, Beyotime Biotechnology, Shanghai, China) (n = 10,

males). The drug was administered by gavage at 0.2 ml/10 g

once a day for 5 days at 24 h intervals. On the 35th day after the

first poisoning, the mice were executed by cervical dislocation

and the epididymis was removed from both sides. Sperm

solution was obtained using saline, and synthetic fiber blood

mesh bags were filtered, and the filtrate was aspirated to make

sperm smears. After air-drying, the smears were fixed with

methanol for 10 min, dried and stained with 2% eosin (Solarbio

Science & Technology Co., Ltd., Beijing, China) for 1 h, lightly

rinsed with water and dried. Normal and abnormal

spermatozoa (hookless, banana-shaped, fat-headed,

amorphous, tail-folded, double-headed, double-tailed, etc.)

were examined and counted under the microscope in the

same field of view.

Traditional teratogenicity test in rats

Referring to the Guidelines for Traditional

Teratogenicity Tests on Veterinary Drugs in Rats with

some modifications, we conducted a traditional

teratogenicity test in rats (Ministry of Agriculture and

Rural Affairs of PRC, 2009d) and made some

modifications. Based on the results of oral acute toxicity

tests in rats, 391.15 (1/4 LD50), 97.79 (1/16 LD50), and

24.45 mg/kg (1/64 LD50) and a negative control group

(distilled water, homemade) were selected. Due to the

instability of positive drug teratogenicity, a positive

control group was not established for this test. The

number of unmated young female rats in each group was

20 and the number of male rats was 10. Only female rats were

used for gavage administration in the experiment, and males

were used only for mating behavior. After the sexually

mature male and female rats were caged together at 2:1,

the females were checked daily to ensure that they had

mated, and the mated females were used as the test rats,

and the day of conception was taken as day zero. Repeated

mating in the same cage was done until the number of rats

detected that met the test conditions was sufficient for the

test. The drug was administered from the 7th to the 16th day

of conception, once/day for 10 consecutive days. The

feeding, drinking and weight gain of pregnant rats were

examined and recorded during the test period, and the

general behavioral performance, poisoning and death of

pregnant rats were observed. The pregnant rats were

weighed on the 20th day of gestation, decapitated, and the

ovaries and uterus were removed by dissection to check the

number of corpus luteum, the number of absorbed fetuses,

the number of stillbirths, the number of live fetuses, the male

to female ratio of live fetuses, and the weight of ovaries and

uterus. The live fetal rats were examined for weight, body

length, tail length, and cosmetic abnormalities. Half of the

live fetuses from each litter were fixed in 95% ethanol for

3 weeks, and the fixed fetuses were rinsed in water for several

minutes and then placed in 2% potassium hydroxide solution

for 72 h. The fetuses were then stained in alizarin red

(sodium 3,4-dihydroxy anthraqinone-2-sulfonate)

application solution (Beyotime Biotechnology, Shanghai,

China) for 48 h and gently shaken twice a day until the

skulls were stained red. The fetal rats were then removed and

placed in transparent solution A (glycerol 20 ml, 2%

potassium hydroxide solution 3 ml, add distilled water to

100 ml) for 2 days and in transparent solution B (glycerol

50 ml, 2% potassium hydroxide solution 3 ml, add distilled

water to 100 ml) for 3 days, and the bones were left to stain

red while the soft tissues were basically discolored. The

stained fetal mouse specimens were observed under a

stereomicroscope using a transmission light source, and

TABLE 7 Results of the micronucleus test in mouse bone marrow cells with MCE.

Groups PCE/RBC PCE micronucleus rate (%)

F (n = 5) M (n = 5) F (n = 5) M (n = 5)

512.17 mg/kg 1.19 ± 0.21 0.96 ± 0.09 1.40 ± 0.56 1.20 ± 0.24

256.08 mg/kg 1.02 ± 0.43 1.00 ± 0.14 1.00 ± 0.20 1.19 ± 0.08

128.04 mg/kg 1.03 ± 0.32 1.09 ± 0.28 1.40 ± 0.40 1.60 ± 0.42

Negative control 1.10 ± 0.38 1.06 ± 0.14 1.20 ± 0.62 1.19 ± 0.09

CTX 1.30 ± 0.79 1.58 ± 0.49 22.60 ± 1.87* 17.8 ± 2.35*

Note: CTX, Cyclophosphamide; * indicates p < 0.05 compared to negative control group.
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then the skeleton was gradually examined for abnormalities.

The other half of the fetal rats from each litter were placed in

Bouin’s fluid (Solarbio Science & Technology Co., Ltd.,

Beijing, China) and fixed for 2 weeks for visceral

examination.

Statistical analysis

Data generated from the experiments were saved and

organized by Microsoft Excel (Microsoft, Redmond,

United States). Data were processed for appropriate

statistical analysis such as t Test, One-way ANOVA and

Chi-Squared Test using SPSS 19.0 (International Business

Machines Corporation, Armonk, United States). Data are

expressed as Mean ± SD and percentages. Image

production was done by GraphPad prism 7.0 (GraphPad

Software, San Diego, United States). p-values less than

0.05 and 0.01 were considered statistically significant and

highly significant.

Results

Acute toxicity test in rats and mice

Acute oral toxicity tests were performed on SD rats and

ICR mice, and the mortality of each dose group is shown in

Table 2. The oral LD50 of MCE was calculated using Kärber’s

method (Mantel, 1967) to be 1,564.55 mg/kg (95% confidence

interval 1,386.97–1764.95 mg/kg) and 1,024.33 mg/kg (95%

confidence interval 964.27–1,087.93) for rats and mice,

respectively. mg/kg). Rats and mice showed signs of

intoxication with erect back hair, arching of the back, and

slow movement, and death occurred about 3 h after

administration (Table 2). No obvious pathological organ

damage was found at necropsy. Referring to the GHS acute

toxicity classification criteria, MCE was found to be grade 4

(United Nations, 2015).

Repeated 90-day oral toxicity test in rats

The rats were given MCE at three doses of 156.46, 31.29,

and 6.26 mg/kg for 90 days by ad libitum feeding, and the

general behavior of the rats was normal during the

observation period, with no significant differences in

feeding, drinking and weight gain (Figure 2) compared to

the blank control group (p > 0.05). There was no poisoning or

death in each group. There were no significant differences in

hematology (Table 3), serum biochemistry (Table 4), organ

coefficients (Table 5), and histopathological examination in

each test group compared with the control group (p > 0.05).T
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Chronic toxicity in rats

The potential chronic toxicity risk is of particular concern

because MCE has been added to feed for long periods of time for

clinical use. The rats were fed at 78.23, 15.65, and 3.13 mg/kg for

180 days and did not exhibit any significant abnormalities or die

during the observation period in all dose groups. Similarly, MCE

did not produce a significant effect (p > 0.05) on the desire to eat

and drink and weight gain of the rats (Figure 3). Further

hematological (Table 3), serum biochemical (Table 4), organ

coefficients (Table 5) and histopathological examinations also

did not observe significant changes compared to the control

group (p > 0.05).

Ames test

Four test strains of S. typhimurium grew normally, and each

strain in the positive control group reacted satisfactorily. MCE

was in the range of 100–0.16 μg/dish, and the mean number of

revertant colonies per dish for all four test bacteria in the

presence or absence of the metabolic activation system (S9)

was within twice that of the solvent (sterilized distilled water)

control, and no dose-response relationship was seen, and the

results of the two tests were consistent. It was shown that MCE

was not mutagenic to S. typhimurium for the test. The results of

the two replicate tests are shown in Table 6.

Mouse bone marrow cell micronucleus
test

Due to the solid evidence of the reported mutagenic effect of

SAN on bone marrow cell DNA in vivo, we conducted a mouse

bone marrow cell micronucleus assay. The results showed that

the positive control group (cyclophosphamide) contained a

significantly higher rate of micronucleated PCEs than the

negative control group (p < 0.01), in contrast, the values of

PCE/RBC were within the normal range in all dose groups. The

PCE rates of bone marrow cells in female and male mice in each

dose group of MCE were not significantly different from solvent

controls (p > 0.05), indicating the lack of mutagenicity of MCE in

mice (Table 7).

Mice sperm abnormality test

Subsequently, we tested whether MCE can cause sperm cell

aberrations in vivo using a mouse sperm deformation assay. The

sperm malformation rate of mice in each dose group of MCE did

not show significant differences from the negative control group

after five doses of exposure. In contrast to the significant increase

in sperm malformations caused by cyclophosphamide-treated

group, sperm abnormality rates in mice remained essentially

unchanged at any of the MCE doses tested (Table 8), indicating

that MCE is not teratogenic in mice.

Traditional teratogenicity test in rats

Because of the previously reported risk of embryotoxicity of

SAN (Chan, 2015), we further investigated the potential

embryotoxicity of MCE using a conventional teratogenic assay

in rats. The results showed that MCE did not produce maternal

toxicity in pregnant rats in the dose range of 24.45–391.15 mg/kg,

and the pregnant rats showed normal behavior, no poisoning and

death, and no significant differences in drinking, feeding and

weight gain compared with the negative control group (p > 0.05)

(Table 9). There was no significant difference in ovarian weight,

number of corpus luteum, number of implantations, uterine

weight and number of live fetuses between the dose groups

compared to the negative control group (p > 0.05) (Table 9).

No teratogenic effect of MCE on fetal rats was also found in the

examination of fetal rats (stillbirth, appearance, viscera, and

bones) (Tables 10, 11). The test results showed that MCE had

no significant reproductive toxicity or embryotoxicity to rats.

Discussion

M. cordata is a commonly used topical drug in traditional

Asian ethnomedicine and its use has been restricted due to

TABLE 9 Effect of MCE on the reproductive performance of pregnant rats.

Groups Number
of pregnant
rats

Weight
gain

Ovarian
weight

Number
of corpus
luteum

Number of
nidation

Uterine
weight

Average number
of live
births

391.15 mg/kg 12 2.47 ± 0.29 0.13 ± 0.01 16.33 ± 0.82 187 5.12 ± 0.17 15.50

97.79 mg/kg 12 2.59 ± 0.34 0.13 ± 0.01 16.50 ± 0.92 194 5.27 ± 0.18 16.08

24.45 mg/kg 12 2.15 ± 0.37 0.12 ± 0.01 16.42 ± 0.85 191 5.21 ± 0.13 15.75

Negative
control

12 2.13 ± 0.36 0.12 ± 0.01 15.92 ± 0.71 185 5.18 ± 0.14 15.25
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transoral toxicity. Modern research has revealed that its main

component, SAN, has a variety of biological activities and is used

extensively in animal husbandry as a farming input to provide

animal performance. Due to the long-term use in food animals

and the potential toxicity risk of SAN, the safety information of

MCE as a plant extract that can be added for a long time is of

concern. Previous risk assessments of SAN were mostly based on

intraperitoneal injections, whereas the most important route for

the risk of ingestion of exogenous substances is via the oral route.

Therefore, in this study, we systematically evaluated the safety of

MCE by performing acute toxicity and long-term oral toxicity

studies (subchronic and chronic toxicity) in rodents, while

reassessing genotoxicity and developmental toxicity. This is

the first systematic report on the safety of MCE after it was

developed as a veterinary drug in China. In this report, MCE

lacks long-term oral toxicity in rodents as well as mutagenic

potential. In conclusion, our study provides important

information for the rational use of MCE and subsequent

residual safety assessment through general toxicity in rodents

as well as genotoxicity assessment.

In acute toxicity studies in SD rats and ICR mice, the

LD50 of MCE was 1,564.55 and 1,024.33 mg/kg, respectively,

which were classified as low toxic substances in the acute

toxicity classification of GHS and WHO compounds. The

oral acute toxicity results of MCE in rats were similar to those

previously obtained with alkaloid extracts of SAN and

Sanguinaria canadensis L. (Becci et al., 1987). In the

subsequent repeated 90-day oral toxicity test, the highest

dose of 156.46 mg/kg did not affect body weight gain or other

physiological factors for 90 days, and no toxicity-related

clinical manifestations were observed during this period.

No abnormalities associated with MCE were also found in

the hematological, serum biochemical, profiling, and

histopathological examinations, and the no observed

adverse effect level (NOEAL) of the subchronic toxicity

test was determined to be 156.46 mg/kg. In a previous 90-

day oral toxicity study of a mixture of quaternary benzo[c]

phenanthridine alkaloids of M. cordata in rats, 600 mg/kg

was considered a safe dose with no significant difference

from the negative control (Zdarilova et al., 2008). In

addition, in a 90-day feeding trial in pigs, a daily intake of

5 mg/kg of the combined SA/CHE extract was considered

safe (Kosina et al., 2004). There may be differences in the

proportion of ingredients in the extract as much as possible,

but this seems to improve the safety range of MCE.

Nevertheless, since the toxicity of a mixture can be

influenced by the type and proportion of constituents in

it, safety inferences need to be made with caution until the

other components of M. cordata alkaloid extracts have been

subjected to a definitive risk assessment. Similarly, no signs

of toxicity associated with MCE were found in further

chronic toxicity studies in rats, and the NOEAL was

78.23 mg/kg.T
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SAN has been reported to form DNA adducts in vitro and

to increase the level of DNA single-strand breaks in mouse

erythrocytes and bone marrow cells after intraperitoneal

injection (Stiborová et al., 2002; Ansari et al., 2005;

Kaminskyy et al., 2008). In the current study of the

genotoxicity of MCE, the number of revertant colonies in

all tested strains did not increase at the highest dose of 100 μg/

dish. showed agreement with the results of a previous SAN

trial in the E. coli PQ37 genotoxicity assay (SOS chromosome)

(Kevekordes et al., 1999). Similarly, MCE showed a lack of

mutagenic potential in the mouse sperm deformation test and

micronucleus test. In another 90-day rat study, a mixture of

120 mg SAN and CHE per kg of feed was also shown to lack

evidence of genotoxicity (Stiborova et al., 2008). In addition,

some studies have shown toxic effects of SAN on oocytes

in vitro and developmental risk after embryo transfer (Chan,

2011; Chan, 2015), but in the present study, the results of the

conventional teratogenic test in rats were not consistent with

this. Within the dose range tested, MCE did not exhibit

significant maternal damaging effects or fetal

developmental toxicity in pregnant rats. In conclusion, the

experimental results in this study contradict the previously

reported results, and the reasons for this are related to the

nature of the SAN itself. Early risk assessments of SAN used

almost exclusively intraperitoneal injections, ignoring the

interaction between the gastrointestinal tract and SAN.

Previous studies tested the stability of SAN and CHE in an

artificially simulated gastrointestinal environment and

showed that SAN and CHE were stable in an acidic

solution, but the average recoveries of SAN and CHE were

only 60.53% and 87.89% in an alkaline environment at pH = 8

(Zhang et al., 2017). The mRNA expression of CYP1A1 and

CYP1A2 was increased in porcine intestinal epithelial cells

after the administration of 5 and 50 μg/ml SAN (Palócz et al.,

2019). Current evidence suggests that CYP1A1 and

CYP1A2 play an important role in the conversion of SAN

to dihydrosanguinarine (DHSA, the first metabolite of SAN

metabolic transformation) (Psotová et al., 2006; Deroussent

et al., 2010; Sandor et al., 2018) and this is considered to be a

possible detoxification process for SANs (Vrba et al., 2004).

Degradation and metabolism in the intestine may be one of

the reasons for the low bioavailability of SAN. Although

DHSA has also recently been reported to have anti-

inflammatory (Xiang et al., 2022) and analgesic (Gaona-

Tovar et al., 2022) properties, whether it can regulate

intestinal flora still needs to be elucidated. Several

pharmacokinetic studies explain that SAN and CHE have

low gastrointestinal absorption and bioavailability, and are

rapidly metabolized in vivo (Vecera et al., 2007; Hu et al., 2019;

Wu et al., 2020; Zhao et al., 2021). Another toxicity test on the

alkaloids of Chelidonium majus L. (CAL) yielded similar

inferences (Gao et al., 2019). In vitro metabolism studies

have shown that SAN may be metabolized in the intestine

to DHSA, which has been shown to be much less toxic than

SAN (Vecera et al., 2007; Vrublova et al., 2008; Sandor et al.,

2016). The accumulation coefficients for SAN and DHSA after

multiple oral administrations were 1.21 and 1.11, respectively,

which seems to explain the low toxicity exhibited by long-term

addition of SAN at reasonable doses (Wu et al., 2020).

Conclusion

We systematically evaluated the general and genetic

developmental toxicity of MCE. In this study, MCE was

found to exhibit hypotoxic properties in acute exposure to

SD rats and ICR mice. The corresponding toxicity risk was

also not demonstrated in long-term exposure tests. In

addition, the results of systematic mutagenicity and

teratogenicity tests showed a lack of evidence of

genotoxicity by oral ingestion of MCE at the doses tested.

The results of this study provide preliminary and more

holistic risk assessment information for MCE in the

context of veterinary clinical and human food safety. It is

important to note that the results of this study are based on

standardized MCE test substances manufactured in GMP

TABLE 11 Effect of MCE on fetal rats.

Groups Fetal
resorption
rate
(%)

Fetal
death
rate
(%)

Live
fetus
rate
(%)

Female/
male
ratio

Average
placental
weight

Average
fetal
rat
weight

Average
body
length
of fetal
rats(cm)

Average
tail
length
of fetal
rats
(cm)

391.15 mg/kg 0.53 0 99.47 91/95 0.45 ± 0.26 3.65 ± 0.23 3.55 ± 0.06 1.13 ± 0.04

97.79 mg/kg 0.52 0 99.48 91/102 0.43 ± 0.02 3.64 ± 0.07 3.54 ± 0.05 1.13 ± 0.05

24.45 mg/kg 1.05 0 98.85 99/90 0.43 ± 0.02 3.65 ± 0.09 3.55 ± 0.06 1.13 ± 0.05

Negative
control

1.08 0 98.92 94/89 0.43 ± 0.03 3.65 ± 0.08 3.55 ± 0.06 1.13 ± 0.05
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production plants. Caution should be exercised when using

other M. cordata products that are different from MCE, as

the difference in toxicity of the mixture depends mainly on

the composition and proportions involved.
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Effect of Rumex dentatus on
Gastrointestinal Protection and
Toxicology in Rodents via
Investigating H+/K+-ATPase, Calcium
Channels, and PDE Mediated
Signaling
Neelam Gul Qazi1, Arif-ullah Khan1*, Sumra Wajid Abbasi2, Imran Malik1 and Komal Naeem3

1Riphah Institute of Pharmaceutical Sciences, Riphah International University, Islamabad, Pakistan, 2Nums Department of
Biological Sciences, National University of Medical Sciences Rawalpindi, Rawalpindi, Pakistan, 3University of Northern British
Columbia, Prince George, BC, Canada

This present study aims to delineate Rumex dentatus crude extract (Rd.Cr), n-Hexane, ethyl
acetate, aqueous fractions (Rd.n-Hex, Rd.ETAC, and Rd.Aq), and emodin for antidiarrheal,
antisecretory effects, anti-spasmodic, gastrointestinal transient time, anti-H. pylori, antiulcer
effects, and toxicology. Plant extracts attributed dose-dependent protection against castor oil-
induced diarrhea and dose-dependently inhibited intestinal fluid secretions in mice. They
decreased the distance transverse by charcoal in the gastrointestinal transit model in rats.
In rabbit jejunum preparations, it causes a concentration-dependent relaxation of both
spontaneous and K+ (80mM)-induced contraction, Rd.n-Hex and verapamil were relatively
potent against K+-induced contractions and shifted the Ca2+ concentration-response curves
(CRCs) to the right, Rd.Cr andRd.ETAC shifted the isoprenaline-induced inhibitory CRCs to the
left, showing potentiating effect similar to papaverine. Rd.n-Hex showed anti-H. pylori effect.
Extracts and emodin also show an inhibitory effect against H+/K+-ATPase. Rumex dentatus
showed a gastroprotective and antioxidant effect. Histopathological evaluation showed
improvement in cellular architecture and decrease in the expression of inflammatory
markers such as cyclooxygenase (COX2), tumor necrosis factor (TNF-α), and
phosphorylated nuclear factor kappa B (p-NFƙB), validated through immunohistochemistry,
ELISA, and western blot techniques. In RT-PCR, it decreases H+/K+-ATPase mRNA levels.
Rumexdentatuswas analyzed for certain safety aspects and exhibited a relative safety profile as
no impairment was observed in kidneys, heart, liver, and brain further assisted by biochemical
and hematological analysis. Docking studies revealed that emodin against H+/K+-ATPase
pump and voltage gated L-type calcium channel showed E-value of −7.9 and −7.4 kcal/mol,
respectively. MD simulations and molecular mechanics Poisson Boltzmann surface area and
molecular mechanics Generalized Born surface area MMPBSA/GBSA findings are consistent
with the in-vitro, in-vivo, and docking results. In conclusion, Rumex dentatus extracts and its
phytoconstituent could be considered a potent antioxidant and anti-inflammatory drug
candidates that possess anti-diarrheal, anti-secretary, antispasmodic, anti-H. pylori, and
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anti-ulcer potential. Toxicity studieswere done according toOECD standards 425. It belongs to
group 5 (LD50 > 2000mg/kg), which suggests that it is in the lower toxicity class.

Keywords: Rumex dentatus, anti-oxidant, anti-inflammatory, anti-ulcer, H/K+-ATPase, calcium channel

INTRODUCTION

Many advances have been made in the world of medicine, yet
there is no optimal cure for gastrointestinal diseases. This area of
medicine has a lot of untapped potential for research.
Furthermore, current treatment options provide relief for a
shorter period of time, but medicinal plant extracts are
considered a safer therapeutic option that also improves GI
disorders for a longer period of time. Natural drug
compounds and herbal extracts form the major proportion of
drugs available around the globe and are considered a major part
of modern medicine, that is, 61% (Khan and Gilani, 2009).

Gastrointestinal tract (GIT) performs various functions
including secretions and contracting movements. Several
pathologies of GIT possibly will amend the rate of motility
and contractions of muscles, therefore, it leads to various GI
diseases for instance diarrhea, constipation, and delay in
emptying of stomach, etc. (Ohama et al., 2007).

Psychological conditions including emotions, the health state
of an individual, and bulk content of intestine are some of the
aspects that can alter the motility of gut. Bulk content of intestine
can leads to the activation of sensory receptors present in mucosal
lining of intestine and it enhance the propulsive peristalsis of
intestine. Motility of intestine can also be altered due to some
other factors including hyperactivity of thyroid glands, certain
tumors, dystrophy of muscles, piles, diabetes, IBS and other
inflammatory diseases, infection, and some drugs such as iron
supplements, tricyclic antidepressants, antacids, and opioids
(Hasler et al., 2010).

There are several signal transduction mechanisms
(Muscuranic receptor, PGE2, Gastrin & Histamine) involved
in the gastric parietal cells, which are linked to the H+/K+-
ATPase. It is catalyzed by the interchange of intracellular H+

and extracellular K+, and cytoplasmic ATP hydrolysis. It is
responsible for the crucial factor that causes gastric acid
secretion. An imbalance between defensive and offensive
agents causes a stomach ulcer, which directly compromises the
integrity of the gastric mucosal barrier. Excess gastric acid, on the
other hand, is one of the most offensive elements that lead to all
types of gastric ulcer illnesses. Literature indicates that ethanol
and nonsteroidal anti-inflammatory drugs (NSAIDs), such as
aspirin, ibuprofen, and indomethacin, can promote gastric acid
secretion, damage the gastric mucosa and disrupt the gastric
mucosal barrier. All of the above, however, are linked to H+/K+-
ATPase malfunction (Mishra, 2016). In the clinic, inhibiting the
activity of the H+/K+-ATPase becomes a significant treatment for
gastric ulcers.

Medicinal plants have been used to treat many diseases for
centuries. Phytotherapy is getting more popular as the World
Health Organization (WHO) advocates appropriate
ethnomedicinal use and certifies the safety of herbal

medications. The FDA and WHO underlines the importance
of conducting scientific research to validate the efficacy and safety
of herbal medicines (Saleem et al., 2017). The second genera of
the family Polygonaceae are Rumex which contains
approximately 150 species broadly scattered around the
ecosphere. In China, there are 26 species. Rumex dentatus
commonly known as dentate dock, Indian Dock, and Toothed
Dock, is extensively distributed throughout China and Pakistan.
This traditional plant has been used to heal different types of
bacterial and fungal infections, including dysentery, enteritis,
acariasis, and eczema (Zhang et al., 2012). Rumex and Rheum
share several chemical components, such as chrysophanol,
emodin, aloe-emodin, and physcion, since they are in the
same family. Other important chemical components in Rumex
include flavonoids, diphenylethenes, and naphthalenes (Shafiq
et al., 2017). Emodin, chrysophanol, physcion, rumejaposides,
cassialoin, and carotene have all been revealed through
phytochemical analysis. It was previously used as a
molluscicide, diuretic, anti-inflammatory, anti-tumor, anti-
dermatitis, cholagogue, tonic, and laxative agent (Fatima et al.,
2009).

In-silico and in-vivo assessment of extracts obtained from
plants aids to sort out novel bioactive compounds and their
additional indulgence lead to advanced therapeutic options.
Furthermost and appropriate healing properties can be
attained with purified form of isolated bioactive elements that
can be formulated into an appropriate dosage form along with a
prescription regime. Various chronic ailments have been treated
by herbal preparations. Researchers have explored the role of
plant extracts which have property to treat GI conditions (Ansari
et al., 2019).

The purpose of this study was to discover Rumex dentatus
extracts and its phytoconstituent for antidiarrheal effects,
antisecretory effects, effects on motility of isolated tissue
preparations, gastrointestinal transient time, anti-H. pylori,
antiulcer potential, and toxicology. Another aim of this study
is to demonstrate whether Rumex dentatus exerts a
gastroprotective role in ethanol-induced ulcer via H+/
K+ATPase-dependent pathway.

MATERIALS AND METHODS

Chemicals
Castor oil was acquired from KCL Pharma, Karachi, Pakistan.
Acetylcholine, ethyl acetate, activated charcoal, omeprazole,
ethanol, loperamide, papaverine, methanol, n-Hexane, atropine
sulfate, potassium chloride, isoprenaline, verapamil
hydrochloride (Sigma Chemicals Co, St Louis, MO,
United States), and emodin (Carbosynth limited, Berkshire.
United Kingdom) were used.
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Animals
Experiments were performed in compilation with rules of the
Research and Ethics Committee of Riphah Institute Of
Pharmaceutical Sciences (Ref. no. REC/RIPS/2019/14) along
with the guidelines of “Principles of Laboratory Animal care”.
Rabbits (1.0–2.0 kg) albino mice (20–25 g), and Sprague-Dawley
rats (150–250 g) of either gender were used in the
experimentation procedure, housed in animal house of the
Riphah Institute of Pharmaceutical Sciences (RIPS) Islamabad
provided with a controlled environment (20–25°C).

Plant Material
The Rumex dentatus plant was collected from hilly area of
Batkhela, KPK, Pakistan. After the collection plant was
authenticated by Dr. Mushtaq Ahmad, a taxonomist at
Department of Plant Sciences, Quaid-a-Azam University
Islamabad, and the voucher/specimen number (ISL-B-21) was
collected after submitting the sample of the specimen to the
herbarium at same Department. The plant was dried under shade
(air-dried). The dried materials were powdered and then soaked
in aqueous methanol (70% methanol) for 15 days at room
temperature. The hydro methanolic extract (500 g) was
collected and filtered. This process was repeated 2 more times
and under reduced pressure, the filtrates were dried through a
rotary evaporator. Semi-solid mass obtained, was further
processed for fractionation in different solvents according to
their polarity order (n-Hexane–Ethyl
acetate–Methanol–Aqueous). Fractions of (n-Hex) n-hexane
(50 g) (ETAC) ethyl acetate (100 g), and (Aq) aqueous (35 g)
were obtained and stored for analysis.

Phytochemical Screening
The phytochemical screening was performed to determine the
phytoconstituents (Alkaloids, anthraquinones, cardiac
glycosides, coumarins, flavonoids, tannins, and saponins)
present in the crude extract and all the fractions of Rumex
dentatus by following the protocols reported in the literature
(Okunlola et al., 2007).

Gas Chromatography Mass Spectrometry
Analysis
A gas chromatography mass spectrometry (GC-MS; QP-2010
Plus Shimadzu, Japan) with a DB-5MS capillary column (30 m ×
0.25 mm I.D, 0.25 μm film thicknesses, Shimadzu, Japan) was
used. The inlet temperature was maintained at 250°C. The oven
temperature was initially at 50°C, programmed to 220°C at 5°C/
min, and then programmed to 300°C at 10°C/min holding for
15 min. Helium was used as carrier gas at a constant flow rate of
1.0 ml/min. The injection volume is 1 μl. The samples were
analyzed by GC–MS with the pulsed split less injection mode.
The ion source was set to 280°C and theMS transfer line was set to
280°C. Ionization was carried out in electron impact ionization
(EI) mode at 70 eV. The mass spectra were recorded within
50–500 amu in full scan mode to collect the total ion current
(TIC) (Dai et al., 2018).

Castor-Oil Induced Diarrhea
Mice were randomly assigned to one of 17 groups (n = 5) and
fasted for 24 h (08:00–08:00). Animals were kept in separate cages
with absorbent paper lining the floor. Loperamide hydrochloride
(2 mg/kg) was given to the positive control group, while the
negative control group was given an equal volume of saline
(10 ml/kg) and after 1 h of treatment, mice were given castor
oil (10 ml/kg p.o.). Diarrhea was induced with castor oil
(10 ml/kg, p.o.) after administration of 50, 100, and 300 mg/kg
doses of Rd.Cr, Rd.n-Hex, Rd.ETAC, Rd.Aq, and emodin,
respectively. The animals were separated into white paper-
lined cages. The onset of diarrhea, frequency of defecation,
and weight of fecal output (wet and total feces in Gram) for
each mouse were recorded throughout a 4-h period. The
percentages of diarrheal inhibition and fecal output weight
were calculated using Formulas 1–3 (Sisay et al., 2017):

% of inhibition � Average number of WFC − Average number

of WFT/Average number of WFC X 100,whereWFC � wet

feces in the control; WFT � wet feces in the test group

(1)
Percentage of wet fecal output/WWFO � Mean weight of wet

feces of each group/Mean weight of wet feces of control X 100

(2)
Percentage of total fecal output/WTFO � Mean weight of total

feces of each group/Mean weight of total feces of control X 100

(3)

Assessment of Intestinal Fluid
Accumulation
The method described was used to determine the amount of fluid
in the intestine. Mice that had been fasted for 24 h (08:00–08:00)
were separated into 18 cages, each with five mice. Normal saline
(10 ml/kg) and castor oil (10 ml/kg, p.o.) were given to groups I
and II, respectively. The remaining groups received 50, 100, and
300mg/kg intraperitoneally of Rd.Cr, Rd.n-Hex, Rd.ETAC, Rd.Aq,
and emodin, respectively. A group was given the standard drug
atropine at a dose of 0.1 mg/kg 1 h before induction with castor oil
(10 ml/kg, p.o.). After 30 min, the mice were sacrificed and their
intestines were removed and weighed. The results were written as
(Pi/Pm) × 1,000, where Pi is the intestine’s weight (g) and Pm is the
animal’s weight (Sisay et al., 2017).

Charcoal Meal Transit Time
A charcoal meal inhibitory activity in rats was calculated. The rats
were fasted for 24 h but were allowed to drink freely. Rd.Cr, Rd.n-
Hex, Rd.ETAC, Rd.Aq, and emodin were given in doses of 50, 100,
and 300mg/kg body weight in the test groups, while atropine sulfate
(0.1 mg/kg, i.p.) was given to the positive control group. The negative
control group received normal saline (10 ml/kg, p.o.) and 1 h after
the pre-treatment period marker (25mg/kg) (10 percent charcoal
suspension in 5 percent gum acacia) was given to all groups. Animals
have sacrificed 30min after all treatments. The small intestine was
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removed and the distance traveled by charcoal meal through the
organ was calculated as a percentage of the small intestine’s length
using the formula below (Ansari et al., 2021).

Peristaltic index (PI%) � (Distance moved by charcoal meal/
total length of intestine)(cm) ×100
For further evaluation of % inhibition, peristaltic index is used.

% inhibition � (PIC − PIT)/ PIC X 100

where PIC is the peristaltic index of control and PIT is the
peristaltic index of test group.

Effect of Extracts and Emodin on the
Motility of Isolated Tissue Preparations
The rabbits were fasted for 24 h (08:00–08:00) before the experiment
but had free access to water. The jejunal section was isolated and
cleaned with Tyrode’s solution after cervical dislocation, about
10–12 cm after the stomach. After the instrument was calibrated, a
2 cm long jejunal segment was placed in a tissue bath containing
Tyrode’s solution for 30min to equilibrate with the environment
while having a proper supply of oxygen (95% O2) and 5% CO2

(carbogen). A 0.3M concentration of ACh was used to stabilize each
preparation. A force-displacement transducer (model FT-03) was
used in conjunction with a bridge amplifier and power Lab 4/
25 data collection equipment connected to a computer running
Lab-Chart 6 software to collect responses (AD Instrument, Sydney
Australia). The extracts were examined for percent change in jejunum
contractions at various concentrations (Astudillo et al., 2004). To
determine the calcium channel blocking activity, high K+ (80mM)
depolarizes the preparations for smooth muscle contractions by
opening voltage-dependent Ca2+ channels, allowing extracellular
Ca2+ to the influx, resulting in a contractile effect, and a substance
that inhibits high K+ induced contraction is considered a blocker of
Ca2+ influx through L-type Ca2+ channels. After the generated
contraction had reached a plateau (typically within 7–10min), test
dosages were added in a cumulative manner to get concentration-
dependent inhibitory responses. The tissue was allowed to stabilize in
normal Tyrode’s solution for 30min before being replaced with
Ca2+−free Tyrode’s solution containing EDTA (0.1mM) to validate
the test substance’s Ca2+ antagonist effect. Furthermore, tissue was
immersed in a K + -rich, Ca2+−free Tyrode’s solution with the
following concentrations (mM): NaCl 91.03, NaHCO3 11.9,
NaH2PO4.2H2O 0.32, EDTA-Na2.2H2O 0.1, KCl 50,
MgCl2.6H2O 0.50, and glucose 5.05. Control concentration-
response curves (CRCs) of Ca2+ were produced after a 30-min
incubation period. The tissue was pretreated with test dose for 1 h
after the control Ca2+ CRCs were confirmed super-imposable
(typically after two cycles). The potential PDE inhibitory effect was
investigated indirectly by constructing isoprenaline-induced inhibitory
CRCs against CCh-induced contractions in the absence and presence
of the plant extract (Gilani et al., 2005).

Anti-Helicobactor pylori Activity
The H. pylori clinical isolates with resistance profiles were
obtained from Breath MAT Lab, Pakistan Institute of Nuclear
Science and Technology, Islamabad, Pakistan. They were

identified by microaerophilic growth (at 37°C), colony
morphology, Gram staining, catalase oxidase, and urease tests
(Ullah et al., 2019). Antibacterial effect of Rd.Cr, Rd.nHex,
Rd.ETAC, Rd.Aq, and emodin was analyzed by disc diffusion
method, measuring the zone of inhibition in mm using 5 mg of
extract per disc. The H. pylori clinical isolate SJ 2013 108 cfu/ml
resistant to commonly used antibiotics such metronidazole,
clarithromycin, and amoxycillin were inoculated on Columbia
blood agar (CM 0331B, Oxoid, United Kingdom) enriched with
5% defibrinated sheep blood. The dried extract impregnated discs
were applied and incubated at 37°C for 72 h under
microaerophilic conditions by using a gas generating kit, that
is, Campylobacter gas generating kit (BR 0056A, Oxoid,
United Kingdom). After 72 h, the zones of inhibition were
measured by determining their diameters. The concentrations
of minimum inhibitory (MIC) were assessed for the most potent
extracts and compounds by microdilution using brain heart
infusion (BHI) broth. The extracts and compound were
serially diluted by two folds in BHI broth with serum. The
final concentrations of extracts were 0.625–5.0 mg/ml. The
concentration with no visual growth or turbidity was
considered as MIC.

Ethanol-Induced Ulcer
Rats weighing (250–280 g) of either sex were randomly allocated
to groups and fasted for 24 h (09:00–09:00). Group 1 was given
normal saline as a negative control (10 ml/kg of body weight), the
remaining groups received 50, 100, and 300 mg/kg (p.o.) of
Rd.Cr, Rd.nHex, Rd.ETAC, Rd.Aq, and emodin. The last
group received 20 mg/kg (p.o.) omeprazole as standard drug.
After 1 h of treatment, all of the animals were given 1 ml/100 g of
ethanol (p.o.) to produce gastric ulcers. One hour after ethanol
treatment, animals were sacrificed by cervical dislocation. The
stomachs were removed and cleansed in normal saline before the
lesion index was calculated by measuring each lesion in
millimeters along its larger curvature. Each lesion’s surface
area was measured and a score was assigned (Noor et al.,
2017). The ulcer index was calculated as the mean ulcer score
for each gastrointestinal lesion (US) The ulcer index was
calculated by adding the lengths (mm) of all lesions for each
gastric injury (UI). The gastroprotective evaluation was expressed
as an inhibition percentage (I%), which was calculated using the
formula:

% Inhibition � (USc − USt)
USc

X 100

where USc is the ulcer surface area of control and USt is the ulcer
surface area of test drug group.

For additional proteomic screening, the stomach tissues were
preserved in a bio freezer (−80°C).

H+/K+-ATPase Inhibitory Activity
The inhibitory effect of extracts on rat gastric H+/K+-ATPase was
analyzed by using the colorimetric method. The commercially
available colorimetric H+/K+-ATPase activity assay screening kit
(catalog No. E-BC-K122-S, Elabscience United States ) was used
for analysis. Stomach tissues kept at bio freezer (−80°C) for
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storage were homogenized at 15,000 using SilentCrusher M
(Heidolph), and the homogenate was then centrifuged at
3,500 rpm for 10 min and supernatant was collected. Resulting
supernatant was analyzed for the release of inorganic phosphate
after ATP hydrolysis spectrophotometrically at 660 nm. 1 ATPase
activity unit is defined as 1 µmol of inorganic phosphorus
released by ATP hydrolysis by ATPase of 1 mg of tissue
protein per hour and results were expressed as µmol Pi/mg
prot/hour (He et al., 2019).

Determination of Oxidative Stress Markers
The isolated rat gastric tissues were homogenized and centrifuged
at 1,500 rpm for 30 min to separate the supernatant. The
supernatants were analyzed for glutathione (GSH),
glutathione-S-transferase (GST), catalase, and lipid
peroxidation (LPO) levels. The GSH level was determined by
oxidizing GSH and DTNP, which produced a yellow end product
called 2-nitro-5-thiobenzoic acid. A microplate reader was used
to measure absorbance at 412 nm. GSH concentrations are
expressed in μmole/mg of protein. The level of GST was
determined by forming a CDNB conjugate and measuring its
absorbance at 340 nm. GST activity is calculated using the
extinction coefficient of the product formed and is expressed
as μmoles of CDNB conjugate/min/mg of proteins. In the
presence of catalase, the degradation of H2O2 was measured.
A microplate reader was used to measure absorbance at 340 nm.
Catalase activity is measured in moles H2O2/min/mg of protein.
Malondialdehyde, the end product of LPO, was used to assess its
level (MDA). At 532 nm, absorbance was measured using a
microplate reader. LPO values are given in TBARS nmoles/
min/mg protein (Ali et al., 2020).

Hematoxylin and Eosin Staining and
Immunohistochemistry
For morphological analysis, five rats were used in each
group. Stomach tissues were fixed in 4% paraformaldehyde
and embedded in paraffin, till further analysis. Subsequently,
the tissues were sectioned at 5 μm by means of a rotary
microtome and were stained with hematoxylin and eosin
(H&E). According to (Ali et al., 2020), the stomach tissues
were examined using an optical microscope, and photographs
were taken. Immunohistochemical staining was carried out.
Tissue sections on slides were deparaffinized with three
different absolute xylenes and rehydrated with ethyl alcohol in
varying concentrations (from 100% [absolute] to 70%). After that,
the slides were washed with distilled water and maintained for
10 min in 0.01 M phosphate-buffered saline (PBS). Following the
antigen retrieval step, the slides were incubated overnight with
primary antibody, followed by 2 h of treatment with appropriate
biotinylated secondary antibodies, and finally, 1 h of treatment
with Avidin-biotin complex (ABC) reagents (Standard Vectastain
ABC Elite Kit; Vector Laboratories, Burlingame, CA,
United States) at optimum room temperature. The sections
were washed in PBS and stained with 3,3′-
Diaminobenzidine (DAB) solution as a chromogen, they
were then washed in distilled water, dehydrated in graded

ethanol solutions (70, 95, and 100%), fixed in xylene, then
cover-slipped with a mounting media and allowed to air dry. A
light microscope (Olympus, Japan) was used to examine the
results, which was coupled to a high-quality digital photo-
microscopy system. A light microscope was used to obtain
immunohistochemical TIF images (5 images per plate).
Phosphorylated nuclear factor-kappa β (SC-271908 Santa
Cruz Biotechnology, Dallas, Tx, United States), tumor
necrosis factor α (SC-52B83 Santa Cruz Biotechnology,
Dallas, Tx, United States), and COX-2 (SC-514489 Santa
Cruz Biotechnology, Dallas, Tx, United States) antibodies
were quantified using ImageJ software.

Enzyme-Linked Immunosorbent Assay
Tumor necrotic factor (TNF-α), prostaglandin-E2 (PGE2),
interleukin-8 (IL-8), and phosphorylated nuclear factor
kappa B (p-NF-κB) detection was conducted according to
the manufacturer’s instructions (Elabscience). The stomach
tissues (n = 3) were kept in bio freezer (−80°C) for storage,
homogenize at 15 rpm × 1,000 using SilentCrusher M
(Heidolph) and supernatant was collected after
centrifugation (at 1,350 × g for 1 h). Supernatant was then
analyzed for TNF-α (Catalog No: E-EL-R0019), PGE2 (Catalog
No: E-EL-0034), IL-8 (Catalog No: EKF57830), and p-NF-ƙb
(Catalog No: E-EL-R0674) quantification through Elabscience
Rat ELISA kit.

Western Blot
Western blot analysis technique was used to determine the
expression of inflammatory mediators which play role in ulcer
progression. Sample proteins (n = 3) from each experimental
group were prepared by addition of Laemmle buffer, vertexed,
and incubated for 10 min at 96°C temps. Samples were then
placed in ice for another 10 min after incubation and then
vertexed. Gels were prepared and after preparation protein
samples were loaded in polyacrylamide gels separated by SDS/
PAGE. In gel electrophoresis proteins’ separation is based on
their charge. SDS has negative charge and was used for protein
denaturation and polyacrylamide permits the protein
movement at different speeds. Proteins from gel were then
transferred to polyvinylidene fluoride membrane for trans blot
operation. Membranes were washed and blocked for non-
specific binding using 5% skimmed milk solution prepared
in TBST buffer. Primary antibodies phosphorylated nuclear
factor-kappa β (SC-271908 Santa Cruz Biotechnology, Dallas,
Tx, United States), tumor necrosis factor α (SC-52B83 Santa
Cruz Biotechnology, Dallas, Tx, United States), and COX-2
(SC-514489 Santa Cruz Biotechnology, Dallas, Tx,
United States) were applied and membranes were incubated
for 16 h at 4°C. Membranes were then washed for 10 min in
TBST buffer and an anti-mouse secondary antibody was
applied for 3–4 h at room temperature. Secondary antibody
detects target proteins by binding with primary antibody. The
PVDF membrane was then again washed in TBST and proteins
on the PVDF membrane were transferred to X-ray sheet. Band
density was measured and was standardized to β-actin (Irshad
et al., 2021).
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Real Time-Polymerase Chain Reaction
After homogenization of gastric tissues (n = 3), trizol method was
used to extract total ribonucleic acid (RNA) following the
manufacturer’s instructions. Using 1–2 µg of total RNA, cDNA
was synthesized by reverse transcriptase enzyme, and cDNA was
then amplified by real-time PCR (RT-PCR) using a thermocycler.
The mRNA expression was normalized to expression levels of
Beta-actin. The relative gene expression was determined by
2Δ̂Δ−CT method for real-time quantitative PCR (Irshad et al.,
2021). Primers sequences for β-actin and H+/K+-ATPase are as
follows:

Rat-BetaActin-Forward: CCCGCGAGTACAACCTTCT.
Rat-BetaActin-Reverse: CGTCATCCATGGCGAACT.
H+/K+-ATPase Forward: TATGAATTGTACTCAGTGGA.
H+/K+-ATPase Reverse: TGGTCTGGTACTTCTGCT.

Acute Toxicity Assay
A total of 10 non-pregnant, nulliparous female rats were used in
this study to determine acute toxicity of plant extract. They were
placed into two groups, each with five females: the control group
and the treatment group. Only one was given the limited oral
dose of 2,000 mg/kg in accordance with OECD standards 425
(Saleem et al., 2017) and they were deprived of food and water
overnight. The rat was monitored for 24 h and if it survived, the
same approach was used on the other rats in the therapy
group. The animals were closely observed for the first
30 min, then for 4, 24, and 48 h for signs of distress,
mortality and then daily for 14 days for various signs of
toxicity such as squinting eyes, writhing, salivation, tremors,
convulsions, loss of fur, change in overall behavior, stress, and
mortality. Blood samples were taken from animals via cardiac
puncture on the 15th day for various biochemical and
hematological analyses. After killing rats by cervical
dislocation, vital organs were excised; organ weights were
recorded and preserved in 10% formalin for histopathological
evaluation and antioxidant profile.

Biochemical Analysis
Urea, uric acid, creatinine, cholesterol, triglyceride, high-density
lipoprotein (HDL), low-density lipoprotein (LDL), very low-
density lipoprotein (VLDL), bilirubin, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphate
(ALP), and total protein were measured by using Randox kits.

Hematological Analysis
For hematological analysis, blood samples from animals (both
treatment and control groups) were obtained in EDTA-containing
tubes. CBC parameters, hemoglobin (Hb), total RBC, packed cell
volume (PVC), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), platelet count, white blood cells (WBC) count, neutrophils
(N), lymphocytes (L), monocytes (M), and eosinophils (E) were
determined with humalyzer.

Histopathological Study
The vital organs of sacrificed mice were fixed in 10% formalin and
then embedded in paraffin wax after processing. Hematoxylin

and eosin were used to stain 5 mm paraffin sections. Under a light
microscope, the slides were examined, and magnified images of
tissue structure were taken for further analysis.

In-Silico Studies
The docking studies of emodin were carried out through Auto
Dock Vina and PyRX software against H+/K+ATPase (PDB ID:
4ux2) and calcium channel (PDB ID:1t3s). All the targets were
downloaded from the protein data bank (http://www.rcsb.org/
pdb/home/home.do) in PDB format purified through the
“Discovery Studio Visualizer” (DSV). 3D structure of standard
drugs, that is, omeprazole (PubChem CID 4594) and verapamil
(PubChemCID 2520) were downloaded from PubChem database
and then converted to PDBQT format by Auto Dock tools. The
results were analyzed as the binding affinities/E-values (kcal/mol)
and best binding pose. Post docking analysis via Biovia Discovery
Studio Client 2016 was carried out using one best pose with the
lowest energy value. 2D and 3D images were evaluated to
determine the interactions between amino acid residues and
ligands with the receptor (Ansari et al., 2019).

Molecular Dynamic Simulations
All of the top-ranked docked complexes were subjected to molecular
dynamics simulations using Amber 18. The simulations were based
on docked structures of the protein with an inhibitor. For 50 nano
seconds (ns), simulations were run in a periodic water box with the
ff03. r1 force field. The topologies of the study proteins were recorded
using the Leap module in Amber 18 tools. To neutralize the systems,
sodium (Na+) ions were added. The neutralized systems were then
solvated with a distance of 8.0 utilizing the water molecules box
(TIP3PBOX). The protonation status of the histidine residues in the
proteins has been determined. Before running a production run of
molecular dynamic (MD) simulations, the solvated systems were
completely reduced. For the first 1,500 interations, the steepest
descent method utilizing the SANDER module was used, followed
by 1,000 steps of the conjugate gradient. These 2,500 energy
minimization cycles were designed to alleviate adverse protein
structural conflicts. Every run began with a 100 ps heating session
that progressed from 0 to 300 K while maintaining a pressure of
1 atm. First round of 100 ps of equilibration at a steady temperature
of 300 K is required prior to the production phase. An interchange of
kinetic and potential energy occurred during the equilibration phase.
Total energy remained nearly constant throughout the equilibration,
whereas potential and kinetic energies differed. In order to acquire
statistically precise results, equilibration was followed by a production
run of 50 ns for both natural and mutant proteins. To limit all atoms
covalently linked to a hydrogen atom, the SHAKE algorithm was
used. Periodic boundary conditions with canonical ensemble were
utilized in the simulation box. The temperature was kept constant
using the Berendsen coupling integration procedure with a non-
bonded cutoff of 8.0. The Ewald summation method was used to do
MD simulations. Chimera and QtGrace were used to conduct post-
simulation studies (root-mean-square deviation (RMSD) and
secondary structure timeline analyses) (Abbasi et al., 2016).
Molecular mechanics Poisson Boltzmann surface area and
molecular mechanics Generalized Born surface area MMGB/PBSA
techniques were used to calculate the binding free energy for both
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protein–inhibitor docked complexes. To compute the binding free
energy differences, 1,000 snapshots were taken during the MD
simulation trajectory using the same methods as before (Kollman
et al., 2000).

Statistical Analysis
Data was expressed as Mean ± SEM (n = 5) and median effective
concentrations (EC50) having 95% confidence intervals. Statistical
analysis of the results was analyzed using one-way ANOVA
followed by post-hoc Tukey’s test. Non-linear regression using
the Graph Pad program (GraphPAD, SanDiego, CA-United
States) was used to analyze the concentration-response curves.

RESULTS

Phytochemical Analysis
The phytochemical analysis of Rumex dentatus showed different
categories of phytoconstituents (Supplementary Table S1) and

shows different peaks in GC-MS chromatogram (Supplementary
Figure S1, Supplementary Table S2).

Effect on Castor Oil-Induced Diarrhea
In the castor oil-induced diarrheal model, the Rd.Cr and
fractions significantly prolonged the onset of diarrhea and
reduced the frequency and weight of fecal outputs at doses
of 50–300 mg/kg as compared to the control. Data revealed that
the percent inhibition of defecation for Rd.Cr at the dose of 50,
100, and 300 mg/kg were 20, 66.6, and 77.7%, respectively.
Coming to solvent fractions both Rd.n-Hex and Rd.ETAC has
significant results. The diarrheal inhibition obtained as
compared to control were 44.44, 58.33, and 79.16% at dose
50–300 mg/kg Rd.nHex, respectively. At dose of 50–300 mg/kg
the inhibition for Rd.ETAC was 34.7, 66.66, and 100%,
respectively. Loperamide at dose of 2 mg/kg has 100%
inhibition. All of them also showed a significant reduction
in weight of both wet and total fecal outputs at all doses. Rd.Aq
and emodin have a weak antidiarrheal effect (Table 1).

TABLE 1 | Effect of Rumex dentatus crude extract (Rd.Cr) and fractions: n-hexane (Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous (Rd.Aq), emodin, and loperamide against
castor-oil induced diarrhea in mice.

Treatment (mg/kg) No of wet
feces

Total No of
feces

Average weight
of

wet feces (gm)

Average weight
of

total feces (gm)

% inhibition of
defecation

%
WWFO

%
WTFO

Saline (10 ml/kg) + Castor-oil
(10 ml/kg)

7.2 ± 0.3 8.4 ± 0.24 0.44 ± 0.05 0.5 ± 0.01 0 0 0

Rd.Cr (50 mg/kg) + Castor-oil
(10 ml/kg)

5.7 ± 0.09 7.2 ± 0.37 0.37 ± 0.01 0.44 ± 0.05 20* 84.09 88

Rd.Cr (100 mg/kg) + Castor-oil
(10 ml/kg)

2.4 ± 0.24 5.5 ± 0.1 0.13 ± 0.03 0.35 ± 0.05 66.6*** 29.54 70

Rd.Cr (300 mg/kg) + Castor-oil
(10 ml/kg)

1.6 ± 0.15 4.8 ± 0.19 0.08 ± 0.06 0.31 ± 0.06 77.7*** 18.18 62

Rd.n-Hex (50 mg/kg) + Castor-oil
(10 ml/kg)

4 ± 0.2 6.8 ± 0.2 0.24 ± 0.05 0.39 ± 0.01 44.44** 54.5 78

Rd.n-Hex (100 mg/kg) + Castor-oil
(10 ml/kg)

3 ± 0.21 5.5 ± 0.18 0.16 ± 0.05 0.32 ± 0.03 58.33*** 36.36 64

Rd.n-Hex (300 mg/kg) + Castor-oil
(10 ml/kg)

1.5 ± 0.0 4 ± 0.02 0.06 ± 0.0 0.23 ± 0.04 79.16*** 13.6 46

Rd.ETAC (50 mg/kg) + Castor-oil
(10 ml/kg)

4.7 ± 0.2 6.2 ± 0.30 0.29 ± 0.08 0.4 ± 0.05 34.7** 65.9 80

Rd.ETAC (100 mg/kg) + Castor-oil
(10 ml/kg)

2.4 0.24 5.3 ± 0.16 0.14 ± 0.04 0.31 ± 0.01 66.66*** 31.81 62

Rd.ETAC (300 mg/kg) + Castor-oil
(10 ml/kg)

0 ± 0.0 2.8 ± 0.03 0 ± 0.0 0.15 ± 0.02 100*** 0 30

Rd.Aq (50 mg/kg) + Castor-oil
(10 ml/kg)

7.2 ± 0.12 8.2 ± 0.2 0.44 ± 0.21 0.49 ± 0.03 0 100 98

Rd.Aq (100 mg/kg) + Castor-oil
(10 ml/kg)

6.9 ± 0.2 7.4 ± 0.05 0.39 ± 0.32 0.45 ± 0.06 4.1 88.6 90

Rd.Aq (300 mg/kg) + Castor-oil
(10 ml/kg)

6.7 ± 0.04 7.2 ± 0.04 0.37 ± 0.15 0.43 ± 0.16 6.94 84.09 86

Emodin (10 mg/kg) + Castor-oil
(10 ml/kg)

7.2 ± 0.21 8.3 ± 0.25 0.44 ± 0.01 0.49 ± 0.26 0 100 98

Emodin (30 mg/kg) + Castor-oil
(10 ml/kg)

7.31 ± 0.09 8.4 ± 0.29 0.43 ± 0.21 0.48 ± 0.31 1.38 97.7 96

Emodin (50 mg/kg) + Castor-oil
(10 ml/kg)

6.66 ± 0.11 7.5 ± 0.31 0.41 ± 0.32 0.45 ± 0.22 7.5 93.1 90

Loperamide (2 mg/kg) + Castor-oil
(10 ml/kg)

0 ± 0.0 2.2 ± 0.2 0 ± 0.0 0.11 ± 0.03 100*** 0 22

Values expressed as mean ± SEM (n = 5). One-way ANOVA, with post-hoc Tukey’s test. ###p < 0.001 vs. saline group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. castor oil group.
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Effect on Intestinal Fluid Accumulation
In castor oil-induced intestinal fluid accumulation assay, Rd.Cr,
Rd.n-Hex, Rd.ETAC exhibited a dose-dependent (50–300 mg/kg)
anti-secretory effect. Intestinal fluid accumulation in the
saline-treated group was 89.7 ± 0.93 (mean ± SEM, n = 5),
whereas in the castor oil-treated group it was raised to 126.8 ±
0.73. The Fluid accumulation was significantly decreased by
Rd.Cr, Rd.n-Hex and Rd.ETAC at dose of 50–300 mg/kg to
121.6, 112, 91, 119, 95, 82, 122, 117, and 107, respectively.
Rd.Aq and emodin have week anti-secretary effects. Atropine
at the dose of 0.1 mg/kg decreased the intestinal fluid
accumulation to 74.10 ± 0.42 (Table 2).

Effect on Charcoal Meal Transit Time
Rd.Cr and fractions delay the charcoal meal to travel through the
small intestine in a dose-dependent manner. Percent inhibition in
charcoal meal transit by Rd.Cr, Rd.n-Hex, Rd.ETAC, and Rd.Aq
at 50, 100, and 300 mg/kg dose and emodin (10–50 mg/kg) is
1.85, 4.8, 14.9, 9.37, 15.4, 33.05, 26.70, 41.09, 70.03, 3.08, 6.1,
13.18, 4.11, 15.4, and 48.6, respectively. Atropine (0.1 mg/kg, i.p.)
shows an inhibitory effect of 81.40% (Table 3).

Effect of Extracts and Emodin on the
Motility of Isolated Tissue Preparations
Figure 1 shows the inhibitory effect of the plant extract,
papaverine, and verapamil against spontaneous and K+

(80 mM) induced contractions. Rd.Cr was found to be equally
effective against spontaneous and K+ (80 mM) induced
contractions with EC values of 0.19 mg/ml (0.149–0.264) and
0.15 (0.0942–0.242), respectively, as shown in Figure 1A.
Similarly, papaverine also showed a similar pattern of
nonspecific inhibitory response (Figure 1G) with respective
EC50 values of 0.4 µM (0.22–0.81, n = 4) in spontaneous and
0.6 (0.31–1.32, n = 4) in high K+ (80 mM) induced contractions,
whereas verapamil was found more potent against K+ (80 mM)
induced contractions with EC50 value of 0.04 µM (0.031–0.062,
n = 4), as compared to spontaneous contractions (0.12 µM
(0.10–0.20, n = 3)), as shown in Figure 1F. Ethyl acetate
fraction (Rd.ETAC) produced similar nonspecific inhibitory
response as papaverine with EC50 value of 0.0884 mg/ml
(0.0013–0.042) against spontaneous and 0.585 mg/ml
(0.267–1.28) against K+ induced contractions Figure 1C,
hexane fraction (Rd.n-Hex) shows verapamil like response
with EC50 values of 0.8641 mg/ml (0.458–1.629) against
spontaneous contractions and 0.249 mg/ml (0.11–0.583)
against K+ induced contractions Figure 1B whereas aqueous
fraction (Rh.Aq) and emodin shows weak response against

TABLE 2 | Effect of Rumex dentatus crude extract (Rd.Cr) and fractions: n-hexane
(Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous (Rd.Aq), emodin, and atropine
against castor-oil induced fluid accumulation in mice.

N0 Treatment (mg/kg) % Inhibition

1 Saline (10 ml/kg) 89.7
2 Castor-oil (10 ml/kg) 126.8###

3 Rd.Cr (50 mg/kg) + Castor-oil (10 ml/kg) 121.6
4 Rd.Cr (100 mg/kg) + Castor-oil (10 ml/kg) 112*
5 Rd.Cr (300 mg/kg) + Castor-oil (10 ml/kg) 91***
6 Rd.n-Hex (50 mg/kg) + Castor-oil (10 ml/kg) 119*
7 Rd.n-Hex (100 mg/kg) + Castor-oil (10 ml/kg) 95***
8 Rd.n-Hex (300 mg/kg) + Castor-oil (10 ml/kg) 82***
8 Rd.ETAC (50 mg/kg) + Castor-oil (10 ml/kg) 122
9 Rd.ETAC (100 mg/kg) + Castor-oil (10 ml/kg) 117*
10 Rd.ETAC (300 mg/kg) + Castor-oil (10 ml/kg) 107**
11 Rd.Aq (50 mg/kg) + Castor-oil (10 ml/kg) 126
12 Rd.Aq (100 mg/kg) + Castor-oil (10 ml/kg) 123
13 Rd.Aq (300 mg/kg) + Castor-oil (10 ml/kg) 119*
14 Emodin (10 mg/kg) + Castor-oil (10 ml/kg) 127
15 Emodin (30 mg/kg) + Castor-oil (10 ml/kg) 124
16 Emodin (50 mg/kg) + Castor-oil (10 ml/kg) 122
17 Atropine (0.1 mg/kg) + Castor-oil (10 ml/kg) 74.10***

Values expressed as mean ± SEM (n = 5). One-way ANOVA, with post-hoc Tukey’s test.
###p < 0.001 vs. saline group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. castor oil group.

TABLE 3 | Effect of Rumex dentatus crude extract (Rd.Cr) and fractions: n-hexane (Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous (Rd.Aq), emodin, and atropine on charcoal
meal transit time in rats.

Treatment (mg/kg) Mean length of intestine
(cm)

Distance moved by
charcoal (cm)

Peristaltic
index (PI) (%)

% Inhibition

Saline (10 ml/kg) + Charcoal (25 mg/kg) 92.6 90 97.1 0
Rd.Cr (50 mg/kg) + Charcoal (25 mg/kg) 94.4 90 95.3 1.85
Rd.Cr (100 mg/kg) + Charcoal (25 mg/kg) 97.8 90.4 92.4 4.8
Rd.Cr (300 mg/kg) + Charcoal (25 mg/kg) 91 75.2 82.63 14.9*
Rd.n-Hex (50 mg/kg) + Charcoal (25 mg/kg) 98 86.6 88 9.37
Rd.n-Hex (100 mg/kg) + Charcoal (25 mg/kg) 96 78.8 82.08 15.4*
Rd.n-Hex (300 mg/kg) + Charcoal (25 mg/kg) 98 63.7 65 33.05**
Rd.ETAC (50 mg/kg) + Charcoal (25 mg/kg) 94 66.9 71.17 26.70**
Rd.ETAC (100 mg/kg) + Charcoal (25 mg/kg) 95 54.4 57.2 41.09**
Rd.ETAC (300 mg/kg) + Charcoal (25 mg/kg) 96 28 29.1 70.03***
Rd.Aq (50 mg/kg) + Charcoal (25 mg/kg) 92 86.6 94.1 3.08
Rd.Aq (100 mg/kg) + Charcoal (25 mg/kg) 95 86.6 91.1 6.1
Rd.Aq (300 mg/kg) + Charcoal (25 mg/kg) 94.6 79.8 84.3 13.18*
Emodin (10 mg/kg) + Charcoal (25 mg/kg) 93 86.6 93.1 4.11
Emodin (30 mg/kg) + Charcoal (25 mg/kg) 96 78.8 82.08 15.4*
Emodin (50 mg/kg) + Charcoal (25 mg/kg) 92.1 46 49.9 48.6**
Atropine (0.1 mg/kg, i.p.) + Charcoal (25 mg/kg) 90.8 16.4 18.06 81.40***

Values expressed as mean ± SEM (n = 5). One-way ANOVA, with post-hoc Tukey’s test. ###p < 0.001 vs. saline group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. charcoal group.
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both contractions Figures 1D,E. When tested for its possible
interaction with calcium channels, except Rd.Aq and emodin,
caused rightward shift in the Ca2+ CRCs, similar to that
produced by papaverine or verapamil (Figure 2). When
tested for possible interaction with isoprenaline,
pretreatment of the tissue with Rd.Cr (0.3–1 mg/ml) and
Rd.ETAC (0.1–0.3 mg/ml) shifted the isoprenaline-induced
inhibitory CRCs to the left, showing potentiating effect.
Papaverine also caused a similar concentration-dependent
leftward shift in the CRCs of isoprenaline, while
pretreatment of tissue with verapamil did not alter the
inhibitory response to isoprenaline (Figure 3).

Anti H.pylori Effect
Zone of inhibition andMIC values were assessed againstH. pylori
isolate which showed more sensitivity by disc diffusion method
for the most potent fraction. Rd.n-Hex showed 20 ± 0.62, zone of
inhibition against isolate. The MIC value of Rd.n-Hex was
2.5 mg/ml.

Effect on Ethanol-Induced Ulcer
Rd.Cr, fractions, and emodin in dose-dependent manner
(50–300 mg/kg) exhibited an antiulcer effect. Rd.Cr, Rd.n-Hex,
Rd.ETAC, and Rd.Aq at 50, 100, and 300 mg/kg dose and emodin
(10–50 mg/kg) caused 56, 76, 92.6, 57, 77, 95, 55.8, 95, 100, 0, 3.9,

4.9, 58, 80, and 92% inhibition, respectively (Table 4).
Omeprazole (20 mg/kg) exhibited 96.2% inhibitory effect.
Macroscopic observation showed the gastric mucosa of rats
(Figure 4).

H+/K+-ATPase Inhibition
Abnormal activity of H+/K+ATPase is closely related to gastric ulcers.
In ethanol-treated group (1 ml/100 g) the H+/K+ATPase activity was
significantly increased. Treatment with Rd.Cr, Rd.n-Hex, Rd.ETAC
(300mg/kg), emodin (10–50mg/kg) and omeprazole (20mg/kg)
considerably reduced the activity (Figure 5).

Antioxidant Profile
The activity of GST, GSH, and catalase was significantly reduced
while LPO has increased in ethanol-induced ulcer gastric tissues.
Rd.Cr, Rd.n-Hex, Rd.ETAC (300 mg/kg), emodin (50 mg/kg) and
omeprazole (20 mg/kg) treated groups restored GST, GSH,
catalase, and considerably reduced LPO. Rd.Aq (300 mg/kg)
treated group has a weak effect on oxidative stress markers
(Figure 6).

Histopathological Examination
Figure 7 indicates the H&E staining performed on the gastric
tissue. The gastric cells were evaluated for cellular changes or
being intact in a normal state. Saline group (10 ml/kg) indicated

FIGURE 1 | Concentration-dependent inhibitory effect on spontaneous and K+ (80 mM) induced contractions of (A) Rumex dentatus crude extract (Rd.Cr) and
fractions: (B) n-hexane (Rd.n-Hex), (C) ethyl acetate (Rd.ETAC), (D) aqueous (Rd.Aq), (E) emodin (F), verapamil, and (G) papaverine in isolated rabbit jejunum
preparations. Values are expressed as mean ± SEM (n = 4–5).
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intact shape, size, and stain of the gastric cells, ethanol group
(1 ml/100 g) indicates vigorous cellular changes as necrotic cells
and hemorrhage can be observed with disruption of the
morphological cell boundaries. Comparatively, the Rd.Cr,
Rd.n-Hex, Rd.ETAC (300 mg/kg), emodin (50 mg/kg), and
omeprazole (20 mg/kg) treatment groups revealed relatively
intact cell boundaries and cell morphological features as size,
shape, vacuolation, and staining. Rd.Aq (300 mg/kg) treated
group has relatively weak effects in restoring the cell
morphological features.

IHC Analysis
Ethanol (1ml/100 g) treated group revealed hyper-expression of
COX-2, TNFα, and p-NFkB in gastric tissues. In Rd.Cr, Rd.n-
Hex, Rd.ETAC (300 mg/kg), emodin (50 mg/kg) and omeprazole
(20 mg/kg) treated groups their expression reduced
(Figures 8, 9).

Effect on Inflammatory Markers
The levels of IL-8 in ethanol (1 ml/100 g) treated group were
raised to 862.53 pg/ml. The IL-8 expression was significantly
decreased in Rd.Cr, Rd.n-Hex, Rd.ETAC (300 mg/kg), and
emodin (50 mg/kg) treated groups to 427.5, 305, 540, and
315 pg/ml, respectively. Omeprazole (20 mg/kg) decreased

the expression up to 259.8 pg/m. Rd.Aq (300 mg/kg)
treated group shows weak effect on expression of IL-8,
that is, 790 pg/ml (Figure 10A). The levels of PGE2 in
ethanol (1 ml/100 g) treated group was 825 pg/ml. The
PGE2 expression was significantly increased in Rd.Cr,
Rd.n-Hex, Rd.ETAC (300 mg/kg), and emodin (50 mg/kg)
treated groups was found to be 1,535, 1,157.5, 1,490, and
1,730 pg/ml, respectively. Omeprazole (20 mg/kg) raised the
levels up to 1,760 pg/ml. Rd.Aq (300 mg/kg) treated group
didn’t show any significant results as compared to the control
group, that is, 775 pg/ml (Figure 10B). The levels of p-NFƙB
in ethanol (1 ml/100 g) treated group was 3,802.5 pg/ml
p-NFƙB expression was significantly decreased in Rd.Cr,
Rd.n-Hex, Rd.ETAC (300 mg/kg), and emodin (50 mg/kg)
treated groups to 2,856, 2,995, 2,137.5, and 1,570 pg/ml,
respectively. Omeprazole (20 mg/kg) decreased the levels
to 536.15 pg/ml p-NFƙB expression in Rd.Aq (300 mg/kg)
treated was 3,754.5 pg/ml (Figure 10C). TNFα levels in
ethanol (1 ml/100 g) treated group were raised to
3,896.37 pg/ml. Expression of TNFα was significantly
decreased in Rd.Cr, Rd.n-Hex, Rd.ETAC (300 mg/kg), and
emodin (50 mg/kg) treated groups to 2,435, 1,580, 2,200, and
1,280 pg/ml, respectively. Omeprazole (20 mg/kg) reduced
the levels to 1,422.67 pg/ml. Rd.Aq (300 mg/kg) treated

FIGURE 2 | Concentration-response curves of Ca2+ in the absence and presence of the increasing concentrations of (A) Rumex dentatus extract (Rd.Cr) and
fractions: (B) n-hexane (Rd.n-Hex), (C) ethyl acetate (Rd.ETAC), (D) aqueous (Rd.Aq), (E) emodin, (F) verapamil, and (G) papaverine in isolated rabbit jejunum
preparations. Values are expressed as mean ± SEM (n = 4–5).
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group shows less effect on TNFα expression, that is, 3685 pg/
ml (Figure 10D).

Western Blot Analysis
Western blot analysis (gastric tissues) confirmed COX-2, TNFα,
and p-NFƙB levels were increased in ethanol-treated group, but
Rd.Cr, Rd.n-Hex, Rd.ETAC (300 mg/kg), emodin (50 mg/kg),
and omeprazole (20 mg/kg) treated groups showed a decrease
in expression levels as compared to a negative control group
(Figure 11).

Quantification of mRNA Levels
RT-PCR determined the fold expression of H+/K+-ATPase in
ethanol-induced gastric ulcer model. The ethanol (1 ml/100 g)
administered group indicates increased expression of H+/K+-
ATPase mRNA levels. Rd.Cr, Rd.ETAC (300 mg/kg), and
emodin (50 mg/kg) caused a significant decrease in
expression levels. Omeprazole (20 mg/kg) also reduced the
expression compared to the negative control group (Figure 12).

Toxicity Studies
The OECD guidelines 425 were used to evaluate the safety profile
of Rumex dentatus. No mortality was observed. All results are as
follows:

Behavioral Pattern and Body Weight
After receiving 2000 mg/kg of extract the body weights of test
animals in both the control and extract treatment groups
increased gradually during the study period. Behavioral
observations show that fur and skin, eyes, salivation, fecal
consistency, urine color, breathing, mucous membrane, and
sleep pattern were all normal. There were no symptoms of
convulsions or distress in any group of animals
(Supplementary Table S3).

Effects on Organs Weight
On examining the weight of organs no significant variation was
found in drug-treated animals as compared to control group
(Table 5).

FIGURE 3 |Concentration-response curves of isoprenaline against carbachol (CCh)-induced contractions in the presence of different concentrations of (A) Rumex
dentatas extract crude (Rd.Cr), (B) ethyl acetate fraction (Rd.ETAC), (C) verapamil, and (D) papaverine in isolated rabbit jejunum preparations. Values are expressed as
mean ± SEM (n = 4–5).
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Biochemical Analysis and Antioxidant
Profile
There were normal LFTs, RFTs, and lipid profiles (Figure 13 and
Table 6). There were no changes in antioxidant profiling
(Figure 13).

Hematological Analysis
It can be seen that no significant changes were observed in
hematological profile when compared to control group (Table 6).

Histopathological Study
Histopathological examination of vital organs such as the brain,
liver, kidney, and heart revealed no evidence of vacuolation,
dystrophy, or atrophy (Figure 14). Rumex dentatus was found
to be safe to consume up to a dose of 2,000 mg/kg in a
comprehensive toxicity profile.

Molecular Docking
In the present study, emodin exhibited variable binding affinities
against different protein targets. emodin against H+/K+-ATPase
pump and voltage-gated L-type calcium channel showed E-value
of −7.9, and −7.4 kcal/mol, respectively. Omeprazole against H+/
K+-ATPase pump exhibited E-value of −7.8 kcal/mol. Verapamil
against voltage-gated L-type calcium channel showed E-value
of −6.2 kcal/mol. Supplementary Table S4 shows the atomic
energy/E-values (kcal/mol), hydrogen bonding, and residues
involved in H-bonding with best-docked poses of drug-protein
complex. Supplementary Figures S2, S3 illustrates 2D-view of
interactions of emodin and standard drug with their protein
targets.

Molecular Dynamic Simulations
The structural flexibility of targeted proteins and the stability of
docked complexes were investigated using molecular dynamics
(MD) simulation. The selected best-docked poses for the

TABLE 4 | Effect of Rumex dentatus crude extract (Rd.Cr) and fractions: n-hexane
(Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous (Rd.Aq), emodin, and
omeprazole against ethanol-induced ulcer in rats.

Treatment (mg/kg) Ulcer index % Inhibition

Saline (10 ml/kg) 0.0 ± 0.2 100
Ethanol (1 ml/100 g) 10.2 ± 0.2### 0
Rd.Cr (50 mg/kg) + ethanol (1 ml/100 g) 4.6 ± 0.09*** 56
Rd.Cr (100 mg/kg) + ethanol (1 ml/100 g) 2.6 ± 0.06*** 76
Rd.Cr (300 mg/kg) + ethanol (1 ml/100 g) 0.94 ± 0.05*** 92.6
Rd.n-Hex (50 mg/kg) + ethanol (1 ml/100 g) 4.5 ± 0.13*** 57
Rd.n-Hex (100 mg/kg) + ethanol (1 ml/100 g) 2.5 ± 0.22*** 77
Rd.n-Hex (300 mg/kg) + ethanol (1 ml/100 g) 0.7 ± 0.06*** 95
Rd.ETAC (50 mg/kg) + ethanol (1 ml/100 g) 4.5 ± 0.20*** 55.8
Rd.ETAC (100 mg/kg) + ethanol (1 ml/100 g) 0.5 ± 0.07*** 95
Rd.ETAC (300 mg/kg) + ethanol (1 ml/100 g) 0.0 ± 0.00 100
Rd.Aq (50 mg/kg) + ethanol (1 ml/100 g) 10.5 ± 0.21 0
Rd.Aq (100 mg/kg) + ethanol (1 ml/100 g) 9.8 ± 0.5 3.9
Rd.Aq (300 mg/kg) + ethanol (1 ml/100 g) 9.7 ± 0.23 4.9
Emodin (10 mg/kg) + ethanol (1 ml/100 g) 4.4 ± 0.16*** 58
Emodin (30 mg/kg) + ethanol (1 ml/100 g) 2.2 ± 0.2*** 80
Emodin (50 mg/kg) + ethanol (1 ml/100 g) 1 ± 0.06*** 92
Omeprazole (20 mg/kg) + ethanol (1 ml/100 g) 0.58 ± 0.04*** 96.2

Values expressed as mean ± SEM (n = 5). One-way ANOVA, with post-hoc Tukey’s test
###p < 0.001 vs. saline group, ***p < 0.001 vs. ethanol group.

FIGURE 4 | Gross-appearance of gastric mucosa in rats: Pretreated with (A) saline (10 ml/kg), (B) ethanol (1 ml/100 g) severe injuries are seen, as ethanol
produced excessive hemorrhagic necrosis of gastric mucosa, pretreated with (C) Rumex dentatus crude extract (Rd.Cr 50 mg/kg), (D) Rd.Cr 100 mg/kg, (E) Rd.Cr
300 mg/kg and fractions: (F) ethyl acetate (Rd.ETAC 50 mg/kg), (G) Rd.ETAC 100 mg/kg, (H) Rd.ETAC 300 mg/kg, (I) n-Hexane (Rd.n-Hex 50 mg/kg), (J) Rd.n-Hex
100 mg/kg, (K) Rd.n-Hex 300 mg/kg, (L) aqueous (Rd.Aq 50 mg/kg), (M) Rd.Aq 100 mg/kg, (N) Rd.Aq 300 mg/kg, (O) emodin 10 mg/kg, (P) emodin 30 mg/kg,
(Q) emodin 50 mg/kg, and (R) omeprazole 20 mg/kg.
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complexes were used to initiate the simulation process for the
period of 50 ns. The dynamic stabilities of the systems were
calculated and plotted using root-mean square deviation

(RMSD) analysis. For the emodin-H+/K+ATPase and
emodin-voltage gated L-type calcium channel top-ranked
docked complex, trajectories analysis using RMSD plot
confirms the stability of protein backbone atoms throughout
the simulation run (50 ns) with an average RMSD value of
4.118 Å and 4.185 Å, respectively Supplementary Figures S4A,
S5A. The emodin trajectory analysis reveals a nearly constant
RMSD throughout the simulation process. A constant ligand
RMSD, with an average RMSD of 0.380 Å (emodin- H+/
K+ATPase) and 0.236 Å (emodin-voltage gated L-type
calcium channel), indicates that the ligand did not flip or
move during simulations (Supplementary Figures S4B,
S5B). The RMSF plot revealed that the residues involved in
binding were more stable than the rest of the protein’s residues.
The average RMSF value was estimated to be 29.925 Å (emodin-
H+/K+ATPase) and 23.068 Å (emodin-voltage gated L-type
calcium channel) which also highlighted the high degree of
flexibility of protein due to loop regions (Supplementary
Figures S4C, S5C). All of the energy values were calculated
as the average of 150 snapshots from the MD trajectories of the
last 10 ns. The total free energies (ΔTOTAL) calculated for
emodin- H+/K+ATPase docked complex in the case of
MMGBSA and MMPBSA
were −21.2321 and −22.6338 kcal mol-1, respectively
(Supplementary Table S5). On the other hand, the
MMGBSA and MMPBSA values estimated for emodin-
voltage gated L-type calcium channel were −14.2361 kcal mol-
1 and −13.5124 kcal mol-1, respectively, (Supplementary Table
S6). The overall estimated energy values were found to be within

FIGURE 5 | Effect of Rumex dentatus crude extract (Rd.Cr), n-hexane
(Rd.n-Hex), ethyl acetate (Rd.ETAC) fraction, emodin, and omeprazole
against H+/K+-ATPase in ethanol treated rats’ gastric tissues. Values
expressed as mean ± SEM (n = 3). One-way ANOVA with post-hoc
Tukey’s test. ###p < 0.001 vs. saline group, ***p < 0.001 vs. Ethanol group.

FIGURE 6 | Effect of Rumex dentatus crude extract (Rd.Cr), n-hexane (Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous fraction (Rd.Aq), emodin, and omeprazole
groups against (A) glutathione-S-transferase (GST), (B) reduced glutathione (GSH), (C) catalase, and (D) lipid peroxidation (LPO) in ethanol-treated rats’ gastric tissues.
Values expressed as mean ± SEM (n = 3). One-way ANOVA with post-hoc Tukey’s test. ###p < 0.001 vs. saline group.
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an acceptable range and confirming the docked complexes’
stability. Overall the MD simulation findings and MMPBSA/
GBSA calculations are consistent with the in-vitro, in-vivo, and
docking results.

DISCUSSION

Multiple disorders are involved in GIT as it is expanded in various
body organs and covers a larger area. The prevalence of GIT
disorders are increasing around the globe. IBS, gastric and peptic
ulcers, colorectal cancers, constipation, diarrhea, GERD, and H.
pylori infection are some of the GIT disorders that are prevalent
worldwide (Jones et al., 2017). Based on Rumex dentatus
ethnopharmacological use in gastrointestinal problems such as
dysentery, gastritis, inflammation, and wound healing (Zhang
et al., 2012). The antidiarrheal, antisecretory, antispasmodic,
charcoal meal gastrointestinal motility, antiulcer effects, and
toxicity of Rumex dentatus crude extract, fractions, and one of
the primary phytoconstituents were studied. To rationalize the
plant’s aforementioned ethnomedicinal uses, in-silico, in-vitro,
in-vivo, and molecular approaches were used to elucidate possible
underlying mechanism(s). Alkaloids, anthraquinones, cardiac
glycosides, coumarins, flavonoids, saponins, tannins, and
terpenoids are among the phytoconstituents found in Rumex
dentatus extract. GC-MS analysis revealed the presence of
different compound peaks. Amongst compound peaks oleic
acid, phthalic acid, octanoic acid, 6-octadecenoic acid, certain

glycosides polysaccharides, and other compounds obtained are
reported to have effect as anti-inflammatory, anti-ulcer, and in
other gastrointestinal diseases (Cipriani et al., 2008; Kaithwas and
Majumdar, 2010; Nassar et al., 2013; Boniface et al., 2020). The
obtained effectiveness in GI ailments can be attributed to the
phytochemical profile of this plant. Spectral analysis of Rumex
dentatus in literature reveals the presence of emodin as one of the
main phytoconstituents. HPLC and LCMS data indicating the
presence of emodin are available (Jeelani et al., 2017). Emodin has
been examined for its effectiveness in gastrointestinal ailments.
Therefore, we examined different fractions of Rumex dentatus
along with emodin for its pharmacological efficacy in GIT up to
the molecular level. Rd.Cr, Rd.ETAC and Rd.n-Hex showed
protective effects against castor oil-induced diarrhea, similar to
loperamide, a standard medicine, and its likely underlying
mechanism was determined using isolated tissue preparations
that were also linked to a reduction in gastrointestinal motility. In
mice, these extracts were found to protect against castor oil-
induced intestinal fluid secretion. Antidiarrheal and antisecretory
actions are mediated by a gut relaxant constituent found in
Rumex dentatus. Rd.Aq fraction and emodin on the other
hand did not show potent antidiarrheal and antisecretory
effects. In test doses, Rd.n-Hex, Rd.ETAC, and emodin in the
small intestine suppress the propulsion of charcoal marker,
similar to the standard medicine atropine sulfate (Ansari et al.,
2021), which has a strong anticholinergic activity on intestinal
transit. A decrease in GIT motility tone increases the retention of
substances in the intestine, allowing for improved water

FIGURE 7 | Histopathological slides showing the effect of Rumex dentatus crude extract (Rd.Cr), n-hexane (Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous fraction
(Rd.Aq), emodin, and omeprazole in ethanol-treated rats gastric tissues using hematoxylin and eosin staining histopathological technique. Bar 50 μm,magnification ×40.
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absorption. Rd.Cr and Rd.Aq didn’t show much potent effect.
These findings suggested that the plant had an antimotility effect
via altering the peristaltic movement of the gut. The importance

of many physiological mediators, such as acetylcholine,
histamine, substance P-cholecystokinins, prostaglandins, and
5-hydroxytryptamine, as well as some ion channels, such as

FIGURE 8 | Effect of Rumex dentatus crude extract (Rd.Cr), n-hexane (Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous fraction (Rd.Aq), emodin, and omeprazole on
apoptotic markers. (A) Tumor necrosis factor-alpha (TNF-α), (B) cyclooxygenase 2 (COX-2), and (C) phosphorylated-nuclear factor-kappa B (p-NFκB) in ethanol-treated
rats gastric tissues using immunohistochemical technique. Bar 50 μm, magnification ×40.
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K+ or Ca++, in gastrointestinal system regulation, is well
recognized. Furthermore, most spasmolytic drugs have been
shown to have therapeutic potential in diarrhea by relaxing
the smooth muscle of the gut, which helps to keep luminal
fluid in the bowl (Rehman et al., 2012). In spontaneously
contracting rabbit jejunum preparations, the extracts were
examined for their probable spasmolytic effect, Rd.Cr and
Rd.ETAC suppressed both spontaneous and K+-induced
contractions with similar potency. Similarly, papaverine, a
PDE and Ca++ influx inhibitor (Ansari et al., 2019), produced
a similar pattern of inhibition with comparable potency against
spontaneous and K+-induced contractions, whereas Rd.n-Hex
shows verapamil-like effect, a standard Ca++ antagonist
(Mehmood et al., 2015), was relatively selective in its
inhibitory effect on K+-induced contractions. Pretreatment of
the tissue with the extracts shifted the Ca++ CRCs to the right,
similar to that generated by papaverine or verapamil, indicating
the presence of calcium antagonist constituent(s). The fact that
plant extract has a comparable inhibitory pattern to papaverine
against spontaneous and K+-induced contractions suggests that it
may have another mechanism implicated in the spasmolytic
effect, such as PDE inhibition. The PDE inhibitory-like effect
was confirmed when the Rd.Cr and Rd.ETAC potentiated the
isoprenaline-induced relaxant effect, which was similar to that
produced by papaverine, whereas Rd.n-Hex, Rd.Aq, emodin, and
verapamil had no such effect. Ulcer therapy’s primary objectives
are to treat pain, heal the ulcer, and prevent it from recurring. H+/

FIGURE 9 | Inhibitory effect of Rumex dentatus crude extract (Rd.Cr),
n-hexane (Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous fraction (Rd.Aq),
emodin, and omeprazole against cyclooxygenase 2 (COX-2), tumor necrosis
factor-alpha (TNF-α) and phosphorylated-nuclear factor-kappa B
(p-NFkB) expression in ethanol-treated rats’ gastric tissues, using
immunohistochemical technique. Values expressed as mean ± SEM (n = 3).
One-way ANOVA with post-hoc Tukey’s test. ###p < 0.001 vs. saline group,
***p < 0.001 vs. ethanol group.

FIGURE 10 | Effect of Rumex dentatus crude extract (Rd.Cr), n-hexane (Rd.n-Hex), ethyl acetate (Rd.ETAC), aqueous fraction (Rd.Aq), emodin, and omeprazole
groups against (A) interleukin 8 (IL-8), (B) prostaglandin E2 (PGE2), (C) phosphorylated-nuclear factor kappa B (p-NFƙB), and (D) tumor necrosis factor alpha (TNF-α) in
ethanol treated rats gastric tissues, measured by enzyme-linked immunosorbent assay (ELISA) technique. Values expressed as mean ± SEM (n = 3). One-way ANOVA
with post-hoc Tukey’s test. ###p < 0.001 vs. saline group, **p < 0.01, ***p < 0.001 vs. Ethanol group.
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K+ ATPase is a proton pump involved in gastric acid secretion
and the only major common pathway for hydrochloric acid
secretion in the stomach. Because of the key mechanistic
significance of gastric acid regulation in the GIT, it was
evident that inhibiting proton transport into the stomach by
interfering with the proton pump mechanism was the ideal target
for the development of new anti-ulcer medications as well as relief
from GERD symptoms (Mishra, 2016). Consequently, in the
present experiment Rd.Cr, Rd.ETAC, Rd.n-Hex, and emodin is
being analyzed for an in-vitro H+/K+-ATPase inhibitory assay,
Rd.n-Hex and Rd.ETAC shows proton pump inhibitory action
equivalent to that of the standard medicine omeprazole, an
irreversible proton pump inhibitor. RT-PCR study revealed
that the expression levels of H+/K+-ATPase in Rd.Cr,
Rd.ETAC, and emodin were dramatically reduced, indicating
that the anti-ulcer mechanism of the plant is displayed
through proton pump inhibition pathway at the molecular
level. As a result, RT-PCR research confirmed that Rumex
dentatus exerts its gastroprotective action through a proton
pump inhibitory mechanism. Various aggressive (acid, pepsin,
and Helicobacter pylori infection) and protective (mucin

secretion, prostaglandin, epidermal growth factors, and
bicarbonate) factors play a key role in the production and
release of acids in the gastrointestinal tract. Disturbance in
these variables causes the mucosal barrier to break down,
exposing the gastric lining to various enzyme and acid
productions, resulting in ulcers (Ansari et al., 2019). The
plant’s beneficial effect was investigated using an ethanol-
induced gastric model, which stimulated ulcers through a
variety of mechanisms such as free radicals OH, NO
production, mucus exhaustion, mucosal damage, and the
release of superoxide anion, which ultimately prolonged tissue
oxidative stress and numerous studies have suggested that
proinflammatory mediators such as interleukin-8 (IL-8), TNF-
α, COX-2 upregulation, and NF-ƙB activation, play a role in
inflammatory cascades (Khan et al., 2011). The etiology of gastric
ulcers is complicated by oxidative stress (Sisay et al., 2017). Rd.Cr,
Rd.ETAC, Rd.n-Hex, and emodin reduced gastric lipid
peroxidation and increased GSH, GST, and catalase levels,
implying that the plant’s anti-ulcerogenic properties are linked
to its antioxidant profile. The antiulcer activity of extract may

FIGURE 11 | Inhibitory effect of Rumex dentatus crude extract (Rd.Cr),
ethyl acetate (Rd.ETAC), n-hexane fraction (Rd.n-Hex), emodin, and
omeprazole against cyclooxygenase 2 (COX-2), tumor necrosis factor-alpha
(TNF-α), phosphorylated-nuclear factor-kappa B (p-NFƙB) and β-actin
expression in ethanol-treated rats’ gastric tissues, using western blot
technique. Values expressed as mean ± SEM (n = 3). One-way ANOVA with
post-hoc Tukey’s test. ###p < 0.001 vs. saline group, ***p < 0.001 vs. Ethanol
group.

FIGURE 12 | Inhibitory effect of Rumex dentatus crude extract (Rd.Cr),
n-hexane (Rd.n-Hex) fraction, emodin, and omeprazole against mRNA of H+/
K+ATPase expression in ethanol-treated rats’ gastric tissues, using real-time-
polymerase chain reaction (RT-PCR) technique. Values expressed as
mean ± SEM (n = 3). One-way ANOVA with post-hoc Tukey’s test. ###p <
0.001 vs. saline group, ***p < 0.001 vs. ethanol group.

TABLE 5 | Effects on organs weight of rats in extract (at limit dose 2000 mg/kg
b.w. p.o.) treated and control groups.

Organs Control Rd.Cr (2,000 mg/kg)

Heart 0.34 ± 0.2 g 0.41 ± 0.4 g
Kidney 1.2 ± 0.1 g 1.15 ± 0.3 g
Liver 6.4 ± 0.3 g 6.9 ± 0.2 g
Brain 1.42 ± 0.2 g 1.49 ± 0.1 g
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refer to its mechanism similar to CCB, as Ca+2 antagonist is
known for such effects as explored earlier (Alican et al., 1994).
Monitoring inflammatory mediators may potentially be a useful
tool for preventing gastric lesions (Ansari et al., 2021). The
protein expression of IL-8, TNF-α, PGE-2, and p-NF-kB was
measured using an ELISA method. Rd.Cr, Rd.ETAC, Rd.n-Hex,
and emodin cause a considerable reduction in the expression of
IL-8, TNF-α, and p-NF-ƙB. The anti-inflammatory profile of the
plant was validated by Western blot analysis and comparable
findings were revealed with reduced expression of COX2, TNF-α,

p-NF-KB, and increased expression of PGE2 in the treated
groups. Hence, the plant’s protective action could be
attributable to its anti-inflammatory properties. These results
are further supported by immunohistochemistry screening of
gastric tissues. By lowering the expression of the inflammatory
markers COX-2, TNF-α, and p-NF-KB and enhancing the
expression of PGE2, the plant protects the gastric tissues.
Finally, histological analysis of gastric tissues revealed that the
extracts-treated groups had improved cellular infiltration and cell
morphology. Dealing with multidrug-resistant (MDR)
microorganisms is a key issue in the chemotherapeutic
management of infectious diseases, thus researchers are
focused on natural products to discover novel antibacterial,
antifungal, and anti-parasitic medicines. Plant-based medicines
are a rich source of safe and effective treatments that have been
employed in crude form as well as pure isolated substances
throughout history (Ullah et al., 2019). We used the disc
diffusion method to test the antibacterial potential of Rumex
dentatus against H. pylori in this investigation. The results
revealed that Rd.n-Hex has substantial antibacterial potential,
however, the effect of the remaining fractions and emodin was
insignificant. The above-mentioned substances’ potent
antibacterial effect was also confirmed by determining their
MIC. H. pylori is the most common cause of peptic ulcers,
which are caused by erosion of the gastric and duodenal
mucosa. R. Aq on the other hand didn’t show promising
results in the aforementioned activities that can be justified by
the absence of the active phytoconstituent required for
effectiveness in GI diseases. Therefore, due to being in an
active fraction it was not evaluated further for detailed

FIGURE 13 | Effect ofRumex dentatus crude extract (Rd.Cr) on (A) superoxide dismutase (SOD), (B) catalase, (C) lipid peroxidation (LPO), (D) reduced glutathione
(GSH), (E) liver function tests (LFTs), and (F) renal function tests (RFTs) in rats’ tissues.

TABLE 6 | Effects of the extract (at limit dose 2,000 mg/kg b.w. p.o) and control
groups on lipid profile and complete blood count (CBC) in rats.

Parameters unit Control Rd.Cr (2,000 mg/kg)

Cholesterol mg/dl 155 ± 1.5 170 ± 1.8
Triglycerides mg/dl 130 ± 1 145 ± 1.2
H.D.L (cholesterol) mg/dl 27 ± 0.68 31 ± 0.53
L.D.L (cholesterol) mg/dl 107 ± 1.24 115 ± 0.78
V.L.D.L mg/dl 30 ± 0.45 25 ± 1.2
Hb g/dL 11 ± 0.08 11.9 ± 0.13
Total RBC *106/uL 5.02 ± 0.2 5.5 ± 0.06
HCT % 30.2 ± 0.8 37.5 ± 0.6
MCV Fl 53 ± 0.05 46.5 ± 1.15
MCHC g/dL 33 ± 0.32 29.5 ± 1.16
Platelets *105/uL 290 ± 2.5 245 ± 1.9
WBC count (TLC) *103/uL 2.2 ± 0.11 3.5 ± 0.2
Neutrophils % 10 ± 0.053 10.6 ± 0.04
Lymphocytes % 82 ± 1.8 86 ± 0.9
Monocytes % 4 ± 0.12 3 ± 0.08
Eosinophils % 2 ± 0.11 1 ± 0.04
MCH pg 15.7 ± 0.6 16 ± 0.018
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molecular studies. To ensure the safety of herbal drugs, a
preliminary toxicological examination is required. Despite the
fact that Rumex dentatus have valuable pharmacological effects,
there has been a lack of knowledge about its toxicity potential. As
a result, the current study was carried out in an animal model to
assess the acute toxicity of Rumex dentatus crude extract, in
accordance with OECD guidelines 425 (Saleem et al., 2017), as an
acute oral toxicity study is required to determine the safer dose
range to manage the drugs’ clinical signs and symptoms.
Chemicals are classified into five classes based on their LD50
(Persson et al., 2017) according to a globally harmonized
classification method. Rumex dentatus belongs to group 5
(LD50 > 2,000 mg/kg), which suggests that it is in the lower
toxicity class. The preliminary findings suggested that the herb’s
safety should be further investigated for long-term use and
repeated dose effects. Molecular docking was used to evaluate
the ligand’s affinity for calcium channels and H+/K+-ATPase.
Docking is now used as a preliminary step to confirm the
interaction of a ligand with its target (Faheem et al., 2018).
The positive docking results in the form of binding affinities
and hydrogen bonds were the reason for molecular dynamics
(MD) simulations to confirm the interaction of emodin with
calcium channels and H+/K+ATPase. Researchers working on
drug development and discovery are becoming more interested in
MD simulations. This technique can be used to assess
conformational changes, atomic structure positioning, identify
the mutation, protonation, phosphorylation, and most
importantly, the interactions of any atom, target, or ligand
with its environment (Karplus and McCammon, 2002). The
MD simulation was initially used in 1970 and it later attracted
a large number of scientists, who use it to test their newly
developed/discovered compounds. Many researchers have used
it to compare and correlate results from animal studies
(McCammon et al., 1977). We also run a 50ns MD
simulations of two complexes. Complexes were evaluated for

stability using the Amber 18 software package for
50 nanoseconds. The complexes were found to be stable, with
RMSF and RMSD values that were within a range and a favorable
interaction that determined the ligands’ affinity for their targets.

CONCLUSION

In conclusion, our experimental findings provide substantial
evidence that Rumex dentatus extracts and its
phytoconstituent could be considered as a potent
antioxidant and anti-inflammatory drug candidates that
possess anti-diarrheal, anti-secretary, antispasmodic, anti-
H. pylori, and anti-ulcer potential. Furthermore, we
demonstrated the involvement of the H+/K+-ATPase
pathway in the gastroprotective activity. It elevates the level
of protective GST, GSH, catalase, and down-regulates
oxidative stress marker (LPO). It reverses the ethanol-
induced pathological changes, confirmed by H&E staining
and IHC staining of gastric tissues. We also analyzed certain
safety aspects of Rumex dentatus and it exhibited a relative
safety profile as no impairment was observed in kidneys,
heart, liver, and brain further assisted by biochemical and
hematological analysis. Due to multi effective properties, it
may reduce polypharmacy, be economically cost-effective,
decrease medication error, drug-drug interactions, and
effective in gastrointestinal disorders (Supplementary
Figure S6).
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Acacia sieberiana (Fabaceae)
attenuates paracetamol and Bile
Duct Ligation-Induced
hepatotoxicity via modulation of
biochemical and oxidative stress
biomarkers
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Mubarak Hussaini Ahmad  2*
1Department of Biochemistry, Faculty of Science, University of Maiduguri, Maiduguri, NG, Nigeria,
2Department of Pharmacology and Therapeutics, Ahmadu Bello University, Zaria, KD, Nigeria

Background: The plant Acacia sieberiana (Fabaceae) is traditionally used to manage

hepatitis. This research work aims to investigate the hepatoprotective effectiveness

of root bark extract of Acacia sieberiana (ASE) against paracetamol (PCM) and bile

duct ligation (BDL)-induced hepatotoxicity. The phytochemical and median lethal

dose (LD50) investigations were conducted. The rats were pre-treated with the ASE

(250, 750, and 1,500mg/kg) once daily via oral route for 7 consecutive days. On the

8th day, liver injurywas initiated by PCM administration (2 g/kg). Similarly, in the BDL-

induced liver injury, the animals were administered ASE (125, 250, and 380mg/kg)

intraperitoneally for 7 consecutive days. After 24 h, blood samples andhepatic tissues

were obtained for biochemical and histopathological investigations.

Results: Phytocomponents determination revealed glycosides, triterpenes,

glycosides, saponins, tannins, flavonoids and alkaloids. The oral and

intraperitoneal LD50 values of the ASE were >5,000 and 1,300mg/kg,

respectively. The ASE efficiently (p < 0.05) decreased the alanine transaminase

(ALT) and aspartate transaminase (AST) levels and elevated the albumin and total

protein (TP) levels. The direct bilirubin effectively (p < 0.05) decreased at 750mg/kg.

Besides, the extract efficiently elevated the glutathione peroxidase (GPx), superoxide

dismutase (SOD), and catalase (CAT) in relation to the PCM hepatotoxic group. Also,

the malondialdehyde (MDA) concentration was reduced by the ASE. Meanwhile, in

the BDL–induced liver injury, the ASE remarkably (p < 0.05) declined the AST, ALP,

bilirubin,and MDA. Besides, there was effective (p < 0.05) elevation in SOD, GPx and

CAT in the ASE-treated groups. The morphology of liver tissue was preserved at

125 and250mg/kgASEgroups fromBDL-inducednecrosis andvascular congestion.

Conclusion: The study shows that the ASE has hepatoprotective actions against liver

damage by possible modulation of biochemical and oxidative stress biomarkers.

KEYWORDS

hepatoprotective effects, medicinal plants, biochemical biomarkers, oxidative stress,
Acacia sieberiana var. woodii
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1 Introduction

The liver is the largest and one of the most essential organs

in the human body, weighing approximately 2%–3% of the

average body weight (Pingili et al., 2019; Yue et al., 2020). It

participates in a lot of physiological activities to keep the

normal body system in healthy conditions, such as

carbohydrate, lipids and protein metabolism; removal of

toxic agents and pathogens; immunological, digestive,

nutritional, and storage functions (Duncan et al., 2009;

Protzer et al., 2012; Khan et al., 2019; Elmasry, 2021).

Besides, the liver is the most important location for the

biotransformation of exogenous and endogenous chemical

compounds (Khan et al., 2019). It also participates in key

biochemical processes in the body such as growth, energy

production, reproduction, maintaining blood glucose level in

the fasting stage by gluconeogenesis and glycogenolysis;

supply of energy to muscle and brain during starvation;

and synthesis of blood clotting factors (Khan et al., 2011;

Pingili et al., 2019).

As a result of its diverse functions, the liver is frequently

vulnerable to both direct and indirect toxic agents

(Uzunhisarcikli and Aslanturk, 2019). Hepatic disorders,

including cirrhosis, hepatitis, fibrosis and hepatocellular

carcinoma, are among the main health care obstacles

globally (Elufioye and Habtemariam, 2019). Some factors

associated with the pathogenesis of liver disease include

lipid peroxidation, reactive oxygen species (ROS),

complement factors and pro-inflammatory mediators

(chemokines and cytokines) (Elufioye and Habtemariam,

2019). Although the liver has a natural capability to

regenerate its lost tissues, certain hepatic injuries or

diseases sometimes tend to progress beyond this ability and

may result in liver failure or death (Michalopoulos, 2017).

Generally, the undiagnosed or unmanaged hepatic injury may

progress from acute hepatitis of mere inflammatory reactions

to chronic fibrosis, cirrhosis or liver failure (Tag et al., 2015).

Besides, it eventually affects the biological functions of body

organs (Younossi et al., 2011). Acute or chronic liver disorders

lead to high morbidity and cause about 2 million global deaths

annually (Asrani et al., 2019). The development and

progression of hepatic diseases could be implicated by

viruses (hepatitis A, B, and C), excessive alcohol intake,

malnutrition, and metabolic disorders (Miltonprabu et al.,

2016; Lin et al., 2017). Besides, drug-induced hepatic damage

serves as the second leading cause of the acute hepatic disorder

(Bernal et al., 2010). Some common drugs implicated in liver

diseases include paracetamol (PCM), anti-infective agents,

anticonvulsants and anti-inflammatory agents (Elufioye and

Habtemariam, 2019). Despite the advancement in orthodox

medical practice, no effective medications absolutely protect

the liver against damage, stimulate its functions, or enhance

its hepatic cell regeneration (Madrigal-santillán et al., 2014).

Therefore, it is vital to investigate more effective and less toxic

alternative therapies to manage liver diseases (Abenavoli et al.,

2018; Ma et al., 2020).

Herbal preparations have gained attention in traditional

practice against many diseases (Usman et al., 2021).

Approximately 75% of the global personalities use herbal

preparations for their basic health needs (Muhammad

et al., 2021). The biological screening of medicinal plants

has motivated the discovery of noble and effective agents

against various disorders (Ahmad et al., 2020). About one-

third of the medicinal products used in modern medicine were

obtained from medicinal plants (Usman et al., 2021). Besides,

herbal preparations have gained popularity in traditional

practice for their therapeutic uses against hepatic diseases,

which stimulates interest in exploring complementary and

alternative medicine to develop therapeutically effective

compounds against hepatic disorders (Miltonprabu et al.,

2016; Ali et al., 2019). Biological investigations have

validated the liver protective effect of medicinal plants

(Park et al., 2019; Anyasor et al., 2020). Similarly, natural

antioxidant compounds have gained attention for utilization

against hepatic ailments by virtue of the role played by

oxidative stress in the pathogenesis of hepatic disease

(Rašković et al., 2014).

The plant Acacia sieberiana var Woodii (Fabaceae) is a

tree of 3–25 m in height and 0.6–1.8 m in diameter (Ngaffo

et al., 2020). The bark is yellowish in colour and rough with

gummy exudates. The leaves are sparse and hairy, while the

flowers are cream, white or pale yellow (Dawurung et al.,

2012). The plant possesses dehiscent shiny brown fruits of

approximately 1.3 cm in thickness, 9–21 cm in length and

1.7–3.5 cm in diameter (Dawurung et al., 2012). It is frost and

drought resistant and grows in the savannah area with many

botanical structures throughout the Sahel and other African

nations (Ameh and Eddy, 2014). It is commonly distributed in

Ethiopia, Benin, Chad, Gambia, Cameroon, Ghana, Kenya,

Liberia, Zimbabwe, South Africa, Mozambique, Senegal, Mali,

Mauritania, Namibia, Sierra Leone, Swaziland, Sudan,

Nigeria, Portugal, Tanzania, Uganda, Zambia, Togo, and

India (Ameh and Eddy, 2014). In Nigeria, the plant is

available as an economic tree in the Northern regions,

including Yobe, Jigawa, and Sokoto States (Ameh and

Eddy, 2014). It is commonly referred to as umbrella thorn/

white thorn/paperback thorn/flat-topped thorn or paperback

in English, Farar kaya in Hausa, Aluki or Sie in Yoruba, Siyi in

Igbo, Daneji in Fulfulde languages (Ameh and Eddy, 2014;

Salisu et al., 2014).

Previous studies on the phytochemical contents in the Acacia

sieberiana resulted in isolation of gallic acid, kaempferol, ellagic

acid, quercetin, isoferulic acid, kaempferol 3-α-L-arabinoside
and quercetin 3-O-β-D-glucoside (Abdelhady, 2013). Other

secondary metabolites including luteolin-7-O-rutinoside,

chrysoeriol-7-O-rutinoside, apigenin-7-O-β-D-glucopyranoside,
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chrysoeriol-7-O-β-D-glucopyranoside, luteolin, luteolin-3′,4′-
dimethoxylether-7-O-β-D-glucoside and sitosterol-3-O-

β-D-glucoside, were isolated from the leaves of the plant

(Ngaffo et al., 2020). The stem and leaves of Acacia sieberiana

contains dihydroacacipetalin and acacipetalin (Seigler et al.,

1975).

The root decoction of Acacia sieberiana is utilized in

Nigeria to treat hepatic diseases (Ohemu et al., 2014). The

bark and stem of the Acacia sieberiana are also used to

manage jaundice (Dawurung et al., 2012). Despite the

ethnomedicinal applications of the Acacia sieberiana in

folk medicine to manage liver diseases, no study in the

literature scientifically documents its ameliorative actions

against liver damage. Hence, the current study evaluates

the effect of the methanol root bark extract of Acacia

sieberiana on PCM- and bile duct ligation-induced liver

injuries.

2 Materials and methods

2.1 Plant collection

The plant Acacia sieberiana was obtained from Samaru,

Kaduna State, Nigeria. It was identified and validated by

Mallam Namadi Sanusi at the herbarium unit of Biological

Sciences Department, Ahmadu Bello University (ABU), Zaria,

Nigeria (Specimen number = 16,136).

2.2 Animals

Adult Wistar rats (males and females) ranging from 120 to

200 g were sourced from the Animal Facility of the Department

of Pharmacology and Therapeutics, ABU, Zaria, Nigeria. They

were maintained in well-ventilated animal cages (temperature

22 ± 3°C, relative humidity of 30%–70%) and provided with

sufficient animal feed (Vital feed, Jos, Nigeria). Sufficient water

was supplied to the animals ad libitum. The rats acclimatized to

the laboratory environment for two weeks before the research

work commenced. The study was conducted in accordance with

the ABU Ethical Committee on Animal Use and Care Research

Policy (ABUCAUC/2016/049) and ARRIVE (Animal Research:

Reporting of In Vivo Experiments) guidelines. On completing the

experiment, the rats were anaesthetized, euthanized by cervical

dislocation and buried as per the ABU’s guideline for appropriate

disposal of experimental animals remain.

2.3 Extraction

The fresh root barks of Acacia sieberiana were air-dried in

a shaded environment to a uniform weight and size reduced

with mortar and pestle. Then 2,500 g of the powdered material

was soaked in 10 L of 70%v/v methanol in a conical flask for

72-h with frequent shaking. The mixture was filtered with

Whatman filter paper (No. 1). The filtrate was concentrated

on a water bath maintained at 50°C to obtain the extract,

packaged and labeled as Acacia sieberiana extract (ASE). The

mixture of the ASE was prepared freshly for each experiment

with distilled water.

Then the extractive value of the extract was obtained as

follows:

Extractive value (%) � Weight of the crude ASE (g)
Weight of the size reduced plant (g)

× 100

2.4 Phytochemical determination

Preliminary phytochemical determination of the ASE was

conducted using an appropriate procedure (Sofowora, 1993).

2.5 Acute toxicity evaluation

The intraperitoneal (i. p) and oral acute toxicity determination

on the ASE were determined in rats in two phases (Lorke, 1983). In

the 1st stage, 9 animals were categorized into 3 different groups (n =

3), administered the ASE via oral route at 10, 100 and 1,000 mg/kg

and then observed for 24-h for signs of harmful effects or loss of life.

In the 2nd stage, 3 rats were categorized into 3 groups (n = 1 rat per

group) administered with the higher doses of the extract orally (600,

2,900, and 5,000 mg/kg) and observed for possible signs of harmful

effects and mortality. The same procedure was followed to

determine the i. p acute toxicity. The estimated oral and i. p

median lethal doses (LD50) were estimated by taking the

geometric mean of the highest non-lethal and the lowest lethal

doses as follows:

LD50 � √(maximum non − lethal dose × minimum lethal dose)

2.6 Hepatoprotective effects

2.6.1 Paracetamol-induced hepatotoxicity in rats
The procedure previously described by (Mahmood et al.,

2014) was used. The rats were randomly categorised into

6 various groups (n = 5) and treated as follows:

Group 1: Distilled water (1 ml/kg, p. o) once daily for 7 days

Group 2: Distilled water (1 ml/kg, p. o) once daily for 7 days

Group 3: Silymarin (50 mg/kg, p. o) once daily for 7 days

Group 4: ASE (250 mg/kg, p. o) once daily for 7 days
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Group 5: ASE (750 mg/kg, p. o) once daily for 7 days

Group 6: ASE (1,500 mg/kg, p. o) once daily for 7 days

Following the administration in the above groups (except

group 1), liver damage was induced by the PCM (2 g/kg)

administration (8th day). The rats were anaesthetised with

chloroform soaked in cotton, put into an inhalational

chamber, and euthanized by cervical dislocation. The blood

samples were obtained from the various groups in bottles and

centrifuged at 3,000 revolutions per minute (rpm) for 10 min.

The obtained sera were assayed for biochemical biomarkers

such as alanine transaminase (ALT), aspartate transaminase

(AST), alkaline phosphatase (ALP), albumin, total protein

(TP), total bilirubin (TB) and direct bilirubin (DB). The

oxidative stress markers, namely; catalase (CAT),

glutathione peroxidase (GPx), superoxide dismutase (SOD),

and malondialdehyde (MDA), were also analysed. The livers

were excised and placed in 10% formalin for histopathological

examination.

2.6.2 Bile duct ligation-induced liver injury
The method reported by (Tag et al., 2015) was employed. A

total of fifty (50) male animals were anaesthetized with thiopental

sodium (40 mg/kg, i. p). The abdominal furs of the rats were

shaved off, and a short incision of about 2 cm was made below

the xiphoid process of the abdomen to expose the bile duct

region. Double ligation was placed at the common bile duct of

forty-four 44) of the rats such that the bile did not flow. The

incisions were then sutured, and the animals were kept to recover

(fully awake and active). Thirty (30) out of the 44 double ligated

rats that were fully awake and active within 24-h were selected

and categorized into 5 groups of 6 rats each, while the 6 non-

ligated rats served as a negative control for the study and were

treated as follows:

Group 1 (non-ligated): Distilled water (1 ml/kg, p. o) once

daily for 7 days

Group 2: Distilled water (1 ml/kg, p. o) once daily for 7 days

Group 3: Silymarin (50 mg/kg, p. o) once daily for 7 days

Group 4: ASE (125 mg/kg, i. p) once daily for 7 days

Group 5: ASE (250 mg/kg, i. p) once daily for 7 days

Group 6: ASE (380 mg/kg, i. p) once daily for 7 days

Then 24-h post-treatment, the animals were anaesthetised

with chloroform and euthanized. The blood samples were

obtained from the various groups in bottles and centrifuged at

3,000 rpm. The obtained sera were assayed for biochemical

biomarkers such as ALT, AST, ALP, TP, Albumin, TB, and

DB. The antioxidant markers namely; SOD, CAT, GPx, and

MDA, were also assayed. The livers were obtained for

histopathological examination.

2.7 Data analysis

The values obtained were expressed as mean ± standard

error of the mean (SEM) in tables. We used the one way

analysis of variance (ANOVA) to analyse the parameters,

followed by the Bonferonni post hoc test. The p ≤ 0.05 was

taken as significant.

3 Results

3.1 Extractive value

A sticky dark-brown solid residue of 115.78 g (4.63%w/w) with a

mild sweet smell was obtained from the 2,500 g powdered sample of

the crude root bark of A. sieberiana.

TABLE 1 Effects of ASE on liver biomarkers of rats in paracetamol-induced liver injury.

Liver biomarkers Treatment groups (per kg)

D/W (1 ml) D/W (1 ml)+
PCM (2 g)

Sily (50 mg)+
PCM (2 g)

ASE (250 mg)+
PCM (2 g)

ASE (750 mg)+
PCM (2 g)

ASE (1,500 mg)+
PCM (2 g)

ALT (IU/L) 11.33 ± 0.88 30.33 ± 2.03a 17.00 ± 1.15a,b 16.33 ± 1.45a,b 17.00 ± 2.65a,b 26.33 ± 3.76a

AST (IU/L 38.67 ± 3.48 45.33 ± 0.40a 41.00 ± 3.79b 37.33 ± 1.45b 38.33 ± 4.63b 41.35 ± 4.61

ALP (IU/L) 12.49 ± 1.18 13.58 ± 0.53 14.55 ± 1.05 14.05 ± 1.16 11.70 ± 1.03a 12.64 ± 1.05

Total Protein (g/dL) 9.37 ± 0.53 8.05 ± 0.09a 9.14 ± 0.19b 8.86 ± 0.17b 10.16 ± 0.91b 10.14 ± 0.95b

Albumin (g/dL) 3.85 ± 0.81 2.64 ± 0.27a 3.03 ± 0.56 3.25 ± 0.18b 3.46 ± 0.19b 3.00 ± 0.12b

Direct bilirubin (mmol/L) 3.03 ± 0.44 4.24 ± 0.68a 3.23 ± 0.21b 3.56 ± 0.43 3.18 ± 0.26b 4.07 ± 1.19

Total bilirubin (mmol/L) 5.30 ± 0.35 5.78 ± 0.41 5.33 ± 0.43 5.45 ± 0.30 5.16 ± 0.97 5.69 ± 0.46

N = 5; The parameters are expressed as mean ± SEM; One Way ANOVA followed by Bonferroni post hoc test.
ap < 0.05 significant compared to the D/
bp<0.05 significant compared to the D/W + PCM group. Sily = Silymarin; D/W = Distilled water; PCM = PCM; ALT = alanine aminotransferase; AST = aspartate aminotransferase; ALP =

alkaline phosphatase; ASE = Acacia sieberiana extract.
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3.2 Phytocomponents

The phytocomponents analysis on the ASE indicated cardiac

glycosides, saponins, tannins, triterpenes, flavonoids, and alkaloids.

The steroids and anthraquinones were not present.

3.3 Acute toxicity

Acute oral administration of ASE showed no death and

behavioural signs of toxicity at 5,000 mg/kg, and thus, the oral

LD50 of the ASE was determined to be ≥ 5,000 mg/kg. For the i. p

acute toxicity study, mortality was not recorded in the first phase of

the ASE treatments. However, the rats at all the increased doses

(1,600, 2,900 and 5,000 mg/kg) in the second phase died. Hence, the

i. p LD50 was about 1,300 mg/kg.

3.4 Paracetamol-elicited hepatic injury

3.4.1 Effects of Acacia sieberiana on liver
biomarkers of rats in paracetamol-elicited
hepatic injury

The liver of the PCM intoxicated group reflected a remarkable

(p < 0.05) upsurge in ALT, AST, and DB and an efficient decrease

(p < 0.05) in TP and albuminwhen related to the healthy group. The

group treated with silymarin and ASE (250 and 750 mg/kg)

remarkably reduced the PCM-induced elevated ALT and AST

concentrations in relation to the hepatotoxic control

group. Besides, the silymarin and ASE at all doses abolished the

significant (p < 0.05) reduction in TP caused by the PCM

intoxication. In addition, the extract at all doses efficiently (p <
0.05) increased the albumin level, while the silymarin pre-treatment

showcased a non-significant increase. There was a remarkable (p <
0.05) decline in the PCM-caused DB elevation in the silymarin and

ASE (750 mg/kg) treated groups. The effects of the ASE on the

hepatic biomarkers of rats in PCM-elicited liver injury are presented

in Table 1.

3.4.2 Effects of Acacia sieberiana on oxidative
stress biomarkers in paracetamol-elicited liver
injury

This result showed that the PCM-elicited hepatic damage

significantly reduced (p < 0.05) the SOD level in relation to the

healthy rats. However, the groups treated with the silymarin

and ASE at all doses efficiently (p < 0.05) and dose-

dependently elevated SOD plasma concentration related to

the PCM-hepatotoxic group. The concentration of the CAT

was not affected by the PCM intoxication. However, the CAT

level significantly increased (p < 0.05) in the categories that

received the ASE at 250 and 750 mg/kg compared to the

distilled water healthy and hepatotoxic groups. The PCM

intoxicated group elicited significant (p < 0.05) elevation in

the MDA concentration, which was reversed effectively (p <
0.05) by the silymarin and ASE at all doses. The PCM-induced

injury slightly and insignificantly reduced the GPx

concentration. However, its serum concentration was

increased in all the ASE pre-treated groups in relation to

the distilled water healthy group. There was an effective (p <
0.05) increase in the GPx in the silymarin pre-treated group in

relation to the PCM-intoxicated category. The actions of the

ASE on the oxidative stress biomarkers of rats in PCM-

induced liver injury are presented in Table 2.

3.4.3 Effects of Acacia sieberiana on the liver
histology in the paracetamol-elicited liver injury

The histopathological results of the rats’ livers after PCM-

induced liver injuries showed that the PCM produced intense

hepatocellular necrosis with sinusoid and vascular congestion.

At the same time, the group pre-treated with the standard

drug silymarin exhibited slight focal necrosis, lymphocyte

hyperplasia and vascular congestion. There was slight

TABLE 2 Effects of the ASE on oxidative stress biomarkers of rats in paracetamol-induced liver injury.

Treatment
groups (per kg)

Oxidative stress biomarkers

SOD (ng/mL) CAT (ng/mL) MDA (nmol/mL) GPx (ng/mL)

D/W (1 ml) 9.47 ± 1.64 40.94 ± 1.45 13.71 ± 0.65 92.39 ± 4.42

D/W (1 ml) + PCM 6.58 ± 0.74a 41.31 ± 2.39 27.00 ± 3.60a 89.62 ± 5.80

Sily (50 mg) + PCM 11.45 ± 1.61b 48.90 ± 6.64a 14.17 ± 1.19b 99.92 ± 1.61a,b

ASE (250) + PCM 10.71 ± 0.81b 45.58 ± 1.26a,b 12.28 ± 0.50b 99.88 ± 9.81

ASE (750) + PCM 12.55 ± 0.81a,b 53.91 ± 3.17a,b 11.93 ± 0.96b 97.06 ± 4.62

ASE (1,500) + PCM 13.22 ± 0.97a,b 40.82 ± 3.07 12.11 ± 0.65b 94.59 ± 9.77

N = 5; parameters are expressed as mean ± SEM; One Way ANOVA followed by Bonferroni post hoc test.
ap < 0.05 significant compared to the D/W.
bp < 0.05 significant compared to the D/W + PCM. Sily = silymarin; D/W = Distilled water; PCM = PCM; SOD = Superoxide dismutase; CAT = Catalase; MDA =Malondialdehyde; GPx =

glutathione peroxidise; ASE = Acacia sieberiana extract.
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kupffer cell hyperplasia and slight sinusoidal congestion in the

group that received ASE at 250 mg/kg, while the group pre-

treated with the ASE at 750 mg/kg showed vascular congestion

and slight vacuolation and necrosis. However, the group pre-

treated with 1,500 mg/kg of ASE showed intense

hepatocellular necrosis and lymphocyte hyperplasia. The

actions of the ASE on the hepatic histology of rats in

PCM-produced liver injury are shown in Figure 1.

3.5 Bile duct ligation-elicited hepatic
injury

3.5.1 Effects of Acacia sieberiana on hepatic
biomarkers of rats in bile duct ligation-induced
liver injury

All the liver biomarkers in the BDL-induced hepatic injured

group were elevated, which were significant (p < 0.05) for ALP,

FIGURE 1
Photomicrographs of hepatic sections of rats after 7-days of ASE pre-treatment in the paracetamol-induced liver injury (Haematoxylin and
eosin-stained at ×250 magnification). (A) Distilled water (1 ml/kg), (B) Distilled water (1 ml/kg) + PCM), (C) Sily (50 mg/kg) + PCM), (D) ASE
(250 mg/kg) + PCM), (E) ASE (750 mg/kg) + PCM), (F) ASE (1,500 mg/kg) + PCM), NH =Normal hepatocytes, N= Necrosis, SC = Sinusoid congestion,
VC = Vascular congestion, FN = Focal necrosis, LH = Lymphocytes hyperplasia, KH = Kupffer cell hyperplasia, SC = slight sinusoidal congestion,
MN = Moderate necrosis, ASE = Acacia sieberiana extract.
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AST, and bilirubins in relation to the non-ligated control

group. However, the BDL produced a non-significant

reduction in the albumin level related to the non-ligated

control group. The ASE non-significantly declined the ALT

and total protein levels at all doses compared to the BDL-

treated control group. The ASE also produced a remarkable

(p < 0.05) reduction in the AST (125 and 250 mg/kg), ALP

(250 and 380 mg/kg), direct and total bilirubin levels at all doses.

However, the ASE at higher doses (250 and 380 mg/kg) produced

a non-significant increase in the plasma albumin concentration.

The standard agent silymarin increased the ALT, total protein,

and albumin related to the BDL-ligated control category.

However, the ALP and AST declined insignificantly in the

category pre-treated with the silymarin in relation to the

BDL-ligated control group. Also, the direct and total bilirubin

reduced (p < 0.05) in the silymarin administered group. The

effects of the ASE on the hepatic biomarkers of rats in BDL-

induced liver injury are showcased in Table 3.

3.5.2 Effects of Acacia sieberiana on oxidative
stress biomarkers in bile duct ligation-induced
liver injury

The SOD and CAT concentration effectively (p < 0.05)

reduced in the BDL-induced liver injured group related to the

non-ligated control class. The MDA level was increased

significantly (p < 0.05) in the BDL-induced liver injured

group. In addition, the GPx level was slightly elevated in the

BDL-ligated group. The standard drug (silymarin) and ASE

(125 and 250 mg/kg) showed a remarkable (p < 0.05) upsurge

in the serum SOD concentration in comparison to the BDL-

treated control group. Similarly, the silymarin and extract elicited

dose-dependent and significant elevation in the CAT level. Also,

an efficient (p < 0.05) increase in the GPx was observed in all the

extract-treated groups. The standard agent (silymarin) and ASE

(125 mg/kg) showed a remarkable (p < 0.05) reduction in the

MDA serum concentration related to the BDL-treated control

group. The effects of the ASE on the oxidative stress biomarkers

of rats in BDL-induced liver injury are presented in Table 4.

3.5.3 Effects of Acacia sieberiana on the liver
histology in the bile duct ligation-induced liver
injury

The hepatocytes of the operated, non-ligated control group

were intact with normal structures. However, the BDL-injured

group showed moderate hepatic necrosis and vascular

congestion, which was slightly reversed in the group that

received the ASE at 125 mg/kg. The group treated with the

extract at 250 mg/kg showed lymphocyte hyperplasia. The

ASE at the highest dose (380 mg/kg) revealed Kupffer cell

hyperplasia and vascular congestion. The effects of the ASE

on the liver histology are shown in Figure 2.

4 Discussion

The liver is often exposed to diverse endogenous and

exogenous toxic xenobiotics, drugs, metabolic waste products,

and viral or bacterial agents which traverse it for detoxification or

excretion (Zhou et al., 2019). This predisposes the liver to the

harmful effects of drugs and other toxicants (Ramirez et al.,

2018). Therapeutic agents used against hepatic disorders possess

limited therapeutic efficacy. Hence, it has become imperative to

develop new, effective, safe drugs to manage liver disorders (Jin

et al., 2021). The use of abundant medicinal plants and formulas

with hepatoprotective efficacy to manage hepatic disorders has

gained considerable attention (Jadeja et al., 2015; Ilyas et al.,

2016). For example, the flavonoids extract of Silybum marianum

plant, currently standardised as silymarin has been reported to be

TABLE 3 Effects of ASE on liver biomarkers of rats in bile duct ligation-induced liver injury.

Liver biomarkers Treatment groups (per kg)

Non-ligated +
D/W (1 ml)

BDL +
D/W (1 ml)

BDL +
sily (50 mg)

BDL +
ASE (125 mg)

BDL +
ASE (250 mg)

BDL +
ASE (380 mg)

ALT (IU/L) 7.67 ± 0.88 8.33 ± 1.45 9.02 ± 1.00 6.67 ± 0.33c 7.00 ± 1.0 2 7.67 ± 1.45

AST (IU/L) 9.00 ± 1.15 24.67 ± 4.17a 20.00 ± 3.58a 12.05 ± 2.08b,c 10.50 ± 0.50b,c 19.67 ± 1.76a

ALP (IU/L) 12.87 ± 2.04 16.23 ± 0.84a 13.32 ± 2.18 15.93 ± 0.38a 12.57 ± 0.26b 13.93 ± 1.21b

Total Protein (g/dL) 5.98 ± 0.09 6.35 ± 0.90 6.78 ± 1.16 5.39 ± 0.60 5.59 ± 0.50 5.62 ± 0.64

Albumin (g/dL) 1.88 ± 0.37 1.43 ± 0.38 2.20 ± 0.16b 1.42 ± 0.31 1.64 ± 0.30 1.91 ± 0.13

Direct bilirubin (mmol/L) 0.33 ± 0.13 2.83 ± 0.08a 0.39 ± 0.08b 0.27 ± 0.04b 0.23 ± 0.10b 0.27 ± 0.04b

Total bilirubin (mmol/L) 0.56 ± 0.17 2.86 ± 0.08a 1.18 ± 0.23a,b 0.82 ± 0.27b 0.58 ± 0.10b 1.53 ± 0.10a,b

N = 6; The parameters expressed as mean ± SEM; One Way ANOVA followed by Bonferroni post hoc test.
ap < 0.05 significant compared to the Non-ligated + D/W.
bp < 0.05 significant compared to the BDL + D/W.
cp < 0.05 significant compared to the BDL + Sily; Sily = silymarin; D/W = Distilled water; BDL = Bile duct ligation; ALT = alanine aminotransferase; AST = aspartate aminotransferase;

ALP = alkaline phosphatise; ASE = Acacia sieberiana extract.
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an effective hepatoprotective agent ((Vargas-mendoza et al.,

2014; Papackova et al., 2018; Mukhtar et al., 2021). This

informed the rationale for the current experiment to evaluate

the effectiveness of the methanol root bark ofAcacia sieberiana in

the PCM and BDL-induced rat models of liver injury with altered

biochemical parameters, oxidative stress biomarkers and liver

histopathological alterations to validate its folkloric use in liver

diseases.

The acute toxicity evaluation is important in checking the

potentially noxious effects of chemical agents after acute

administration. Besides, it helps in the LD50 determination of

new bioactive compounds for biological screening (Musila et al.,

2017; Kpemissi et al., 2020). The lack of toxic indications and

death in animals following the acute administration of the

compound at a dose of 5,000 mg/kg after a 14-days

observation period showcases that the LD50 of the said

compound could be higher than the 5 g/kg (Qin et al., 2009).

Thus, the oral LD50 of the ASE in the current experiment might

be greater than 5,000 mg/kg, and it could be safe at that dose via

oral administration. However, mortality was observed following

the i. p administration of the ASE 1,600 mg/kg resulting in a

calculated i. p LD50 of 1,300 mg/kg, as an indication that it could

be relatively safe at the dose after acute i. p. Administration.

Paracetamol is among the hepatotoxic therapeutic agents

that cause acute hepatic failure at a high dose (Sinaga et al., 2021).

Approximately one-fourth of the administered PCM binds to

plasma protein and is partially biotransformed by the hepatic

microsomal enzymes. It can also be metabolized by conjugation

with glucuronic acid in the liver (Sinaga et al., 2021). The

cytochrome P450 changes about 5%–15% of PCM within the

therapeutic range to a highly reactive product N-acetyl-p-

benzoquinonymin (NAPBQI), which is easily nullified by

glutathione conjugation (Ohba et al., 2016). Following the

PCM intoxication, the NAPBQI targets the mitochondrial

protein and interferes with the energy production, generating

ROS, which leads to oxidative stresses and subsequently

generates hepatotoxicity (Yoon et al., 2016; Tsai et al., 2018).

The AST, ALT, and ALP are parameters that reveal the

hepatic metabolic activities (El Kabbaoui et al., 2017). The AST

and ALT have been particularly elevated in conditions that cause

hepatocellular damage that eventually causes leakage of these

enzymes into the blood in liver injuries (Ahmad et al., 2022; Li

et al., 2019). The ALP level increases in case of bile duct

obstruction and indicates liver or bone disorder (Sinaga et al.,

2021). The effective decline in the ALT and AST levels by the ASE

after the PCM hepatotoxic injury in the current work at the

250 and 750 mg/kg may be associated with its hepatoprotective

efficacy. Sometimes, the toxic injury had been reported not to

affect the ALP concentration, and this seemed to be confirmed in

this study in that the PCM toxic injury did not significantly

increase the ALP activity, unlike the ALT and AST.

The reduction in the total protein and albumin plasma

concentration and the elevated levels of total and direct

bilirubin in the hepatotoxic rats showcases interference of the

hepatic cellular integrity and function as a result of paracetamol

intoxication (Yoon et al., 2016). The ASE at all doses in this

research increased the concentrations of the total protein and

albumin efficiently, suggestive of its hepatoprotective activity.

Besides, the ASE reduced the PCM-induced elevated bilirubin

level, which was significant only in the 750 mg/kg ASE-treated

group for the direct bilirubin.

The pathogenesis of hepatotoxicity is mostly related to the

metabolic changes of xenobiotics to ROS, which eventually

result in oxidative stress and damage to the hepatic cellular

contents (Zhang et al., 2018). The antioxidant enzymes (SOD,

CAT, and GPx) produce defensive mechanisms against ROS.

Therefore, the imbalance between the generated ROS and

antioxidant enzyme activity is responsible for the

mechanisms of hepatic diseases, including hepatitis,

cirrhosis, necrotic hepatitis and hepatocellular carcinoma

TABLE 4 Effects of ASE on oxidative stress biomarkers in bile duct ligation-induced liver injury.

Treatment
groups (per kg)

Oxidative stress biomarkers

SOD (ng/mL) CAT (ng/mL) MDA (nmol/mL) GPx (ng/mL)

Non-ligated + D/W (1 ml) 5.47 ± 0.65 40.94 ± 1.45 36.71 ± 1.54 95.06 ± 4.05

BDL + D/W (1 ml) 1.27 ± 0.18a 32.48 ± 8.27a 68.61 ± 6.09a 99.61 ± 1.02

BDL + Sily (50 mg) 2.01 ± 0.13a,b 61.38 ± 5.30a,b 47.30 ± 9.44b 105.28 ± 7.40

BDL + ASE (125 mg) 2.35 ± 0.40a,b 45.06 ± 3.24b,c 52.45 ± 3.91a,b 112.62 ± 8.31a,b

BDL + ASE (250 mg) 2.61 ± 0.31a,b 49.11 ± 4.95a,b,c 67.45 ± 7.45a 116.50 ± 7.50a,b

BDL + ASE (380 mg) 1.65 ± 0.37a 53.70 ± 3.75a,b 68.23 ± 6.23a 113.54 ± 7.54a,b

N = 6; The values are expressed as mean ± SEM; one way ANOVA followed by bonferroni post hoc test.
ap < 0.05 compared to the Non-ligated + D/W.
bp < 0.05 compared to the BDL + D/W.
cp < 0.05 compared to the BDL + Sily group. Sily = Silymarin; D/W=Distilled water; BDL = Bile duct ligation; CAT = Catalase; SOD= Superoxide dismutase; GPx = Glutathione peroxidise;

MDA = Malondialdehyde; ASE = Acacia sieberiana extract.
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(Banerjee et al., 2020). The SOD enzyme converts superoxide

radicals to an oxygen molecule and hydrogen peroxide to

maintain a steady oxygen state (Palanivel et al., 2008). CAT

and GPx often convert the hydrogen peroxide into water to

complete the SOD’s scavenging activity (Li et al., 2015). In this

process, the toxic species (superoxide radical and hydrogen

peroxide) are modified to the harmless water. Therefore, the

reduction in the SOD level as seen in the PCM hepatotoxic

group in this study suggests hepatocellular damage, which was

efficiently attenuated in all the ASE-treated groups as an

indication of protection against the PCM toxic injury.

Although the PCM toxic injury did not affect the CAT

concentration, ASE at 250 and 750 mg/kg as with silymarin

elevated its level to indicate its hepatic boosting ability. The

ASE ameliorated the injury from the PCM-induced reduction

in GPx at all doses, almost to the same extent as the standard

FIGURE 2
(A)Distilled water (1 ml/kg), (B) BDL +Distilled water (1 ml/kg), (C) BDL + Sily (50 mg/kg), (D) BDL + ASE (125 mg/kg), (E) BDL + ASE (250 mg/kg),
(F) BDL + ASE (380 mg/kg), NH = Normal hepatocytes, VC = Vascular congestion, MN =Moderate necrosis, SN = Slight necrosis, LH = Lymphocytes
hyperplasia, KH = Kupffer cell hyperplasia, ASE = Acacia sieberiana extract.
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agent. It was also obvious that the PCM-induced hepatic

damage results in lipid peroxidation, as evident with the

enhanced MDA level in the current research. The MDA

generated as a result of lipid peroxidation tend to amplify

cellular damage, thus, are often used as biomarkers of

oxidative liver damage (Wang et al., 2019). Hence,

oxidative hepatic damage could be alleviated by inhibiting

the lipid peroxidation and MDA production (Liu et al., 2015).

The reduction in the MDA concentration in both the

silymarin and ASE administered groups in the current

work further explained the ameliorative effects of the

extract against the hepatic lipid peroxidation, free radicals

and cellular damage.

The reduction in the PCM-induced intense necrosis and

congestion in the silymarin and ASE treated groups further

indicated the hepatoprotective activity resulting probably by

increasing the activity of the antioxidant system in the body,

thereby preventing liver damage. This protection seemed better

with the lower ASE doses than 1,500 mg/kg.

The BDL is an animal model used to induce extrahepatic

cholestasis in rats accompanied by fibrosis and oxidative stress

(Pereira et al., 2009). Cholestasis can result from abnormal bile

secretion by the hepatic and bile duct cells or by the blockade of

bile ducts (Moslemi et al., 2021). The increased concentrations of

ALT, ALP, and AST, total protein and bilirubin serve as sensitive

markers of cholestasis to indicate bile acid degradation (Qiao

et al., 2019). Generally, AST, ALT, and ALP elevations are

associated with hepatic damage, necrosis, and bile salts

accumulation, respectively (Aryal et al., 2019; Moslemi et al.,

2021). The BDL-elicited liver damage in this study seemed to

suggest milder toxicity than in the PCM-induced model. Similar

to the PCM-induced model, the ASE in the current experiment

demonstrated ameliorative effects in the BDL-induced

hepatotoxicity. All the extract groups reduced the elevated

ALT concentration. However, the reduced ALT level at the

lowest extract dose, which showed more of the reduction, was

not significant to the BDL-injury. The BDL-injury elevated AST

was also reduced in all the extract groups, but only the lower

extract doses were significantly reduced. However, ALP which

was also reduced in all the treatment groups, was only significant

at the higher extract doses. The better result exhibited by the

lower doses of the extract for ALT and AST seemed to suggest its

liver protection.

The effect of ligation was slight for both total protein (which

increased) and albumin (decreased slightly). The ASE at the

higher doses increased the albumin level, but total protein slightly

decreased in all the ASE doses, which were insignificant. The

direct and total bilirubin elevated with the BDL injury were

significantly reduced in all the extract-treated groups, which

could be related to the enhanced bilirubin uptake or its

conjugation by the extract (Zhu et al., 2018). Therefore, the

ASE in the present work might have increased the bile formation

as part of its hepatoprotective efficacy.

Oxidative stress is the major pathogenesis in cholestasis,

resulting from an imbalance between the antioxidant and

oxidative systems (Moslemi et al., 2021). Some enzymes,

such as CAT, SOD, and GPx, are antioxidants (Moslemi

et al., 2021). The decrease in SOD from BDL-injury was

prevented in the lower ASE doses (125 and 250 mg/kg)

better than the silymarin. Although the SOD level was

increased in all the treatment groups, the level was still

significantly below that of the normal control. A dose-

dependent increase in the CAT concentration also occurred

with all the ASE-treated groups, and in this case, the increase

at the 380 mg/kg extract dose was more and was not

significantly different from the silymarin group unlike the

lower extract doses. In both the PCM- and BDL-induced

injury, the GPx concentration was not significantly

reduced, but it was increased in all the treatment groups of

both the standard drug and ASE dose groups. GPx is an

enzyme that protects haemoglobin from oxidative

degradation in the red blood cells. The enzyme has been

reported to be over-expressed to protect cells against

oxidative damage and apoptosis induced by hydrogen

peroxide. It was also evident that the lowest ASE dose

reduced the BDL-induced elevated MDA level, suggesting

protection against the oxidative free radical, hepatic lipid

peroxidation, and hepatocellular injury.

The moderate necrosis and vascular congestion observed

with the BDL-produced liver damage were reversed by the

125 mg/kg extract group. Besides, milder effects were observed

in the higher ASE dose groups (250 and 380 mg/kg). These effects

could suggest some level of liver protection and regenerative

potential of the extract.

The therapeutic potentials of the medicinal plant are

usually a direct function of the bioactive components in the

plant, which could serve as a lead to develop hepatoprotective

compounds (Girish et al., 2009). The present experiment

showcased that glycosides, triterpenes, saponins, tannins,

flavonoids, and alkaloids could be available in the ASE.

These compounds mostly act as antioxidants to abolish free

radical generation and eventually prevent hepatic damage

(Ramadan et al., 2013). For instance, flavonoids compounds

such as catechin and kaempferol fight against free radicals and

inhibit liver disease pathogenesis (Okaiyeto et al., 2018). Also,

glycosides act as an antioxidant to provide hepatoprotective

efficacy (Siddiqui et al., 2018; Asaad et al., 2021). Besides,

(Huang et al., 2014), reported the hepatic protection of

triterpenoids and saponins. A previous study by (Jan et al.,

2017) has shown that alkaloids reduced biochemical

biomarkers (ALT, AST, and ALP), attenuated hepatic

inflammation, and elevated the antioxidant enzyme

concentration in liver damage. Hence, the hepatic

protective potentials of the ASE observed in the current

research could be related to the presence of these

phytocomponents.
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5 Conclusion

The research findings have shown that the root bark extract

of Acacia sieberiana ameliorates chemically-induced and

cholestatic liver damages, possibly via modulating the

biochemical and oxidative stress biomarkers, which justifies its

ethnomedicinal value against hepatic disorders.
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Glossary

ABU Ahmadu Bello University

ABUCAUC ABU Ethical Committee on Animal Use and Care

Research Policy

ALP Alkaline phosphatase

ALT Alanine transaminase

ANOVA Analysis of variance

ARRIVEAnimal Research: Animal Research:Reporting of In

Vivo Experiments

ASE Acacia sieberiana extract

AST aspartate transaminase

BDL Bile duct ligation

CAT Catalase

DB Direct bilirubin

DW Distilled water

FN Focal necrosis

GPx Glutathione peroxidase

i. p ntraperitoneal

KH Kupffer cell hyperplasia

LD50 Medial lethal dose

LH Lymphocytes hyperplasia

MDA Malondialdehyde

MN Moderate necrosis.

N Necrosis

NAPBQI N-acetyl-p-benzoquinonymin

NH Normal hepatocytes

PCM Paracetamol

ROS Reactive oxygen species

rpm Revolutions per minute

SC Sinusoid congestionslight sinusoidal congestion

SC Sinusoid congestionslight sinusoidal congestion

SEM Standard error of the mean

SN Slight necrosis

SOD Superoxide dismutase

TB Total bilirubin

TP Total protein

VC Vascular congestion
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triptolide-induced hepatotoxicity
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Triptolide (TP) is the major pharmacologically active ingredient and toxic

component of Tripterygium wilfordii Hook. f. However, its clinical potential

is limited by a narrow therapeutic window andmultiple organ toxicity, especially

hepatotoxicity. Furthermore, TP-induced hepatotoxicity shows significant

inter-individual variability. Over the past few decades, research has been

devoted to the study of TP-induced hepatotoxicity and its mechanism. In

this review, we summarized the mechanism of TP-induced hepatotoxicity.

Studies have demonstrated that TP-induced hepatotoxicity is associated

with CYP450s, P-glycoprotein (P-gp), oxidative stress, excessive autophagy,

apoptosis, metabolic disorders, immunity, and the gut microbiota. These new

findings provide a comprehensive understanding of TP-induced hepatotoxicity

and detoxification.

KEYWORDS

triptolide, hepatotoxicity, CYP450s, oxidative stress, immunity

1 Introduction

Tripterygium wilfordii Hook. F (TwHF), the dried root or root xylem of Tripterygium

wilfordiiHook. f. TwHF and its preparations, have been widely used to treat autoimmune

and inflammatory diseases because of its significant anti-inflammatory and

immunosuppressive effects (Luo et al., 2019). Triptolide (TP) is a diterpene

triepoxide, which is the major pharmacologically active ingredient and toxic

component of TwHF (Xi et al., 2017). TP has attracted the attention of researchers

because of its high potential for clinical application, such as its anti-inflammatory, anti-

cancer, anti-immune, and anti-oxidant effects (Guo et al., 2016; Yu et al., 2021; Gao et al.,

2022; Song et al., 2022). However, its clinical potential is limited by a narrow therapeutic

window and multiple organ toxicity, especially hepatotoxicity (Zhou et al., 2012; Xi et al.,

2017).

The data on adverse reactions (ADRs) of TwHF preparations containing TP released

by the National Adverse Drug Reaction Monitoring Center of China shows that 839 cases

of ADRs caused by TwHF preparations from 2004 to September 2011, mainly manifested

as drug-induced hepatitis and renal insufficiency. Furthermore, there are 472 cases of
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ADRs were reported in Tripterygium wilfordii polyglycosides

from 1 September 2014 to 31 August 2019 and 54 cases (11.44%)

of which were abnormal liver function. It was reported that the

distribution concentration of TP in rat liver was more than three

times that of other tissues, which might be the reason for the

significant hepatotoxicity among the multi-organ toxicities (Mei

et al., 2012). Clinically, the hepatotoxicity caused by TwHF and

its preparations containing TP is mainly manifested as acute

hepatitis, with symptoms such as nausea, fatigue, anorexia,

increased serum alanine transaminase (ALT)and aspartate

aminotransferase (AST) levels, and obvious cholestasis (Yang

et al., 2018). Focal necrosis, inflammatory cell infiltration, cell

degeneration, apoptosis, and bile duct hyperplasia are the

common pathological manifestations in TP-induced

hepatotoxicity (Wang X. Z. et al., 2018; Zou et al., 2020).

The hepatotoxicity mechanisms of TP are quite complex and

show significant inter-individual variability. Researchers have

explored the mechanism of TP-induced hepatotoxicity.

Therefore, this review will provide a comprehensive analysis

of the toxicological mechanism of TP to promote our

understanding of TP-induced hepatotoxicity and detoxification.

2 The mechanisms of TP-induced
hepatotoxicity

2.1 CYP450s and P-gp mediated
hepatotoxicity

TP, an active electrophile containing three epoxide groups,

can bind covalently to a 90-kda protein, XPB (Xeroderma

pigmentosum, complementation group B), thereby inhibiting

XPB’s ATPase activity, which might be the underlying reason

for the toxicity of TP (Titov et al., 2011). Opening the epoxide

ring of TP can reduce its toxicity (Zhang and Li, 2004). Clinically,

the therapeutic dose of ,TWHF tablets is about 4-6 tablets/d,

FIGURE 1
Schematic diagramofmolecular pathogenesis of TP-induced hepatotoxicity. This figure shows that TP-induced hepatotoxicity ismainly related
to CYP450s, P-gp, oxidative stress, excessive autophagy, apoptosis, metabolic disorders, immunity, and the gut microbiota. ↑: upregulation; ↓:
downregulation; ┬: inhibition.
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which is equal to 400–600 μg/d TP (Qu et al., 2015). In addition,

the effective dose of TP could reach 400 μg/kg administered

continuously for 40 days in the animal experiments (Pan et al.,

2017). However, the acute toxicity study showed that

administration of 500 μg/kg in mice could cause liver injury

(Wang et al., 2016), and the acute toxicity dose converted into

60 kg of human is 2,400 μg. These data implicate a narrow

therapeutic window of TP and a slight excess of TP can lead

to the risk of hepatotoxicity. Furthermore, studies have

demonstrated that TP-induced hepatotoxicity is dose- and

time-dependent (Yuan et al., 2019a; Zhao J. et al., 2020). In

addition, cytochrome P450 (CYP) enzymes are involved in TP

metabolism and P-glycoprotein (P-gp) is involved in TP

transport, which affects the in vivo processing of TP (Xue

et al., 2011; Zhang et al., 2016). Therefore, the abnormal

increase TP exposure caused by CYP450s and P-gp, which

leads to the increase of TP’s direct hepatotoxicity, is an

important factor for its hepatotoxicity.

2.1.1 CYP450s
2.1.1.1 Abnormal metabolism of CYP450 enzyme

systems

CYP450s, a superfamily of enzymes, catalyze phase I

oxidation and reduction of endogenous and xenobiotics

substances (Nebert and Dalton, 2006). Studies have

demonstrated that CYP450-mediated phase I metabolism

of TP is the major pathway for reducing hepatotoxicity.

Glutathione (GSH)-conjugated phase II metabolism

induces mild detoxification and plays a minor role in TP-

induced hepatotoxicity (Du et al., 2014; Li et al., 2015).

Comparing liver-specific CYP450 reductase knockout mice

and wild-type mice, the inactivation of hepatic CYP450 could

significantly increase TP bioavailability and levels in liver

tissue, leading to increased hepatotoxicity (Xue et al., 2011).

Similarly, the CYP450 enzyme inhibitor 1-

aminobenzotriazole or the CYP450 enzyme activator

phenobarbital could increase or decrease the TP level,

thereby modulating TP-induced primary rat hepatocyte

toxicity (Jin et al., 2019). However, compared with wild-

type mice, there were no significant differences in

hepatotoxicity and pharmacokinetics in mice with low

levels of extrahepatic CYP450 reductase, demonstrating

that extrahepatic CYP450 has no effect on TP-induced

hepatotoxicity (Wei et al., 2018). These studies confirmed

the important role of hepatic CYP450 enzyme-mediated TP

metabolism in TP-induced hepatotoxicity.

CYP450 isoforms make different contributions to TP

metabolism and hepatotoxicity. CYP3A4 and CYP2C19 are

involved in the metabolism of TP in male human liver

microsomes, and CYP3A4 is the main isoform responsible for

its hydroxylation (Li et al., 2008). Dexamethasone, a CYP3A

inducer, increases TP metabolism and reduces TP-induced

hepatotoxicity in rats (Ye et al., 2010). Another in vitro

experiment confirmed that CYP3A-mediated TP metabolism

can modulate TP-induced hepatotoxicity (Shen et al., 2014).

TP has been investigated to inhibit CYP450s. It was

reported that TP exposure has a weak and time-dependent

inhibitory effect on CYP3A in rat liver microsomes and

hepatocytes (Shen et al., 2014). Likewise, TP inhibited the

activity of human hepatic CYP1A2 and CYP3A4, but not

other CYP450 isoforms, such as CYP2A6, 2E1, 2D6, 2C9,

2C19, and 2C8 (Zhang et al., 2017). Furthermore, long-term

oral administration of TP could significantly inhibit the

expression and activity of CYP3A4 in rats (Zhang et al.,

2014). Researchers further investigated the effect of TP on the

six major subtypes of CYP450 (1A2, 2C9, 2C19, 2D6, 2E1,

and 3A). The result showed that continuous gavage of TP for

28 days could inhibit the activity and expression of

CYP450 isoforms 3A, 2C9, 2C19, and 2E1 and cause

hepatotoxicity in rats (Lu et al., 2017). In addition, TP

could inhibit the transcriptional activation of the pregnane

X receptor (PXR), thereby inhibiting the expression and

function of metabolic detoxification enzymes, especially

CYP3A4, which ultimately led to reduced metabolic

elimination of TP and increased hepatotoxicity (Zheng

et al., 2021). From the above studies, we speculated that

the inhibitory effect of TP on CYP450s can cause alterations

in TP metabolism and hepatotoxicity. However, whether TP

inhibits CYP2E1 and CYP2C9 remains controversial.

Besides, studies have shown that CYP450s are also involved

in endogenous substance metabolism and reactive oxygen species

(ROS) production. A metabolomic study showed that TP

treatment induced metabolic disorders, such as changes in

carnitine, lysophosphatidylcholine (LPC), and a series of

amino acids in female mice, and regulating the activity of

CYP3A4 can modulate LPC levels, amino acid levels, the

glutathione (GSH)/Glutathione disulfide (GSSG) ratio, and

oxidative stress, thereby altering TP-induced hepatotoxicity

(Xiao et al., 2020). Moreover, the TP-induced increase in

CYP2E1 expression induces hepatic oxidative stress (Jiang

et al., 2021). In C57 mice and IHHA-1 cell models,

CYP2E1 expression was upregulated after TP exposure, which

not only directly increased ROS levels, but also increased the

expression of nuclear factor kappa B (NF-κB) (p65) to mediate

oxidative stress and inflammatory responses (Jiang et al., 2021).

2.1.1.2 Sex differences, genetic polymorphisms and

circadian rhythms

A significant difference in the hepatotoxicity of TP was found

between different sexes in rats. The expression of CYP3A2, which

is involved in TP metabolism, is higher in male rats than in

female rats, a factor that makes females more susceptible to TP-

induced hepatotoxicity (Liu et al., 2010). Inhibiting the

expression and activity of CYP3A2 in male neonatal rats

could eliminate the sex-dependent differences in TP

metabolism (Liu et al., 2011).
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Synonymous nucleotide polymorphisms can affect gene

expression and function. Chen et al. established stable

HepG2 cells with lentiviral vectors expressing either CYP2E1-

1263C/wt or CYP2E1-1263T/mt constructs to investigate the

effect of synonymous SNP rs2515641 on CYP2E1 expression,

and found that both the mRNA and protein expression levels of

CYP2E1 were significantly decreased, and the ALT level of

CYP2E1-1263T/mt recombinant cells was increased compared

with that in the CYP2E1-1263C/wt recombinant cells after TP

treatment for 48 h, indicating that synonymous mutation

rs2515641 induced susceptibility to TP-induced hepatotoxicity

by affecting CYP2E1 mRNA and protein expression (Chen et al.,

2020).

Clock proteins affect drug metabolism and drug

detoxification by regulating CYP450s (Zhao et al., 2019). A

pharmacokinetic experiment showed that gavage with TwHF

at Zeitgeber time 2 (ZT2) generated higher plasma

concentrations of TP and more severe liver injury

compared with ZT14 dosing, which was associated with

circadian expression of hepatic CYP3A11 regulated by the

circadian clock (Zhao H. et al., 2020). Likewise, the core clock

gene Bmal1 (encoding brain and muscle ARNT-like 1)

controls the circadian rhythm of CYP3A11 by regulating

D-box binding PAR BZIP transcription factor (DBP)/

hepatocyte nuclear factor 4 alpha (HNF4α), TP-induced

hepatotoxicity exhibited more severe daytime (ZT2/8) than

nighttime (ZT14/20) toxicity (Lin et al., 2019).

2.1.2 P-gp
P-gp, an efflux transporter, attenuates intestinal

absorption, limits penetration of the blood-brain barrier,

and mediates biliary and urinary excretion of substrate

drugs (Zamek-Gliszczynski et al., 2021). The bidirectional

transport of TP across Caco-2 cells was investigated

in vitro, which showed that the transport of TP in Caco-2

cells was significantly increased in the basolateral to the apical

direction and was abolished in the presence of the P-gp

inhibitor, verapamil, indicating that P-gp is involved in

intestinal absorption of TP (Gong et al., 2015). A

Rhodamine-123 uptake assay confirmed that TP did not

affect the activity of P-gp in Caco-2 Cells (Zhang et al.,

2017). Therefore, P-gp protein activity does not change

when TP is used alone, and the absorption of TP might not

be altered. However, when TP is combined with drugs that

interfere with P-gp activity, the absorption of TP, which might

lead to changes in hepatotoxicity.

TP is mainly secreted in bile (Liu et al., 2014). A recent

study showed that P-gp is involved in TP clearance and

detoxification in a Sandwich-cultured rat hepatocyte model,

and identified TP as a P-gp substrate using a rat Mdr1 (the

gene responsible for encoding the P-gp protein) membrane

ATPase assay (Zhuang et al., 2013). Small interfering RNA

(siRNA) and the specific inhibitor tariquidar were used to

downregulate hepatic P-gp levels, which significantly

increased the plasma and hepatic exposure of TP in mice,

resulting in severe hepatotoxicity (Kong et al., 2015). The

above research indicates that hepatic P-gp regulates TP-

induced hepatotoxicity by affecting its clearance.

2.2 Oxidative stress mediated
hepatotoxicity

Oxidative stress (OS) is caused by an imbalance between

oxidation and antioxidants. OS causes lipid and DNA damage,

leading to organelle dysfunction and damage (Pole et al., 2016;

Campbell and Colgan, 2019). Numerous in vivo and in vitro

studies have found that administration of TP causes an increase

in ROS and malondialdehyde (MDA), and a decrease in

superoxide dismutase (SOD), catalase (CAT), glutathione-S-

transferase (GST) and GSH (Li et al., 2014; Jiang et al., 2021).

Thus, TP-induced hepatotoxicity is associated with oxidative

stress.

2.2.1 Mitochondrial oxidative stress
Mitochondria are important sites for biosynthetic

processes that regulate stress responses (Vakifahmetoglu-

Norberg et al., 2017). TP increased the mitochondrial

membrane transmembrane potential (ΔΨm) in a

concentration-dependent manner in HepG2 and

HL7702 cells, which increased oxidative stress (Fu et al.,

2011; Fu et al., 2013). In addition, TP inhibited the activity of

mitochondrial respiratory chain complexes I and IV in a

concentration-dependent manner, leading to obstruction of

electron flow, causing the accumulation of electrons in the

upstream respiratory chain complex, which reacts with

oxygen through the upstream complex to form superoxide

anion radical (O2−), thereby increasing ROS and inducing

oxidative stress (Fu et al., 2011). Moreover, in mice,

inhibition of the mitochondrial respiratory chain by TP

induced secondary β-oxidative damage, microvesicular

steatosis, increased lactate and ROS, and decreased GSH,

resulting in liver injury (Fu et al., 2011). Moreover, TP

caused mitochondrial dysfunction by inducing

mitochondrial swelling and permeability in female rat

liver mitochondria (Fu et al., 2013). Notably, in a rat

model of TP-induced hepatotoxicity, TP upregulated the

expression of the mitochondrial fission-related, dynamin-

related protein 1 (Drp1), leading to disturbances in

mitochondrial dynamics and mitochondrial dysfunction,

such as increased ROS, DNA membrane depolarization,

decreased ATP production, and decreased mitochondrial

DNA copy number (Hasnat et al., 2019; Hasnat et al.,

2020). Taken together, these studies proved the

importance of mitochondrial oxidative stress in TP-

induced hepatotoxicity.
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2.2.2 Imbalance of antioxidant
In addition to oxidative stress caused by TP-induced

mitochondrial dysfunction, oxidative stress caused by TP-

induced imbalance of cellular antioxidant protect systems is

also an important mechanism of TP-induced hepatotoxicity.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a redox-

sensitive transcription factor that regulates cellular oxidative stress

(Lee et al., 2005). Upregulating NRF2 expression can reduce TP-

induced HepG2 cytotoxicity, whereas silencing NRF2 can raised

oxidative stress and aggravated triptolide-induced cytotoxicity in

HepG2 and L02 cells (Li et al., 2014; Zhou et al., 2017). Also,

treatment with the canonical Nrf2 agonist sulforaphane (SFN)

attenuated TP-induced hepatotoxicity by reducing oxidative stress

in mice (Li et al., 2014). In vitro, TP enhanced NRF2 expression,

induced Nrf2 nuclear translocation, increased Nrf2 adenine-uridine

rich element (ARE)-binding activity, increased heme oxygenase 1

(HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO1)

expression in L-02 and HepG2 cells (Zhou et al., 2017).

MicroRNA-155 (miR-155), an endogenous non-coding small

RNA, was upregulated in a TP concentration-dependent manner,

resulting in downregulation of the Nrf2 signaling pathway, and

inhibition of miR-155 reversed the downregulation of the

Nrf2 signaling pathway by TP and alleviated TP-induced

hepatotoxicity (Li et al., 2021). Furthermore, TP treatment can

inhibit the endogenous peroxisome proliferator-activated receptor

alpha (PPARα) signaling pathway, leading to increased long-chain

acylcarnitines in mouse serum, which in turn activated the Notch-

Nrf2 pathway to protect against TP-induced hepatotoxicity (Hu

et al., 2019). According to the above research, there is controversy

regarding whether TP inhibits or upregulates Nrf2. What is clear,

however, is that activation of Nrf2 protects can against TP-induced

hepatotoxicity.

Activation of the Notch1 signaling pathway has been

shown to reduce oxidative stress in injured tissues (Cai

et al., 2022). The thioredoxin (TRX) system is a key

antioxidant system against oxidative stress (Lu and

Holmgren, 2014). A study demonstrated that TP could

inhibit Notch1 expression, impaired the antioxidant activity

of TRX through the phosphatase and tensin homolog (PTEN)/

protein kinase B (AKT)/thioredoxin interacting protein

(Txnip) signaling pathway, and caused oxidative damage

(Shen et al., 2019).

Taken together, oxidative stress is involved in TP-

induced hepatotoxicity, and regulation of Drp1, or

activation of Nrf2 and Notch1 can alleviate oxidative

stress and TP-induced hepatotoxicity.

2.3 Excessive autophagy-mediated
hepatotoxicity

Autophagy is a lysosomal degradation pathway through which

cellular contents, such as damaged organelles and proteins, are

recycled (Xie and Klionsky, 2007). A study showed that TP-

induced oxidative stress led to a time- and dose-dependent

increase in autophagy-related proteins Beclin1 and membrane-

bound microtubule-associated protein light chain 3 (LC3II). The

study identified the presence of autophagosomes by transmission

electron microscopy, and inhibition of autophagy decreased cell

viability and enhanced apoptosis in a TP-induced

HL7702 cytotoxicity model (Wei et al., 2019). This indicated that

autophagy plays a protective role in TP-induced hepatotoxicity. Yet,

in another in vitro experiment, it was shown that TP exposure led to

excessive autophagy induced by endoplasmic reticulum stress (ERS)

through the PERK-ATF4-CHOP pathway. Co-treatment with the

autophagy agonist RAPA increased TP-induced cytotoxicity and

apoptosis, while co-treatment with the autophagy inhibitor 3-MA

decreased TP-induced cytotoxicity and apoptosis (Zhang et al.,

2022b). This may due to the unclarified role that autophagy plays

in the TP-induced hepatotoxicity. Appropriate autophagy can protect

TP-induced hepatotoxicity, while excessive autophagy aggravates TP-

induced hepatotoxicity.

Besides, electronmicroscopy showed obvious mitophagy in TP-

treated rat liver tissue, andmitophagy was related to the disturbance

of mitochondrial function and dynamics caused by the TP-induced

increase in Drp1 (Hasnat et al., 2019). However, that study did not

further verify the role of mitophagy in TP-induced hepatotoxicity.

Furthermore, another study found that TP-induced ERS could

induce excessive mitophagy in HepaRG cells. Co-treatment with

Mdivi-1, a specific inhibitor of mitophagy could alleviate TP-

induced HepaRG cytotoxicity (Zhang et al., 2022c).

Collectively, TP-induced ERS lead to excessive autophagy, and

modulation of autophagy can alleviate TP-induced hepatotoxicity.

2.4 Apoptosis-mediated hepatotoxicity

Apoptosis is a programmed death process that is mainly

triggered by two basic pathways: The death receptor pathway

and the mitochondrial pathway, both of which ultimately lead to

the activation of caspases (Dara and Kaplowitz, 2017; Galluzzi et al.,

2018). Using transcriptomic techniques, among apoptosis-related

genes, 46 genes were upregulated and 43 genes were downregulated

in TP-induced hepatotoxicity in Wistar rats (Wang et al., 2013). In

another transcriptomics study, TP-induced apoptosis through

regulating the phosphatidylinositol-4,5-bisphosphate 3-kinase

(PI3K)/AKT signaling pathway, the tumor necrosis factor alpha

(TNFα) signaling pathway, the mitogen-activated protein kinase

(MAPK) signaling pathway, and the P53 signaling pathway;

however, these pathways have not been further validated (Zhao

J. et al., 2020). These studies indicated that apoptosis is associated

with TP-induced hepatotoxicity.

TP exposure caused loss of mitochondrial membrane

potential and the release of cytochrome c from mitochondria

into the cytoplasm, which leads to downregulation of the level of

the anti-apoptotic protein, B-cell CLL/lymphoma 2 (Bcl-2),
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upregulation of the level of the pro-apoptotic protein

BCL2 associated X (Bax) and the tumor suppressor protein

P53, and an increase in the activity of caspase 9 and caspase

3, ultimately causing apoptosis in L-02 cells (Yao et al., 2008). An

in-depth study showed that TP treatment induced dysfunction

and altered dynamics of mitochondria by causing the

translocation of Drp1 from the cytoplasm to the

mitochondrial outer membrane, with concomitant release of

cytochrome c from mitochondria into the cytoplasm, which

activated caspase 3, leading to apoptosis (Hasnat et al., 2020).

TP caused an increase in ROS by inhibiting Notch1, which

ultimately induced apoptosis, and upregulating the expression

of Notch1 can reduce apoptosis and alleviate TP-induced

hepatotoxicity (Shen et al., 2019). In general, TP-induced

mitochondrial damage and oxidative stress are important

factors in triggering apoptosis.

2.5 Hepatotoxicity mediated by metabolic
disorders

Bile duct hyperplasia and lipid accumulation were observed

in the histological manifestations of TP-induced hepatotoxicity

(Fu et al., 2011; Jin et al., 2015), which indicated that metabolic

disorders are involved in TP-induced hepatotoxicity.

2.5.1 Bile acid metabolism
The farnesoid X receptor (FXR) is a ligand-activated

transcription factor that activates certain genes involved

in phases II and III of xenobiotic metabolism, protecting

the liver from toxic metabolites and xenobiotics (Lee et al.,

2010). Pretreatment with the FXR activator, GW4046, has

been shown to maintain metabolism homeostasis and

attenuate TP-induced hepatotoxicity by increasing gene

expression related to phase II and phase III xenobiotic

metabolism (Jin et al., 2015). Besides, FXR also plays a

key role in maintaining hepatic bile acid homeostasis

(Molinaro and Marschall, 2022). Additionally, sirtuin 1

(Sirt1) regulates FXR activation, and depletion of hepatic

Sirt1 reduces FXR signaling (García-Rodríguez et al., 2014).

TP suppressed the Sirt1/FXR signaling pathway by inhibiting

Sirt1 activity, which led to a decrease in the expression of the

bile salt export pump (BSEP), an increase in the expression of

bile acid synthesis rate-limiting enzyme CYP7A, and a

decrease in the expression of gluconeogenesis proteins

glucose-6-phosphatase catalytic subunit (G6PC) and

phosphoenolpyruvate carboxykinase 2, mitochondrial

(PEPCK), resulting in the destruction of bile acid

homeostasis and gluconeogenesis, thus causing liver injury

in rats (Yang et al., 2017). Zhou et al. (Zou et al., 2020) found

that TP induced the activation of iNKT cells, which in turn

led to decreased expression of the cholestasis-related nuclear

receptor FXR, transporter organic anion-transporting

polypeptide 1b2 (OATP1B2), and CYP450 enzymes, which

was also responsible for aggravating cholestatic liver injury.

2.5.2 Lipid metabolism
A study suggests that sex differences in TP-induced

hepatotoxicity might be related to dyslipidemia. Continuous

gavage of TP resulted in significant upregulation of the liver X

receptor-alpha (LXR)/sterol regulatory element binding

transcription factor 1 (SREBP-1) signaling axis in females,

while male rats showed only slight changes, resulting in more

lipid droplets in TP-treated female rats than in TP-treated male

rats, which might be a factor in the sex differences in TP-induced

hepatotoxicity (Jiang et al., 2016). In addition, targeted fatty acids

analysis showed that TP exposure induced significant changes in

fatty acid levels in the livers of rats and mice (Li et al., 2017; Liu

et al., 2021).

2.5.3 Other metabolisms
Moreover, several untargeted metabolomics studies showed

that a variety of metabolic pathway disorders can be found in TP-

induced hepatotoxicity, including glutathione metabolism,

purine metabolism, and glycerophospholipid metabolism

(Zhao J. et al., 2020; Yang et al., 2022). Additionally, targeted

amino acid and sphingolipid analysis revealed that TP exposure

induced changes in amino acid and sphingolipid metabolism

profiles (Qu et al., 2015; Hu et al., 2021). However, no in-depth

research has been carried out.

2.6 Immune-mediated hepatotoxicity

As an immune organ, the liver is enriched with a large

number of innate immune cells, such as neutrophils, Kupffer

cells (KCs), dendritic cells (DCs), and natural killer cells (NKs),

as well as adaptive immune cells, such as T cells and B cells.

Evidence demonstrates that the immune response is closely

linked to the development of drug-induced liver injury (DILI)

(Jiang et al., 2020; Nguyen et al., 2022).

2.6.1 The innate immune system
NLR family pyrin domain containing 3 (NLRP3), a multi-

protein complex assembled in response to the activation of

intracellular pattern recognition receptors (PRRs), is an

important component of the innate immune system.

NLRP3 can be activated by damage-related molecular patterns

(DAMPs) produced by damaged cells and pathogen-related

molecular patterns (PAMPs) generated by enterohepatic axis

pathogens (Kanneganti et al., 2007; Yu et al., 2022). Activation of

the NLRP3 inflammasome releases inflammatory factors IL-1β
and IL-18, which initiate an inflammatory cascade (Baroja-Mazo

et al., 2014; Bruchard et al., 2015; Tsai et al., 2017). Research has

shown that activation of the TLR4-MYD88 innate immune signal

transduction adaptor (Myd88)-NF-κB pathway and oxidative
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stress by TP are involved in the overactivation of the

NLRP3 inflammasome, which releases a large amount of IL-

1β and increases the recruitment of neutrophils and

macrophages, thereby aggravating liver injury (Yuan et al.,

2019a). A single dose of Ac-Yvad-Cmk (a Caspase

1 inhibitor) injected before TP administration could effectively

protect against TP-induced hepatotoxicity (Yuan et al., 2019a).

Hepatic macrophages are the most abundant hepatic

immune cells which play a vital role in maintaining hepatic

homeostasis and contribute to the progression of DILI (Tsuji

et al., 2020). Several studies have shown that TP inhibited the

phagocytosis of macrophages, increased the number of

macrophages, and modulated the polarization of

macrophages in mice (Wang L. et al., 2018; Liu L. et al.,

2022). what’s more, in a study of TP-induced acute

hepatotoxicity, researchers found that depletion of

macrophages using clodronate liposomes pretreatment

could suppress the inflammatory response and alleviated

TP-induced hepatotoxicity (Zhao, 2018).

Neutrophils, the innate immune cells, are the most

abundant leukocytes in mammals (Tang et al., 2021). It has

been found that neutrophils increasingly infiltrate the liver

following TP treatment because of activation of the

NLRP3 inflammasome, induction of the TLR4 and

TLR9 signaling pathway, release of inflammatory factors, or

activation of other immune cells (Wang X.z. et al., 2018; Wang

X. Z. et al., 2018; Yuan et al., 2019a). A study showed that

neutrophil infiltration had little effect on TP-induced

hepatotoxicity, because depletion of neutrophils only

showed mild protection against TP-induced hepatotoxicity

(Wang X. Z. et al., 2018).

Natural Killer T (NKT) cells express both NK and T cell

surface markers, linking innate and adaptive immunity (Kaer

et al., 2011). Among them, invariant NKT (iNKT) cells are a

subset of cells that cause liver inflammation and play a

pathogenic role (Maricic et al., 2018; Marrero et al., 2018;

Nong et al., 2020). NKT, especially iNKT, cells are

increasingly activated in the liver after TP administration,

resulting from the upregulation of the Toll-like receptor

(TLR) signaling pathway, which mainly releases the

Th1 cytokine interferon gamma (IFN-γ), recruits

neutrophils and macrophages, and causes hepatotoxicity

(Wang X.z. et al., 2018). Further research demonstrated

that TP-activated iNKT cells released significantly increased

levels of the Th2 cytokine, IL-4, thereby inhibiting type

2 NKT cells and promoting the expression of C-X-C motif

chemokine ligand 10 (CXCL10), intercellular adhesion

molecule 1 (ICAM-1), and early growth response 1 (Egr-1),

FIGURE 2
Hypothesis of molecular pathogenesis of TP-induced hepatotoxicity. CYP450 enzymes are involved in TP metabolism and P-gp is involved in
TP transport. Some factors such as the continuous use of TP, combined with drugs affecting CYP450s and P-gp, antibiotic abuse, circadian rhythm,
and sex differences, should affect the level of TP in the liver. TP itself is hepatotoxic and direct liver toxicity due to excessive exposure to TP, such as
oxidative stress, excessive autophagy, apoptosis, metabolic disorders, etc. Cell damage caused by direct hepatotoxicity releases danger signals,
such as DAMPs, which can activate the innate and adaptive immune systems, and then a large number of pro-inflammatory factors will be released.
The inflammatory response further aggravates liver injury by promoting cell death, inducing excessive autophagy and metabolic disorders, etc. In
addition, the imbalance of hepatic immune homeostasis caused by changes in immune cells makes the liver sensitive to external factors, such as LPS,
then aggravates hepatotoxicity. Furthermore, gut microbiota mediates the hepatotoxicity of TP by affecting TP in vivo exposure, metabolic
homeostasis, and immunity. ↓: downregulation of CYP450s and p-gp; ↑: abnormal increase TP exposure.
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resulting in downregulated expression levels of liver nuclear

receptor FXR, bile acid transporter organic anion-

transporting polypeptide 2b1 (OATP2B1), and

CYP450 enzymes, ultimately exacerbating TP-induced

cholestatic liver injury (Zou et al., 2020).

2.6.2 The adaptive immune system
The balance of T helper cell 17 (Th17)/regulatory T cell

(Treg) in adaptive immune cells is crucial to maintain

immune homeostasis (Liu et al., 2018; Lee et al., 2021).

Tregs have anti-inflammatory effects that suppress

immune responses. In contrast, Th17s have pro-

inflammatory effects to promote immune responses.

Increased levels of Th17s and their related cytokine IL-17,

but decreased levels of Treg cells and their related cytokine

IL-10, were observed in TP-induced hepatotoxicity (Wang

et al., 2014a). Another study found the number of Tres was

reduced by TP-mediated upregulation of suppressor of

cytokine signaling (SOCS) and Notch signaling, resulting

in a Th17/Treg imbalance and aggravated TP-induced

hepatotoxicity (Wang et al., 2016). Furthermore, in mice,

IL-17 produced by Th17s contributed to TP-induced

hepatotoxicity (Wang et al., 2014b).

2.6.3 Liver immune homeostasis
Mild bacterial-derived lipopolysaccharide (LPS) in the gut

could enter the liver through the portal vein. Under

physiological conditions, the hepatic immune system

protects the host from the adverse effects of low-dose LPS,

while mice that were gavaged daily with TP for 7 days showed

disrupted liver immune homeostasis, evidenced by the liver’s

inability to detoxify the harmful response induced by a non-

hepatotoxic dose of LPS (Yuan et al., 2019b). Researchers

further found that the imbalance of hepatic immune

homeostasis was caused by TP-induced inhibition of NF-

κB-dependent transcriptional activity and CASP8 and

FADD like apoptosis regulator (CFLAR, also known as

FLIP) production (Yuan et al., 2020). Furthermore, TP

inhibited the phagocytic function of macrophages,

increased the number of macrophages, and regulated

TABLE 1 Detoxification strategies for TP.

Drug Model Treatment Effector Mechanisms References

Arctiin BALB/C mice pretreatment with Arctiin (500 mg/kg i.g. 12), TP (0.6 mg/kg,
i.g. 24 h)

Nrf2 Zhou et al. (2020)

HepG2 cells pretreatment with Arctiin (50 μM, 12 h), TP (50 nM, 12 h)

Catalpol HepaRG cells pretreatment with Catalpol (40 μg/L 12 h), TP (20 μg/L 12 h) inhibit excessive autophagy Zhang et al.
(2022b)

Catalpol Female SD Rats TP (1.2 mg/kg) + Catalpol (2.4, 24, 240 mg/kg) i.g. 14d regulate phase I and II
detoxification enzymes of TP

Fu et al. (2020)

L-02 cells pretreated with Catalpol (2 μg/ml, 10 μg/ml, 50 μg/ml, and 250 μg/
ml 12 h). TP (20 μg/ml 36 h)

HepG2 cells pretreated with Catalpol (0.4 μg/ml, 2 μg/ml, and 10 μg/ml, 12 h),
TP (40 μg/ml, 36 h)

Chlorogenic acid Male Kunming
mice

pretreatment with Chlorogenic acid (10,20 and 40 mg/kg, i.g. 7 d),
TP (1 mg/kg, i.g. 24 h)

Nrf2 Wang et al.
(2018a)

Epigallocatechin-3-
gallate

Female C57BL/
6 mice

pretreated with Epigallocatechin-3-gallate (5 mg/kg, i.g. 10d), TP
(0.5 mg/kg, i.g. 22 h)

Th17/Treg balance Yu et al. (2016)

Isoliquiritigenin Male ICR mice pretreatment with Isoliquiritigenin (25 and 50 mg/kg i.g. 7 d), TP
(1.0 mg/kg, i.p. 24 h))

Nrf2, bile acid metabolic
homeostasis

Hou et al. (2018)

L-02 cells pretreatment with Isoliquiritigenin (2.5,5.0, 7.5 μM 12 h); TP
(50 nM, 24 h)

Isoliquiritigenin Male ICR mice pretreatment with Isoliquiritigenin (50 mg/kg i.g. 7d), TP
(1.0 mg/kg, i.p. 6 h), Isoliquiritigenin (50 mg/kg i.g. 18 h)

Nrf2 Cao et al. (2016)

Licorice root extract Male Wistar rats pretreatment with Licorice root extract (120,240 and 480 mg/kg, i.g.
7 d), TP (0.6 mg/kg, i.g. 18 h)

Nrf2 Tan et al. (2018)

L-02 cells pretreatment with Licorice root extract (30, 60, and 90 μg/ml, 24 h),
TP (80 nM, 18 h)

magnesium
isoglycyrrhizinate

Male Wistar rats pretreatment with magnesium isoglycyrrhizinate (13.5 mg/kg, i.g.
7 d), TP (0.6 mg/kg, i.g. 18 h)

Nrf2 Tan et al. (2018)

L-02 cells pretreatment with magnesium isoglycyrrhizinate (30 μg/ml, 24 h),
TP (80 nM, 18 h)

Quercetin Female C57BL/
6 mice

pretreatment Quercetin (20, 50 and 80 mg/kg i.g. 10 d), TP
(0.5 mg/kg, i.g. 22 h)

Th17/Treg balance Wei et al. (2017)

Vitamin C Male C57/
BL6 mice

pretreatment Vitamin C (250 mg/kg i.g. 12 and 24 h), TP
(1.0 mg/kg, i.p. 24 h)

mitigation of oxidative stress Xu et al. (2019)
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macrophages polarization in the mouse liver, resulting in an

amplification of the inflammatory response to a non-

hepatotoxic dose of LPS and exacerbated hepatotoxicity

(Wang L. et al., 2018; Liu L. et al., 2022). Recently, it was

found that the immune disorder caused by a TP-induced

Th17/Treg imbalance was also the cause of liver intolerance

to a non-hepatotoxic dose of LPS in TP-induced acute

hepatotoxicity (Zhang H. et al., 2022). Hence, TP treatment

led to an imbalance of immune homeostasis in the liver,

making the liver susceptible to external factors, such as

LPS, thereby aggravating liver damage.

2.7 Gut microbiota mediated
hepatotoxicity

The close connection between the liver and the gut, such as

the “gut-liver axis” and “enterohepatic circulation” means that

the gut microbiota has an important impact on the efficacy and

toxicity of drugs (Kashyap et al., 2017; Wilson and Nicholson,

2017; Andrade et al., 2019). Enzymes or metabolites derived from

the gut microbiota alter DILI by affecting the in vivo processing

of drugs (Gong et al., 2018; Yip et al., 2018; Li et al., 2019).

Moreover, the gut microbiota and its metabolites can regulate

liver injury by influencing immunity and the gut barrier (Sun

et al., 2020; Yan et al., 2022).

In recent years, researchers have focused on the association

between the gut microbiota and TP-induced hepatotoxicity. An

in vitro experiment on SD rat colon contents demonstrated that

TP could be metabolized by the gut microbiota and the content

of TP showed a downward trend over time, with a decrease of

3% at 6 h, 16% at 12 h, and 45% at 24 h (Peng et al., 2020). In

mice, TP injection after antibiotic depletion of the gut

microbiota increased TP-induced hepatotoxicity, and the

mechanism was related to metabolic disorders. Gut

microbiota-derived propionate was reported to defend

against TP-induced hepatotoxicity through metabolic

intervention (Huang et al., 2020). Considering that most TP-

containing drugs are delivered orally, our study further

demonstrated that gut microbiota disturbances induced by

antibiotic pretreatment exacerbated oral TP-induced

hepatotoxicity, which is associated with an aggravated

NLRP3-mediated inflammatory response and increased TP

absorption (Liu Y. T. et al., 2022).

3 Conclusion

The pathogenesis of TP-induced hepatotoxicity is

complicated, and the occurrence of TP-induced

hepatotoxicity is the result of the interaction of multiple

factors. In summary, the mechanisms of TP-induced

hepatotoxicity are mainly related to CYP450s, P-gp,

oxidative stress, excessive autophagy, apoptosis, metabolic

disorders, immunity, and the gut microbiota (Figure 1).

In this section, we propose an overall hypothesis for a

possible mechanism of TP-induced hepatotoxicity. TP-

induce hepatotoxicity is dose-dependently (Yuan et al.,

2019a; Zhao J. et al., 2020). Therefore, hepatic CYP450s

and P-gp, which affect TP exposure, play a vital role in

TP-induced hepatotoxicity. Some factors such as the

continuous use of TP, combined with drugs affecting

CYP450s and P-gp, antibiotic abuse, circadian rhythm,

and sex differences, should affect the level of TP in the

liver. TP itself is hepatotoxic (Titov et al., 2011), and

direct liver toxicity due to excessive exposure to TP, such

as oxidative stress, excessive autophagy, apoptosis, metabolic

disorders, etc. Cell damage caused by direct hepatotoxicity

releases danger signals, such as DAMPs, which can activate

the innate and adaptive immune systems, such as activation

of NLRP3, recruitment of macrophages, Th17s, etc., and then

a large number of pro-inflammatory factors will be released.

The inflammatory response further aggravates liver injury by

promoting cell death, inducing excessive autophagy and

metabolic disorders, etc. In addition, the imbalance of

hepatic immune homeostasis caused by changes in

immune cells makes the liver sensitive to external factors,

such as LPS, then aggravates hepatotoxicity. Furthermore,

gut microbiota mediates the hepatotoxicity of TP by affecting

TP in vivo exposure, metabolic homeostasis, and immunity

(Figure 2).

Moreover, a comprehensive analysis of the toxicological

mechanisms of TP could advance our understanding of the

detoxification effect of TP. Increasing the expression of hepatic

CYP450s and P-gp, activating Nrf2, Notch1, FXR, inhibiting

excessive autophagy, regulating mitochondrial fission protein Drp1,

and suppressing immune hyperactivation, are expected to become key

strategies for TP detoxification. Studies show that there are variety of

drugs, such as chlorogenic acid (Wang J.M. et al., 2018), and Catalpol

(Zhang et al., 2022b), etc., alleviated TP-induced hepatotoxicity by

modulating key targets or biological processes such as Nrf2, and

autophagy (Table 1).

However, research on the mechanism of TP-induced

hepatotoxicity lacks depth. For example, studies have found that

the role of autophagy in a model of TP-induced hepatotoxicity is

controversial. It seems that proper autophagy protects TP-induced

hepatotoxicity, yet excessive autophagy increases TP-induced

hepatotoxicity (Wei et al., 2019; Zhang et al., 2022b). However,

there is currently no clear indicator to determine the extent of

autophagy in TP-induced hepatotoxicity, and it cannot tell us

how to regulate autophagy. Therefore, it is necessary to develop

appropriate experimental models to clarify the role of autophagy in

TP-induced hepatotoxicity and look for the key indicators or

biomarkers. Furthermore, multiple mechanisms have been

demonstrated to be involved in TP-induced hepatotoxicity while

reduce the expression of these targets does not seem to significantly
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alleviate TP-induced hepatotoxicity. This suggests that TP-induced

hepatotoxicity is caused by the interaction of multiple factors and the

key pathogenesis of TP-induced hepatotoxicity has not yet been

identified. Thus, key pathogenic mechanisms need to be discovered

and validated for detoxification strategies for TP-induced

hepatotoxicity.
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Toxicological safety evaluation of
Qin-Zhi-Zhu-Dan formula in rats
during the treatment and
recovery periods

Wenxiu Xu1†, Dan Chen1†, Zehan Zhang1, Shuling Liu1,
Congai Chen2, Chunyan Sun2, Wenchao Ni2, Xiangdong Kang1,
Guojiao Shang1, Xueqian Wang1*, Fafeng Cheng1* and
Qingguo Wang1*
1School of Traditional Chinese Medicine Department, Beijing University of Chinese Medicine, Beijing,
China, 2Dongzhimen Hospital, Beijing University of Chinese Medicine, Beijing, China

Background: Qinzhi Zhudan Formula (QZZD), optimized from Angong

Niuhuang Wan, consists of Radix Scutellariae, Fructus Gardeniae and Pulvis

Fellis Suis. We had investigated the neuroprotective effects of QZZD and its

active components, and demonstrated that it could treat cerebral ischemia and

dementia through multiple pathways and mechanisms. Nevertheless,

toxicological data on this formula still remains limited. In the study, we

sought to examine the toxicological effects of QZZD during the treatment

and recovery periods.

Methods:We investigated potential toxicities of QZZD in Sprague-Dawley (SD)

rats via 28-day gavage administration. SD rats were randomly divided into

control group and treatment groups of A (0.5 g/kg/d QZZD), B (1.5 g/kg/d

QZZD), and C (5.0 g/kg/d QZZD). The 56-day course includes treatment

period (administration with water or QZZD once a day for 28 consecutive

days) and recovery period (28 days). The rats received daily monitoring of

general signs of toxicity and mortality, as well as weekly determination of

body weight and food consumption. Moreover, the complete blood cell

count, biochemistry, coagulation, and urine indicators, organ weights, and

histopathological report were analyzed respectively at the end of the

treatment and recovery periods.

Results: There was no death related to the active pharmaceutical ingredients of

QZZD during the treatment period. The maximum no observed adverse effect

level (NOAEL) was 0.5 g/kg/d, which is approximately 16.7 times of the

equivalent dose of clinical dose in rats. In group TB (1.5 g/kg/d QZZD) and

TC (5.0 g/kg/d QZZD), there were adverse effects of blue coloring of tail skin,

weight loss, a significant increase of total bilirubin (TBIL), blackening of liver and

kidney in gross examination, hyperplasia of bile duct and karyomegaly of

hepatocytes in histopathological examination. Besides, in females rats, the

food consumption was reduced, while in male rats, there was decrease in

triglycerides (TG) and slight increase in white blood cell (WBC) count and

neutrophils. In group TC (5.0 g/kg/d QZZD), the indicators of red blood cell

(RBC) count, hemoglobin (HGB) and hematocrit (HCT) were decreased slightly,
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while the platelet count (PLT) was increased. However, these changes were not

considered to be toxicologically significant because they resolved during the

recovery period.

Conclusion: Overall, QZZD exhibited a good safety profile. The maximum no

observed adverse effect level was 0.5 g/kg/d, and no target organs toxicity were

identified. The present findings might confirm the safety of QZZD in clinical

practices.

KEYWORDS

sub-chronic toxicity, scutellaria baicalensis extract, gardenia extract, pulvis fellis suis,
reversibility study, organ coefficient, biochemical

Introduction

Traditional Chinese medicine (TCM) has been widely

utilized worldwide for thousands of years. TCM is well-

recognized for its ability to treat multiple ailments and

promote health (Alam et al., 2016). In recent years, natural

products have received increasing attention given their low

toxicity and high efficacy (Gao et al., 2018; Qi et al., 2020).

Chinese herbs and extracts have become a research hotspot for

their therapeutic and cytoprotective characteristics for treating

neurodegenerative diseases in human beings (Gaire et al., 2014),

especially in treating the etiology and pathogenesis of vascular

dementia. Overwhelming evidence substantiates the

pharmacological activities of the three components (at a ratio

of 10:6:1.5) of QZZD: Radix Scutellariae, Fructus Gardeniae and

Pulvis Fellis Suis (Gaire et al., 2014; Zhang et al., 2017; Ma et al.,

2020; Rui et al., 2020).

Radix Scutellariae is the most widely used herb for

neuroprotection in TCM. The major phytochemicals

isolated from S. baicalensis are flavonoids, glycosides and

their glucuronides, such as baicalin, baicalein, and wogonin

(Gaire et al., 2014), with good safety and therapeutic effect

against cerebral ischemia. Radix Scutellariae generally listed

in treatment of cerebral ischemia’s traditional formulas

including NiuHuangQingXinWan, Angong Niuhuang

Boluses, and Huanglian jiedu decoction, and is also the

core component of QZZD. Modern studies have shown that

Radix Scutellariae has antagonistic effects on neuronal cell

death and neurodegeneration due to glutamate toxicity,

oxidative cascade, inflammation, and apoptosis (Gaire

et al., 2014). Furthermore, we found that baicalin could

inhibit cerebral ischemia-induced activation of the NFκB/
CCL2/CCR2 pathway via targeting NFκB activation and

CCL2/CCR2 interaction. In vitro, baicalin significantly

inhibited the secretion of NO, IL6, TNFα, and CCL2 in

macrophages and promoted the secretion of IL13, IFN -γ,
and IL-1α (Xu et al., 2022).

Fructus Gardeniae (FG) is the dried fruit of Gardenia

jasminoides Ellis (GjE), which belongs to the family

Rubiaceae and is an outstanding traditional medicinal plant

used for medicine and food. FG is a traditional Chinese

medicine that has been originally recorded in the

“Shennong Bencao Jing” and listed in each version of

“Chinese Pharmacopoeia”, with the effects of “discharging

fire, eliminating vexation, reducing fever and causing

diuresis”, cooling blood to remove pathogenic heat.

(Chinese Pharmacopoeia Commission, 2010).

Approximately 162 chemical compounds have been isolated

and identified from FG. Previous studies have reported

various pharmacological properties, including beneficial

effects on the nervous, cardiovascular and digestive

systems, hepatoprotective activity, antidepressant activity,

and anti-inflammatory activity (Chen et al., 2020). Studies

have shown that Gardenia jasminoides extract (GJE) may play

a protective effect in improving chronic cerebral ischemia

based on its antioxidant properties by scavenging free radicals,

reducing NO toxicity and AChE activity in brain neurons

(Zhang et al., 2017).

Pulvis Fellis Suis (PFS), named “Zhu Danfen” in China,

was first listed in the 2000 version of “Chinese

Pharmacopoeia” (Shi et al., 2018). According to the

Chinese Pharmacopoeia 2020, PFS has a bitter taste and

cold nature and belongs to the liver, gallbladder, lung and

large intestine channels. It has the functions of clearing heat,

moistening dryness, relieving cough, relieving asthma and

detoxifying (Chinese Pharmacopoeia Commission, 2020).

PFS is rich in substances, including bile acids, bile

pigments, mucoproteins, lipids and inorganic substances

(He et al., 2017). Modern pharmacological research

indicates that these compounds exert diverse biological

activities, such as antitussive, anti-inflammatory,

antibacterial, cholagogic, antibacterial, anti-tumor and

other pharmacological effects (He et al., 2017; Chen et al.,

2021), and are clinically used to treat whooping cough,

asthma, hepatitis, vaginitis, intrahepatic bile duct stones,

intestinal diseases, etc. (He et al., 2011). Our previous

study showed that cholalic acid components have a good

anti-cerebral ischemic effect. For instance, cholic acid (CA)

exerted protective effects on the neurovascular unit (NVU),

mediated by increased release of BDNF and further
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stimulating the BDNF-TrkB-PI3K/Akt and BDNF-TrkB-

MAPK/Erk signaling pathways during OGD/R-induced

injury (Li et al., 2020).

Our previous research also showed that QZZD could

significantly improve learning memory and spatial exploration

disorders in Alzheimer’s and vascular dementia rat models (Liu

et al., 2022). Additionally, QZZD could reduce

neuroinflammation by regulating the TNF Receptor1-ERK1/2-

NF-κBp65 pathway and reducing the expression of the β-amyloid

protein in APP/PS1 double-transgenic AD mice (unpublished

data). Repeated dose toxicity studies play an indispensable role in

preclinical evaluation of safety, whose purpose is to predict

possible toxicities in human body. It can help to determine no

observed adverse effect level (NOAEL) and first-in-human (FIH)

dose, which will provide a safe dose range for subsequent

application of QZZD in clinical trials (Gua et al., 2014)

However, few studies have hitherto investigated QZZD

toxicological safety, emphasizing a lack of evidence for further

clinical translation.

In the present study, we aimed to evaluate the subchronic

toxicity of QZZD. Rats were administered with 0.5, 1.5, and

5.0 g/kg/d of QZZD for 4 weeks, followed by 4 weeks of recovery,

and all relative parameters were monitored during these 8 weeks.

Collectively, our findings provide the foothold for applying

QZZD in clinical therapy and reliable experimental data for

its rational and safe application.

Materials and methods

Preparation of qinzhi zhudan formula

QZZD was provided by the China Academy of Chinese

Medical Sciences and accredited by expert pharmacognosists.

The three medicinals (Radix Scutellaria, Fructus Gardeniae and

Pulvis Fellis Suis) were mixed at a ratio of 10:6:1.5. The extraction

process and quality control were implemented according to our

previous study. Radix Scutellaria was decocted with water

12 times of its volume twice, 1 h each time. The decoctions

were combined and filtered. The filtrate was concentrated to a

relative density of 1.05–1.10, and 2 mol/L hydrochloric acid

solution is added at 80°C to adjust the pH value to 1.0–2.0. It

was then kept warm for 30 min before centrifuged at 4000 rpm

for 10 min. The sediment was washed with a small amount of

50% ethanol that was then evaporated. Then it was dried under

60°C under reduced pressure before use. Fructus Gardeniae was

grinded and extracted at room temperature for 3 times with 75%

ethanol 10 times of its volume, 8 h each time. The solution was

combined before ethanol recovery at reduced pressure below

60°C. Then the concentrated solution is spray dried before use.

Pulvis Fellis Suis was mixed with the above two extracts and kept

refrigerated at −20°C until use. Chromatography with tandem

mass spectrometry (LC-MS-MS) was used in a previous study to

analyze the composition of the QZZD and identified baicalin,

geniposide, cholic acid, hyodeoxycholic acid, and

chenodeoxycholic acid. The results of QZZD-UHPLC-QE-MS

are shown in Supplementary Tables S1, S2.

Chemicals and agents

Radix Scutellariae and Fructus Gardeniae were purchased from

Anxing Chinese Herbal Medicine Co., Ltd. (No. 200901, China).

Pulvis Fellis Suis was purchased from Shengtai Chinese Herbal

Medicine Co., Ltd. (No. 190901, China). Xylazine Hydrochloride

Injection was purchased from Jilin Hualu Mu Animal Health

Products Co., Ltd. (No. 20201118). Zolelil ®50 was obtained from

Virbac Co., Ltd. (No.7XDYA). Tropicamide was supplied by

Shandong Doctor Renfreida Pharmaceutical Co., Ltd.

(No.20073001/20102901, Jinan, Shandong province, China).

Animals

A total of 144 Sprague-Dawley (SD) rats of both sexes (specific

pathogen-free (SPF) grade) (males weighing 273.4–333.2 g and

females 184.2–233.8 g) were purchased from Beijing

WeiTongLiHua Laboratory Animal Technology Co., Ltd. The

rats were fed with a standard rodent diet (SPF grade, supplied by

Beijing Keao Xieli Feed Co. Ltd., Beijing, China) and water

(Conform to GB14925-2010, GB5749-2006 standards) ad libitum

in a Good Laboratory Practice (GLP) center, approved by the China

Food and Drug Administration (CFDA) under controlled

conditions [temperature (23 ± 3°C) with a relative humidity of

40.10%–76.89%, and maintained under a 12/12-h light/dark cycle].

The cage beddings andwater bottles were cleaned daily. The animals

were allowed 1 week of acclimatization before the beginning of

experimental procedures. The standards of the feeding environment

were based on the People’s Republic of China national standard

(GB14925-2010), and the Honeywell EBI R430.1 automatic control

system was used.

Grouping and drug administration

An ear tag was attached to each rat with a unique

identification number. Cage cards were made according to the

animal numbers in Table 1. The determination of dose of QZZD

in this study was in accordance with Technical Guidelines for

Repeated Dose Toxicity Studies (2014) issued by China Food and

Drug Administration (CFDA). To ensure animal welfare and the

feasibility of gavage, 5.0 g/kg/d was regarded as a high-dose

concentration, and the maximum concentration for gavage

was set to 250 mg/ml QZZD. The animals were randomly

divided into a control group (CN) and three experimental

groups (TA, TB, and TC) according to the QZZD dosage.
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There were 18 female and 18 male rats in each group. Rats in the

TA, TB, and TC groups were administered with 0.5 g/kg/d,

1.5 g/kg/d, and 5.0 g/kg/d QZZD, hence termed as low,

middle, and high-dose groups, respectively. The experimental

group’s dosage was 20 ml/kg, and the control group received the

same volume of double distilled water.

At the end of the treatment period, 12 male and 12 female

rats from each group were sacrificed for analyses of the complete

blood count, biochemistry, and urine indicators, major organ

weights, and histopathology of reproductive organs. The

remaining rats in each group, including six females and six

males, were given free access to food and water for another

4 weeks (5–8 weeks, named recovery period) until the end of the

experiment. They were sacrificed at the end of the recovery

period, and the above-mentioned parameters were assessed. A

representative experimental scheme is shown in Figure 1.

TABLE 1 Group grouping and identification of test animals.

Group number Group Number Animal number Cage number Necropsy time Cage card
color

\ _ \ _ \ _

1 CN 18 18 1101–1112 1201–1212 1–4 7–10 end of administration white

1113–1118 1213–1218 5, 6 11, 12 end of the recovery period

2 TA 18 18 2101–2112 2201–2212 13–16 19–22 end of administration green

2113–2118 2213–2218 17, 18 23, 24 end of the recovery period

3 TB 18 18 3101–3112 3201–3212 25–28 31–34 end of administration yellow

3113–3118 3213–3218 29, 30 35, 36 end of the recovery period

4 TC 18 18 4101–4112 4201–4212 37–40 43–46 end of administration red

4113–4118 4213–4218 41, 42 47, 48 end of the recovery period

Animal numbers 4110 and 4111 were dead at D15 and D9, respectively.

FIGURE 1
Representative experimental scheme. ‘AP’ indicates 14 days of suitability rearing before the experiment; ‘FDR’ was defined as trial day 1 (D1),
body weight and ophthalmic examinations were performed. The whole experiment lasted for 56 days, it was divided into treatment period (TP) and
recovery period (RP). During the trial, cage observation daily; detailed clinical signs observation, body weight and food consumption were performed
weekly. Ophthalmic examination and urine examination are performed before the end of the treatment and the recovery periods (D26 and
D54). Hematologic, biochemical and coagulation examinations were tested at the end of the treatment period and the recovery period (D28 and
D56), and necropsy, organ weight and histopathological examination were performed after the animals were euthanized.
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Clinical signs observation

Cage-side observations for apparent signs of toxicity or

injury (behavior, mental status, gland secretion, feces

characteristics, genitals, and death) were conducted twice a

day after daily drug exposure, and once experimental animals

developed toxic symptoms, the observation frequency was

increased. During the recovery period, the observation was

performed once a day.

Detailed clinical observations were made before grouping

and once a week during administration until the end of the trial.

If the detailed clinical observation coincided with the cage-side

observation time, the detailed clinical observation replaced the

cage-side observation in this period.

Body weight and food consumption

The body weight in all groups was measured once during the

adaptation period (when grouping) and then measured twice per

week (D3, D7, D10, D14, D17, D21, D24, D28) during the

treatment period and then measured weekly (D35, D42, D49,

D56) during the recovery period. Food consumption was

measured once or twice weekly over a 24-h period. When

food consumption was assayed, 200 g of animal feed was

delivered; the remaining portions were measured at the same

time on the second day, and the food consumption was

calculated. Specifically, the food intake was measured twice

weekly during the treatment period (D2, D6, D9, D13, D16,

D20, D23, and D27) and then measured weekly (D34, D41, D48,

D55) during the recovery period.

Ophthalmic examination

During adaptation and at the end of treatment period (D26)

and recovery (D54) periods, tropicamide was applied to the

mydriasis, cornea, conjunctiva, iris, pupil, crystalline lens,

anterior/atria chamber, and fundus oculi of all animals, and

they were examined using a binocular indirect ophthalmoscope

(Cat. #YZ25C, 6-6 VISION TECH Co., Ltd., Suzhou, Jiangsu

province, China).

CBC, biochemical, and coagulation
examination

At the end of treatment period (D28) and recovery (D56),

aorta blood (6 ml) was collected from all animals after fasting

for 12 h.

For the complete blood count assay, 2 ml of blood was

anticoagulated by ethylenediamine tetraacetic acid (EDTA).

Hematological parameters, including red blood cells (RBC),

white blood cells (WBC), hemoglobin (HGB), hematocrit

(HCT), platelets (PLT), mean corpuscular volume (MCV),

mean corpuscular hemoglobin (MCH), mean corpuscular

hemoglobin concentration (MCHC), reticulocyte (RET%,

RET#), neutrophils (NEUT%, NEUT#), lymphocytes (LYMPH

%, LYMPH#), monocytes (MONO%, MONO#), eosinophils

(EOS%, EOS#) and basophils (BASO%, BASO#) were detected

by the Automatic Blood Analyzer (XT-2000IV, SYSMEX, Japan).

For biochemical examination, 2 ml of blood was centrifuged

(3000 rpm, 10 min, RT), and serum was prepared for analysis.

Parameters, including alanine aminotransferase (ALT), aspartate

aminotransferase (AST), alkaline phosphatase (ALP), creatine

phosphokinase (CK), total bilirubin (TBIL), glucose (GLU), urea

(Urea), creatinine (Crea), triglyceride (TG), cholesterol total

(TC), troponin (TP), albumin (ALB), globulin (GLOB),

sodium (Na+), potassium (K+), and chloride ion (Cl−) and

albumin/globulin (A/G), were detected by Automatic Blood

Biochemical Analyzer (Hitachi 7180, Hitachi Hi-Tech, Japan).

1.8 ml of blood was anticoagulated by sodium citrate to

detect clotting indexes, and the plasma was separated for

examination by centrifugation at 3000 rpm for 10 min at

room temperature (RT). Blood coagulation indexes, including

prothrombin time (PT), activated partial thromboplastin time

(APTT), and fibrinogen (FIB), were detected by an automatic

Hemagglutination Analyzer (CA-1500, SYSMEX, Japan).

Urine examination

Urine examinations were conducted once on day 26 and

before the end of the recovery period (D54). Urine parameters,

including specific gravity (SG), glucose (GLU), protein (PRO),

bilirubin (BIL), urobilinogen (URO), pH, ketones (KET), specific

gravity (SG), occult blood (BLO), nitrogen (NIT), turbidity

(TURB), WBC and pigment, were detected by Urine Analyzer

(Zhongke Meiling Cryogenics Co., Ltd., Hefei, Anhui province,

China).

Bone marrow examination

Given that the hematological indexes of the animals indicated

normal bone marrow hematopoiesis, a bone marrow smear was

not required.

Necropsy and organ weight

Necropsy was conducted at the end of treatment period (on

day 29, twelve rats per group) and the remaining rats were

autopsied during the recovery period. Prior to dissection, all

rats fasted overnight and were euthanized after intraperitoneal

injection of sutai and serrazine hydrochloride mixture. A detailed
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macroscopic examination was performed on the systemic organs

and tissues. The wet weight of the following organs was

measured, and the organ coefficients and organ brain

coefficients were calculated separately: the brain, spleen,

thymus, heart, liver, testis (bilateral)/ovaries (bilateral),

epididymis (bilateral), kidneys (bilateral), adrenal glands

(bilateral), and uterus (including the cervix) were separated

and weighed. For paired organs, the weights of both organs

were added together.

Histopathological examination

The following organs and tissues were extracted from the

rats and fixed in 10% neutral buffered formalin: the brain,

heart, aorta, pituitary, thyroid, parathyroid, lung including

bronchi, liver, trachea, spleen, kidney, adrenal glands, salivary

glands (submandibular), esophagus, stomach, duodenum,

jejunum, ileum, cecum, colon, rectum, pancreas,

epididymis, prostate, seminal vesicle, ovary, uterus

(including the cervix), vagina, urinary bladder,

submandibular lymph node, mesenteric lymph node,

mammary gland (female and male), mammary gland skin,

sternum (including bone marrow), femur (including bone

marrow), skeletal muscle (biceps flexor cruris), nervi

ischiadicus, spinal cord (neck, chest and waist) and

abnormal tissues and tissue masses were visually observed.

The testes, eyeballs, optic nerve and the harderian gland were

fixed with Davidson’s fixative.

All tissues/organs were fixed, and tissue slides were prepared

by a standardized process, including dehydration, paraffin

embedding, trimming, sectioning by microtome, and staining

with hematoxylin-eosin (H&E). A histopathological examination

was performed on the toxic target organs of dissected animals.

The photomicroscopic assessment and the histopathology slides

were viewed at various magnifications (×100 and ×400) to detect

pathological lesions using a BX60 photomicroscope (Olympus,

Tokyo, Japan). We invited pathologist Yingyong from the

Shandong Academy of Pharmaceutical Sciences to peer review

the sections.

Statistical analysis

Data were calculated and analyzed with SPSS (version 20.0,

IBM, Armonk, NY). All values were presented as mean ± standard

FIGURE 2
Effects of different doses of QZZD on the body weight in female (A) or male (B) rats and food consumption in female (C) or male (D) rats. In the
treatment period, n= 18 in each group, and two female rats (4110 and 4111) death caused by faulty gavage operation, the total number was 16 (n= 16)
in TC female group. In the recovery period, n = 6 in each group for female or male.
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TABLE 2 Effect of QZZD on hematological parameters in the sub-chronic oral toxicity study.

Parameter
(mean ±
SD)

Treatment period (n = 12) Recovery period (n = 6)

CN TA TB TC CN TA TB TC

Female

WBC(109/L) 4.87 ± 1.38 4.61 ± 1.66 6.12 ± 2.04 5.20 ± 1.27 4.53 ± 1.04 4.54 ± 1.29 4.53 ± 1.32 5.40 ± 1.51

RBC(1012/L) 7.24 ± 0.22 7.25 ± 0.38 6.95 ± 0.50 6.74 ± 0.50* 7.58 ± 0.33 7.83 ± 0.27 7.68 ± 0.27 7.66 ± 0.18

HGB (g/L) 140.33 ± 6.01 140.17 ± 7.00 136.17 ± 7.69 135.50 ± 5.48 146.83 ± 5.23 151.00 ± 5.62 148.67 ± 4.76 151.17 ± 3.71

PLT (109/L) 1164.92 ± 123.32 1171.25 ± 97.27 1181.08 ± 113.10 1505.40 ± 139.32* 1105.00 ± 80.38 1008.33 ± 81.16 1075.33 ± 68.60 1002.33 ± 147.20

HCT (%) 36.74 ± 1.40 36.62 ± 1.28 35.89 ± 1.80 36.21 ± 1.45 38.70 ± 1.59 39.93 ± 1.23 40.08 ± 1.24 40.77 ± 1.17

MCV(fL) 50.77 ± 1.61 50.58 ± 1.90 51.75 ± 2.15 53.85 ± 2.59* 51.08 ± 1.00 51.00 ± 1.19 52.22 ± 1.86 53.28 ± 1.49*

MCH(pg) 19.38 ± 0.50 19.35 ± 0.63 19.62 ± 0.56 20.14 ± 0.86* 19.38 ± 0.32 19.28 ± 0.28 19.35 ± 0.46 19.77 ± 0.53

MCHC(g/L) 381.92 ± 6.72 382.83 ± 8.29 379.33 ± 6.41 374.30 ± 6.78* 379.50 ± 4.59 378.17 ± 6.31 371.00 ± 9.34 370.67 ± 2.80

NEUT% (%) 17.76 ± 7.12 20.01 ± 8.14 21.23 ± 11.06 23.99 ± 12.02 17.53 ± 3.43 20.43 ± 8.36 15.73 ± 6.03 15.37 ± 4.86

LYMPH
% (%)

78.39 ± 7.42 75.81 ± 8.03 75.68 ± 11.37 71.95 ± 12.66 77.42 ± 3.23 74.45 ± 8.32 78.25 ± 6.21 80.53 ± 5.03

MONO% (%) 2.68 ± 1.25 2.86 ± 0.76 2.30 ± 1.05 3.26 ± 1.23 3.72 ± 0.75 3.52 ± 0.55 4.60 ± 4.04 3.33 ± 0.94

EO% (%) 1.18 ± 0.60 1.33 ± 0.64 0.79 ± 0.36 0.80 ± 0.33 1.33 ± 0.24 1.60 ± 0.88 1.42 ± 0.54 0.77 ± 0.28

BASO% (%) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

NEUT#(109/L)
0.83 ± 0.37 0.95 ± 0.67 1.35 ± 0.94 1.21 ± 0.66 0.80 ± 0.25 1.00 ± 0.66 0.70 ± 0.28 0.79 ± 0.23

LYMPH#(109/
L)

3.86 ± 1.31 3.47 ± 1.18 4.59 ± 1.55 3.78 ± 1.21 3.51 ± 0.83 3.32 ± 0.69 3.54 ± 1.12 4.39 ± 1.39

MONO#(109/L)
0.13 ± 0.08 0.13 ± 0.06 0.14 ± 0.06 0.17 ± 0.07 0.17 ± 0.04 0.16 ± 0.06 0.22 ± 0.22 0.18 ± 0.08

EO#(109/L) 0.05 ± 0.02 0.06 ± 0.03 0.05 ± 0.02 0.04 ± 0.02 0.06 ± 0.01 0.07 ± 0.03 0.06 ± 0.02 0.04 ± 0.02

BASO#(109/L)
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

RET#(1012/L) 0.2389 ± 0.0400 0.2670 ± 0.0419 0.3392 ± 0.0657* 0.5621 ± 0.1479* 0.2068 ± 0.0541 0.2032 ± 0.0242 0.2078 ± 0.0408 0.2156 ± 0.0282

RET% 3.301 ± 0.542 3.693 ± 0.627 4.901 ± 1.020* 8.373 ± 2.083* 2.715 ± 0.601 2.595 ± 0.300 2.712 ± 0.548 2.823 ± 0.421

Male

WBC(109/L) 7.41 ± 1.56 8.53 ± 2.92 9.29 ± 1.78 9.97 ± 1.55* 7.34 ± 1.54 6.78 ± 1.10 6.63 ± 0.67 6.62 ± 1.25

RBC(1012/L) 8.16 ± 0.33 8.09 ± 0.20 7.91 ± 0.49 7.46 ± 0.40* 8.38 ± 0.56 8.25 ± 0.18 8.27 ± 0.20 8.38 ± 0.35

HGB (g/L) 155.67 ± 6.17 153.58 ± 4.62 149.08 ± 9.37 139.67 ± 6.83* 152.67 ± 7.50 152.67 ± 4.37 153.00 ± 8.32 158.50 ± 4.68

PLT (109/L) 1163.92 ± 96.90 1130.67 ± 139.77 1272.83 ± 187.87 1466.42 ± 118.05* 1126.33 ± 167.22 1140.00 ± 98.81 1055.00 ± 123.94 1095.17 ± 68.36

HCT (%) 40.76 ± 1.67 40.29 ± 1.35 39.40 ± 2.31 37.18 ± 1.85* 40.20 ± 1.76 40.13 ± 1.26 41.52 ± 2.01 42.28 ± 1.51

MCV(fL) 50.02 ± 1.86 49.84 ± 2.05 49.82 ± 1.54 49.92 ± 2.63 48.10 ± 1.91 48.65 ± 1.43 50.22 ± 2.51 50.50 ± 1.95

MCH(pg) 19.08 ± 0.50 19.00 ± 0.64 18.84 ± 0.42 18.74 ± 0.72 18.25 ± 0.47 18.53 ± 0.31 18.50 ± 0.98 18.95 ± 0.63

MCHC(g/L) 382.00 ± 7.50 381.33 ± 6.49 378.50 ± 10.96 375.83 ± 8.22 379.83 ± 5.81 380.50 ± 8.26 368.33 ± 4.27* 374.83 ± 2.71

NEUT% (%) 12.91 ± 3.26 13.46 ± 4.41 20.01 ± 9.35* 17.53 ± 6.77 18.60 ± 2.36 16.20 ± 3.45 18.10 ± 5.22 16.80 ± 3.49

LYMPH
% (%)

83.46 ± 3.88 82.63 ± 5.05 76.35 ± 10.08 79.23 ± 7.03 74.27 ± 3.53 76.75 ± 3.29 75.48 ± 5.10 76.63 ± 4.66

MONO% (%) 2.68 ± 0.78 3.23 ± 0.89 2.91 ± 1.12 2.75 ± 0.59 5.67 ± 2.04 5.72 ± 0.82 5.22 ± 1.22 5.43 ± 1.30

EO% (%) 0.95 ± 0.42 0.68 ± 0.19 0.73 ± 0.33 0.49 ± 0.21* 1.47 ± 0.88 1.33 ± 0.19 1.20 ± 0.33 1.13 ± 0.46

BASO% (%) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

NEUT#(109/L)
0.94 ± 0.26 1.11 ± 0.49 1.91 ± 1.12* 1.70 ± 0.61* 1.36 ± 0.27 1.08 ± 0.16 1.20 ± 0.37 1.12 ± 0.35

LYMPH#(109/
L)

6.21 ± 1.45 7.09 ± 2.65 7.04 ± 1.50 7.95 ± 1.75 5.45 ± 1.21 5.23 ± 1.03 5.00 ± 0.61 5.07 ± 1.00

MONO#(109/L)
0.20 ± 0.06 0.27 ± 0.13 0.27 ± 0.13 0.27 ± 0.05* 0.43 ± 0.19 0.39 ± 0.07 0.35 ± 0.10 0.35 ± 0.07

EO#(109/L) 0.07 ± 0.03 0.06 ± 0.02 0.07 ± 0.02 0.05 ± 0.02 0.11 ± 0.07 0.09 ± 0.03 0.08 ± 0.03 0.08 ± 0.03

(Continued on following page)
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deviation. Quantitative indicators were statistically tested by

one-way analysis of variance (ANOVA). Levene’s homogeneity of

variance was conducted to assess the homogeneity of variance.

When the variance was heterogeneous (p ≤ 0.05), the

Kruskal–Wallis H rank-sum test (K-W method) was used, When

the difference was statistically significant (p ≤ 0.05), the Mann-

Whitney U rank-sum test (M-Wmethod) was used to compare the

group differences. When variance was homogeneous (p > 0.05) and

one-way analysis of variance (ANOVA) was statistically significant

(p ≤ 0.05), differences between groups were compared using the

Dunnett method.

Comparisons of differences were performed among groups

CN, TA, TB, and TC, and all statistical tests were two-sided (α =

0.05). Statistical analysis was performed using SPSS, and male

and female data calculations and statistical analysis were

performed separately. Ophthalmic examination results were

not counted and expressed as individual data.

Results

Death of animals

There were two deaths of female rats (rat numbers: 4110 and

4111) in group TC (5.0 g/kg/d QZZD) before administration on

D15 and D9, with no significant abnormalities in weight, food

intake and clinical symptoms. A gross necropsy revealed yellow

liquid around the lips and enlarged lungs in both rat. The

histopathological report showed mild congestion of the heart,

liver, kidney, thyroid, adrenal gland, and ovary, moderate

pulmonary congestion, edema, and emphysema in rat 4110,

while in rat 4111, there were mild congestion of the heart,

liver, kidney, pituitary, and ovary, as well as moderate

pulmonary congestion and emphysema.

It was thus concluded that the deaths were attributed to

improper administration. No other deaths were observed until

the end of the experiment.

Clinical signs observation

There were no abnormal symptoms in group CN and group

TA (0.5 g/kg/d QZZD) during the experiment. In group TB

(1.5 g/kg/d QZZD) from D20 to D30, there was blue coloring

of part of the tail skin of some rats, and the bedding and feces in

the cage also turned blue. In group TC (5.0 g/kg/d QZZD) rats

exhibited partial blue staining of the tail skin from D15 to D52,

and part of the bedding and feces in the cage turned blue from

D16 to D38. After the recovery period, the above symptoms

disappeared.

Body weight and food consumption

Changes in body weight are widely acknowledged as an

important indicator of adverse effects of herbs. During the

experiment, there was significant body weight decrease of

female rats from D14 to D56 in group TA (0.5 g/kg/d QZZD),

while no significant differences were observed in male rats. In

group TB (1.5 g/kg/d QZZD), the body weight of female rats was

decreased from D7 to D56 and that of male rats was decreased

from D21 to D24. In group TC (5.0 g/kg/d QZZD), body weight

decrease was observed from D7 to D49 in females and from

D17 to D28 in males. During the drug administration period,

weight decrease exhibited a good dose-response relationship and

time-response relationship. Therefore, it may be attributed to the

tested formula. The female rats in group TA (0.5 g/kg/d QZZD)

showed smaller body decrease and exhibited normal behavior

with no significant organ injury. Detailed analysis is shown in

Figures 2A,B.

During drug administration, the average food intake was

decreased on D6 and D23 in females (p < 0.05) and was increased

on D23 in males (p < 0.05) in group TA (0.5 g/kg/d QZZD).

Group TB (1.5 g/kg/d QZZD) witnessed decrease in females on

D6, D16, D23 and D27 (p < 0.05), while there was no significant

difference in males. Group TC (5.0 g/kg/d QZZD) showed

TABLE 2 (Continued) Effect of QZZD on hematological parameters in the sub-chronic oral toxicity study.

Parameter
(mean ±
SD)

Treatment period (n = 12) Recovery period (n = 6)

CN TA TB TC CN TA TB TC

BASO#(109/L)
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

RET#(1012/L) 0.2789 ± 0.0356 0.3100 ± 0.0421 0.3863 ± 0.0717* 0.5739 ± 0.1246* 0.2997 ± 0.0210 0.2617 ± 0.0176* 0.2538 ± 0.0630 0.2329 ± 0.0200*

RET% 3.413 ± 0.356 3.830 ± 0.482* 4.915 ± 1.100* 7.685 ± 1.585* 3.585 ± 0.243 3.173 ± 0.212* 3.070 ± 0.765 2.780 ± 0.211*

Compared with control group, p ≤ 0.05.

QZZD, 5.0 g/kg group, two female rats (4110 and 4111) death caused by faulty gavage operation in treatment period, resulting in animal sample reduction, the total number was 10 (n = 10).

TA, (treatment group A, 0.5 g/kg/day QZZD); TB, (treatment group B, 1.5 g/kg/day QZZD); TC, (treatment group C, 5.0 g/kg/day QZZD); CN, (control group, 20 ml/kg pure water);

WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; PLT, Platelet; HCT%, hematocrit percentage; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;

MCHC, mean corpuscular hemoglobin concentration; NEUT%, neutrophil percentage; LYMPH%, lymphocyte percentage; MONO%, monocyte percentage; EO%, eosinophil percentage;

BASO%, basophil percentage; NEUT#,neutrophil; LYMPH#, lymphocyte; MONO#, monocyte; EO#, eosinophil; BASO#, basophil; RET #, reticulocytes; RET %, reticulocytes percentage.
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TABLE 3 Effect of QZZD on biochemical and coagulation parameters in the sub-chronic oral toxicity study.

Parameter
(mean ±
SD)

Treatment period (n = 12) Recovery period (n = 6)

CN TA TB TC CN TA TB TC

Female

ALT (U/L) 40.48 ± 5.19 40.39 ± 9.83 39.95 ± 8.74 37.50 ± 14.61 44.92 ± 7.39 40.00 ± 6.81 47.78 ± 3.00 41.33 ± 4.50

AST (U/L) 140.59 ± 25.16 116.68 ± 23.99 127.78 ± 33.45 140.86 ± 36.80 139.58 ± 21.98 132.97 ± 31.63 147.72 ± 36.54 117.48 ± 21.48

TP (g/L) 61.08 ± 3.65 62.43 ± 3.11 59.85 ± 2.15 63.39 ± 3.80 68.85 ± 4.09 64.92 ± 2.95 64.20 ± 1.97 67.85 ± 5.95

ALB (g/L) 29.47 ± 1.57 30.44 ± 1.88 29.13 ± 1.48 30.06 ± 1.21 32.85 ± 2.15 30.48 ± 1.95 31.13 ± 1.11 32.45 ± 3.05

TBIL
(mmol/L)

1.78 ± 0.36 2.56 ± 0.75* 3.84 ± 1.80* 7.98 ± 4.20* 1.79 ± 0.43 1.39 ± 0.44 1.02 ± 0.31* 1.11 ± 0.44*

ALP(U/L) 93.00 ± 16.03 85.67 ± 16.39 94.83 ± 17.68 120.30 ± 37.46 72.50 ± 31.28 67.00 ± 11.51 91.33 ± 22.66 83.50 ± 8.73

GLU
(mmol/L)

7.68 ± 1.23 7.95 ± 1.33 7.87 ± 1.09 7.86 ± 1.17 8.39 ± 1.73 7.89 ± 1.00 9.33 ± 1.33 10.25 ± 2.66

Urea
(mmol/L)

5.85 ± 1.07 5.25 ± 1.06 5.65 ± 0.72 8.63 ± 5.24* 6.65 ± 1.50 6.01 ± 1.48 6.55 ± 1.08 7.20 ± 1.37

Crea
(mmol/L)

31.47 ± 4.88 31.57 ± 5.57 27.15 ± 3.67 31.25 ± 10.31 34.97 ± 4.11 33.55 ± 3.46 40.93 ± 6.22 29.78 ± 4.27

TC
(mmol/L)

1.59 ± 0.29 1.56 ± 0.31 1.50 ± 0.19 1.91 ± 0.53 1.87 ± 0.38 1.68 ± 0.40 1.75 ± 0.35 1.82 ± 0.37

TG
(mmol/L)

0.41 ± 0.10 0.44 ± 0.09 0.35 ± 0.13 0.40 ± 0.13 0.74 ± 0.40 0.58 ± 0.18 0.45 ± 0.14 0.56 ± 0.31

CK(U/L) 956.83 ± 311.83 751.58 ± 318.33 931.75 ± 385.25 1146.10 ± 533.25 970.17 ± 199.83 924.00 ± 306.83 960.00 ± 530.28 802.83 ± 160.32

K+(mmol/L) 4.54 ± 0.22 4.56 ± 0.27 4.44 ± 0.24 4.87 ± 0.31* 4.50 ± 0.18 4.32 ± 0.23 4.55 ± 0.52 4.48 ± 0.24

Na+(mmol/L)
141.92 ± 0.90 142.42 ± 1.83 142.08 ± 1.31 141.40 ± 1.51 141.50 ± 1.05 141.83 ± 0.41 141.83 ± 1.94 141.50 ± 0.55

Cl−(mmol/L)
106.58 ± 1.51 105.83 ± 1.95 105.50 ± 1.17 102.20 ± 3.16* 103.67 ± 1.03 103.33 ± 1.37 102.67 ± 2.07 102.33 ± 1.21

GLOB(g/L) 31.62 ± 2.67 31.98 ± 1.74 30.73 ± 1.61 33.33 ± 2.95 36.00 ± 2.14 34.43 ± 1.76 33.07 ± 2.04 35.40 ± 3.33

A/G 0.94 ± 0.07 0.95 ± 0.06 0.95 ± 0.07 0.91 ± 0.06 0.92 ± 0.04 0.89 ± 0.06 0.95 ± 0.08 0.92 ± 0.06

PT (sec) 15.16 ± 0.37 15.28 ± 0.47 15.65 ± 0.36* 16.65 ± 1.06* 8.17 ± 0.05 8.22 ± 0.12 8.13 ± 0.31 8.28 ± 0.44

APTT (sec) 11.82 ± 0.93 11.74 ± 0.77 11.74 ± 0.97 13.23 ± 1.47* 12.07 ± 1.19 11.17 ± 0.55 11.58 ± 0.97 12.12 ± 0.85

Fbg (g/L) 1.98 ± 0.23 1.93 ± 0.16 1.89 ± 0.14 2.08 ± 0.30 1.74 ± 0.08 1.87 ± 0.20 1.60 ± 0.17 1.70 ± 0.14

Male

ALT (U/L) 48.56 ± 7.96 41.11 ± 8.49 39.25 ± 7.96 43.44 ± 9.72 46.00 ± 7.56 42.60 ± 11.50 43.57 ± 3.51 43.15 ± 5.17

AST (U/L) 148.18 ± 50.12 129.25 ± 43.52 128.49 ± 42.27 125.30 ± 47.06 132.75 ± 34.89 117.33 ± 21.41 100.07 ± 14.56 123.58 ± 27.49

TP (g/L) 59.88 ± 2.77 59.64 ± 2.89 58.72 ± 3.82 59.12 ± 3.51 63.13 ± 2.78 62.53 ± 1.86 62.55 ± 2.68 62.25 ± 3.31

ALB (g/L) 26.69 ± 0.83 26.98 ± 0.95 27.09 ± 1.21 27.17 ± 1.07 27.63 ± 0.49 27.15 ± 0.94 26.93 ± 1.31 27.83 ± 0.80

TBIL
(mmol/L)

1.74 ± 0.26 2.15 ± 0.44* 2.29 ± 0.64* 7.43 ± 3.01* 1.50 ± 0.21 1.47 ± 0.38 1.37 ± 0.38 1.16 ± 0.26

ALP(U/L) 183.25 ± 40.33 178.00 ± 29.01 180.67 ± 46.38 236.17 ± 97.25 133.17 ± 22.24 119.33 ± 31.45 121.33 ± 20.19 145.33 ± 35.03

GLU
(mmol/L)

9.03 ± 1.51 8.12 ± 1.48 7.97 ± 1.07 8.91 ± 2.05 8.26 ± 1.08 8.60 ± 1.92 8.58 ± 1.54 9.28 ± 1.54

Urea
(mmol/L)

5.67 ± 0.74 4.84 ± 1.07 5.18 ± 0.63 6.38 ± 1.29 5.65 ± 1.04 6.05 ± 1.56 5.66 ± 0.71 5.75 ± 1.08

Crea
(mmol/L)

25.41 ± 2.04 24.38 ± 4.43 26.11 ± 7.27 26.02 ± 2.86 25.35 ± 3.22 25.92 ± 3.47 26.22 ± 3.51 24.63 ± 4.29

TC
(mmol/L)

1.47 ± 0.29 1.45 ± 0.24 1.31 ± 0.30 1.53 ± 0.41 1.66 ± 0.22 1.58 ± 0.12 1.65 ± 0.23 1.40 ± 0.28

TG
(mmol/L)

0.53 ± 0.20 0.42 ± 0.13 0.38 ± 0.11* 0.28 ± 0.13* 0.83 ± 0.07 0.73 ± 0.31 0.60 ± 0.18 0.77 ± 0.25

CK(U/L) 1161.75 ± 714.29 822.42 ± 640.61 768.33 ± 494.33 909.75 ± 587.29 944.33 ± 518.88 786.83 ± 360.22 555.00 ± 201.42 760.17 ± 347.95

K+(mmol/L) 5.00 ± 0.30 5.03 ± 0.23 5.53 ± 0.97 5.39 ± 0.22* 4.87 ± 0.30 4.88 ± 0.17 4.77 ± 0.12 4.83 ± 0.28

(Continued on following page)
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decrease of the average food intake on D2, D6, D16, D20, D23,

and D27 in females (p < 0.05) and in males on D20 (p < 0.05).

During the recovery period, the food intake of all groups returned

to normal. The decrease of food intake and duration in females of

the above groups showed a good dose-response relationship,

which was considered to be related to the tested formula.

Although fluctuations were observed in few males, the overall

food intake remained relatively stable. In group TA (0.5 g/kg/d

QZZD), females exhibited less variations in average food intake,

the abnormal food intake were scattered in time, and the

duration was shorter. It can be concluded that the overall

food intake in group TA (0.5 g/kg/d QZZD) was relatively

stable and normal. More detailed analysis is shown in

Figures 2C,D.

Ophthalmologic examination

Ophthalmic examination of animals during the experiment

showed no significant abnormalities. Individual data are shown

in Supplementary Table S3.

Complete blood count results

Hematological parameters, including the Complete Blood

Count, are sensitive indicators of toxicity and serves as an

important index of health status for humans and animals

(Ding et al., 2021). At the end of administration, there was no

significant difference in hematological indexes of female

between group TA (0.5 g/kg/d QZZD) and group CN,

while the RET% of males in group TA (0.5 g/kg/d QZZD)

was significantly increased (p < 0.05). In group TB (1.5 g/kg/d

QZZD), RET# and RET% were increased in females (p <

0.05), while NEUT#, NEUT%, RET# and RET% were

increased in males (p < 0.05). In group TC (5.0 g/kg/d

QZZD), RBC and MCHC were significantly decreased in

female rats (p < 0.05), while PLT, MCV, MCH, RET#, and

RET% were significantly increased (p < 0.05); in males, the

RBC, HGB, HCT, and EO% were significantly decreased (p <
0.05), while WBC, PLT, NEUT#, MONO#, RET# and RET%

were increased (p < 0.05).

At the end of the recovery period, there were no

significant differences in CBC parameters of females

between group TA (0.5 g/kg/d QZZD) and group CN,

while the RET# and RET% of males in group TA

(0.5 g/kg/d QZZD) were significantly decreased (p < 0.05).

In group TB (1.5 g/kg/d QZZD), there were no significant

differences in hematological indexes of females, while the

MCHC of males was significantly decreased (p < 0.05). In

group TC (5.0 g/kg/d QZZD), the MCV of females was

significantly increased (p < 0.05), while RET# and RET%

of males was decreased (p < 0.05). The red blood cell count in

the recovery stage returned to normal, and no significant

changes in RET#, RET%, MCHC and MCV were observed.

Detailed analysis is shown in Table 2.

Blood biochemical and coagulation
indicators assessment

It is well-acknowledged that serum biochemical parameters

and coagulation indexes play an important part during

toxicological evaluation. Data of the biochemical parameters

in rats at the end of the treatment and recovery periods are

shown in Table 3. At the end of the treatment period, there was

significant increase of TBIL in both females and males in group

TA (0.5 g/kg/d QZZD) compared with group CN (p < 0.05). In

TABLE 3 (Continued) Effect of QZZD on biochemical and coagulation parameters in the sub-chronic oral toxicity study.

Parameter
(mean ±
SD)

Treatment period (n = 12) Recovery period (n = 6)

CN TA TB TC CN TA TB TC

Na+(mmol/L) 143.25 ± 1.22 142.92 ± 1.16 143.25 ± 1.29 143.17 ± 1.34 142.00 ± 0.89 142.00 ± 1.10 143.17 ± 1.17 143.00 ± 0.89

Cl−(mmol/L) 105.67 ± 1.50 105.83 ± 1.34 105.33 ± 2.15 103.00 ± 1.54* 103.50 ± 1.38 101.83 ± 1.72 103.00 ± 1.67 102.67 ± 1.03

GLOB(g/L) 33.18 ± 2.47 32.66 ± 2.24 31.63 ± 2.92 31.95 ± 2.64 35.50 ± 2.46 35.38 ± 1.53 35.62 ± 2.06 34.42 ± 2.93

A/G 0.81 ± 0.06 0.83 ± 0.05 0.86 ± 0.06 0.85 ± 0.04 0.78 ± 0.05 0.77 ± 0.04 0.76 ± 0.05 0.82 ± 0.06

PT (sec) 15.38 ± 0.45 15.29 ± 0.41 15.75 ± 0.52 17.15 ± 0.77* 8.77 ± 0.34 9.47 ± 1.10 9.08 ± 0.66 9.08 ± 0.47

APTT (sec) 13.56 ± 0.72 13.24 ± 1.13 12.24 ± 1.14 13.06 ± 1.63 12.95 ± 0.96 13.40 ± 0.79 14.08 ± 0.88 13.35 ± 1.31

Fbg (g/L) 2.35 ± 0.14 2.36 ± 0.12 2.36 ± 0.18 2.49 ± 0.55 2.01 ± 0.06 2.03 ± 0.07 2.15 ± 0.10* 1.97 ± 0.10

Compared with control group, p ≤ 0.05.

QZZD, 5.0 g/kg group, two female rats (4110 and 4111) death caused by faulty gavage operation in treatment period, resulting in animal sample reduction, the total number was 10 (n = 10).

TA, (treatment group A, 0.5 g/kg/day QZZD); TB, (treatment group B, 1.5 g/kg/day QZZD); TC, (treatment group C, 5.0 g/kg/day QZZD); CN, (control group, 20 ml/kg pure water); ALT,

alanine aminotransferase; AST, aspartate aminotransferase; TP, total protein; ALB, albumin; TBIL, total bilirubin; ALP, alkaline phosphatase; GLU, glucose; Crea, Creatinine; TC, total

cholesterol; TG, triglyceride; CK, creatine kinase; K, potassium; Na, Sodium; Cl, Chloride; GLOB, Globulin; A/G,Albumin/globulin; PT, Partial Thromboplastin time; APTT, Activated

partial thromboplastin time; Fbg, Fasting blood glucose.
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TABLE 4 Effect of QZZD on urine parameters in the sub-chronic oral toxicity study. (results were presented as number).

Index (mean ± SD) Treatment period (n = 12) Recovery period (n = 6)

CN TA TB TC CN TA TB TC

Female

Appearance Colorless/Light Yellow/Yellow (n/n)

1/11/0 0/10/2 0/10/2 1/7/2 0/5/1 0/2/4 0/5/1 0/4/2

PH 7.58 ± 0.46 7.5 ± 0.52 7.62 ± 0.31 7.25 ± 0.54 8.25 ± 0.27 8.16 ± 0.4 8.25 ± 0.41 8 ± 0.44

S.G. 1.011 ± 0.002 1.009 ± 0.001 1.01 ± 0.004 1.012 ± 0.004 1.012 ± 0.002 1.013 ± 0.002 1.012 ± 0.002 1.014 ± 0.002

GLU 0/2.8 (mmol/L,n/n)

12/0 12/0 12/0 10/0 5/1 6/0 6/0 6/0

PRO 0/0.1/0.2/0.3/0.5 (g/L,n/n)

12/0/0/0/0 12/0/0/0/0 12/0/0/0/0 10/0/0/0/0 5/1/0/0/0 3/2/1/0/0 6/0/0/0/0 3/2/1/0/0

BIL Negative/Positive (n/n)

12/0 12/0 12/0 10/0 6/0 6/0 6/0 6/0

URO Negative/Positive(n/n)

12/0 12/0 12/0 10/0 6/0 6/0 6/0 6/0

BLD Negative/Positive (n/n)

9/3 9/3 11/1 10/0 6/0 6/0 6/0 6/0

KET Negative/Positive (n/n)

12/0 12/0 12/0 10/0 6/0 6/0 6/0 6/0

NIT Negative/Positive(n/n)

4/8 3/9 5/7 10/0 4/2 3/3 3/3 4/2

LEU 0/25/75(Leu/ul,n/n)

12/0/0 12/0/0 11/1/0 7/2/1 6/0 6/0 6/0 6/0

TURB Negative/Positive(n/n)

11/1 11/1 11/1 10/0 0/6 0/6 0/6 0/6

Male

Appearance Colorless/Light Yellow/Yellow (n/n)

1/8/3 0/10/2 0/11/1 0/9/3 0/2/4 0/2/4 0/3/3 0/5/1

PH 7.91 ± 0.28 8 ± 0.21 7.87 ± 0.22 7.81 ± 0.4 8.33 ± 0.25 8.33 ± 0.25 8.25 ± 0.27 8.5 ± 0

S.G. 1.012 ± 0.003 1.014 ± 0.007 1.011 ± 0.002 1.013 ± 0.004 1.012 ± 0.002 1.013 ± 0.002 1.013 ± 0.002 1.011 ± 0.001

GLU 0/2.8 (mmol/L,n/n)

12/0 12/0 12/0 12/0 6/0 6/0 5/1 6/0

PRO 0/0.1/0.2/0.3/0.5 (g/L,n/n)

7/3/1/1/0 5/4/2/0/1 9/2/1/0/0 10/1/1/0/0 0/3/2/1/0 2/0/4/0/0 0/3/2/1/0

BIL Negative/Positive (n/n)

12/0 12/0 12/0 12/0 6/0 6/0 6/0 6/0

URO Negative/Positive (n/n)

12/0 12/0 12/0 12/0 6/0 6/0 6/0 6/0

BLD Negative/Positive (n/n)

12/0 11/1 12/0 10/2 5/1 6/0 6/0 6/0

KET Negative/Positive (n/n)

11/1 10/2 12/0 12/0 6/0 5/1 6/0 6/0

NIT Negative/Positive (n/n)

4/8 7/5 11/1 11/1 3/3 5/1 2/4 4/2

LEU 0/25/75 (Leu/ul,n/n)

9/3/0 8/4/0 11/1/0 3/8/1 6/0 6/0 5/1 6/0

TURB Negative/Positive (n/n)

10/2 6/6 9/3 10/2 0/6 0/6 0/6 0/6

QZZD, 5.0 g/kg group, two female rats (4110 and 4111) death caused by faulty gavage operation in treatment period, resulting in animal sample reduction, the total number was 10 (n = 10).

TA, (treatment group A, 0.5 g/kg/day QZZD); TB, (treatment group B, 1.5 g/kg/day QZZD); TC, (treatment group C, 5.0 g/kg/day QZZD); CN, (control group, 20 ml/kg pure water); PH,

potential of hydrogen; S.G., specific gravity; GLU, glucose; PRO, protein; BIL, bilirubin; URO, urbilinogen; BLD, blood; KET, ketone; NIT, nitrite; LEU, leucocyte; TURB, turbidity.
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group TB (1.5 g/kg/d QZZD), there was increase of TBIL in males,

while in females there were decrease of TG and increase of TBIL (p <
0.05). In group TC (5.0 g/kg/d QZZD), TBIL, Urea, and K+ were

significantly increased and CL-was decreased in females, while TBIL

andK+were increased and TG andCL-decreased inmales (p< 0.05).

At the end of the recovery period, TBIL of female rats in

group TB (1.5 g/kg/d QZZD) and group TC (5.0 g/kg/d QZZD)

was decreased compared with that of group CN. However, TBIL

in the two groups were within the normal range. Besides, there

were no other significant differences of serum biochemical

FIGURE 3
Effects of three different doses of QZZD on absolute organ weights, organ coefficients and organ/brain coefficients inmale or female rats at the
end of the treatment period or recovery period. In the treatment period, n= 12 in female group (n= 10 in TC) (A–C), and n= 12 inmale group (D–F). In
the recovery period, n = 6 in each group, including six females (G–I) and six males (J–L). Compare with the control group *p < 0.05.
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indexes between males and females in all groups except for those

mentioned above.

At the end of treatment, there was no significant difference

between group TA (0.5 g/kg/d QZZD) and group CN in both

genders. In group TB (1.5 g/kg/d QZZD), PT was significantly

increased in females (p < 0.05), but there was no significant

difference in males. In group TC (5.0 g/kg/d QZZD), there was

increase of PT and APTT in females (p < 0.05), and increase of

PT in males (p < 0.05). The increase of PT and APTT mentioned

above were within the normal range and were not considered to

be related to the formula.

At the end of the recovery period, there was a slight increase

of Fbg of male rats in group TB (1.5 g/kg/d QZZD) compared

with group CN, which was within the normal range (p < 0.05).

Given that no significant dose-response relationship was

observed, it was not considered related to the tested formula.

In addition, all groups exhibited no significant differences in

coagulation indexes. Detailed analysis is shown in Table 3.

Urine examination

It is widely acknowledged that urinary indices can reflect the

metabolic status of the body (Lu et al., 2014). As shown in

Table 4, all urinary parameters from each group were within the

normal physiological range throughout the experimental period,

and no significant abnormal changes associated with the tested

formula were observed.

Organ weights, organ coefficients and
organ/brain coefficients

The organ-to-body weight ratio (organ coefficients) is

another sensitive index for toxicity evaluation. Generally,

changes in organ coefficient occur before morphological

changes (Piao et al., 2013). At the end of the treatment

period, there was no significant change of the weight and

organ coefficients of female rats, while the organ-body ratio of

spleen in male rats was increased in group TA (0.5 g/kg/d

QZZD) compared with group CN (p < 0.05). In group TB

(1.5 g/kg/d QZZD), the wet weight of the thymus was

decreased, the organ-body ratio of liver, kidney and brain

was increased, and the organ-brain ratio of the liver was

increased in females (p < 0.05); while in males, the organ-

body ratio of liver, kidney, spleen and brain was increased, and

the organ-brain ratio of spleen was increased (p < 0.05). For

females in group TC (5.0 g/kg/d QZZD), the wet weight of the

heart and thymus was decreased (p < 0.05) while that of the

liver was increased (p < 0.05); the organ-body ratio of liver,

spleen, kidney, brain and adrenal gland was increased (p <
0.05), the organ-brain ratio of liver and kidney was increased

(p < 0.05), and the organ-brain ratio of thymus was decreased

(p < 0.05), For males in group TC (5.0 g/kg/d QZZD), the wet

weight of the heart was decreased (p < 0.05), and the wet

weight of liver and spleen was increased (p < 0.05); there was

also an increase in organ-body ratio of liver, spleen, kidney

and brain, and in organ-brain ratio of liver and spleen (p <

FIGURE 4
The representative histopathological sections of rat liver at the end of the treatment period. (A) The CN and TA rats liver showing normal
hepatocytes and hepatic vasculature; The TB and TC rats liverr showing bile duct proliferation and karyomegaly of hepatocytes (×100magnification).
(B) The CN and TA rats liver showing normal hepatocytes and hepatic vasculature; The TB and TC rats liver showing bile duct proliferation and
karyomegaly of hepatocytes (×400 magnification).
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0.05), while the organ-brain ratio of heart was decreased

(p < 0.05).

In group TA (0.5 g/kg/d QZZD), there was a decrease in the

wet weight and organ-brain ratio of liver and an increase in the

organ-body ratio of brain, and the ovary/brain coefficient was

decreased at the end of the recovery period (p < 0.05). The organ-

body ratio of brain in female rats of group TB (1.5 g/kg/d QZZD)

was increased (p < 0.05). Moreover, the organ coefficients of liver

and kidney of females in group TC (5.0 g/kg/d QZZD) was

increased (p < 0.05). There were no significant differences in

weight and organ coefficient of males in each group. Detailed

analysis is shown in Figure 3.

Pathological examination

Macroscopic observation of morphological characteristics

and histopathological examination were performed on tissues/

organs at the end of the treatment and recovery period,

respectively. The macroscopic examination revealed darkening

of livers and kidneys in group TB (1.5 g/kg/d QZZD) and group

TC (5.0 g/kg/d QZZD) after the treatment period. At the end of

the recovery period, the liver and kidneys of all the rats in group

TC (5.0 g/kg/d QZZD) turned black. The pathological

examination showed normal staining of liver and kidney

tissues with no pigmentation or other organic changes.

Individual data of macroscopic morphological observation are

shown in Supplementary Table S4.

In group TB (1.5 g/kg/d QZZD), histopathological

examination at the end of the treatment period exhibited

minimal biliary hyperplasia (n = 5) and minimal

karyomegaly of hepatocytes (n = 5). In group TC (5.0 g/kg/

d QZZD), there were mild-to-moderate biliary hyperplasia

(n = 11), and the severity of karyomegaly of hepatocytes

ranged from minimal to mild (n = 11). After 28 days of

drug withdrawal, related lesions recovered completely. The

representative histopathological changes after treatment

period are shown in Figure 4.

Furthermore, in the experiment period, tissues/organs of SD

rats exhibited pathological changes, including basophilic tubules

and interstitial mononuclear cell infiltration in the kidney,

myocardial cell necrosis and mononuclear cell infiltration in

cardiac tissue. These were considered background lesions of SD

rats due to their low incidence, mild degree severity and absence

of a significant dose-response relationship.

Discussion

Over the years, the use of herbal medicines has become popular

around the world (Wu et al., 2018). The efficacy of herbal medicines

is well-established in treating various diseases, being used in

traditional and non-traditional forms of medicine for thousands

of years (Wang et al., 2019). Meanwhile, much emphasis has been

placed on the safety profile of herbal medicine in recent years.

Indeed, the low safety profile accounts for the rejection of

compounds with druggable profiles in early clinical trials. QZZD

is derived from a traditional Chinese medicinal formula, Angong

Niuhuang Wan; the efficiency of QZZD has been demonstrated in

rat models of VD (Liu et al., 2022). However, the administered doses

were not high enough to ensure the clinical safety of QZZD.

Therefore, a systematic toxicology study of QZZD in animals is

essential to ensure its safety as a therapeutic agent for VD prior to

progressing to clinical translation.

It is widely thought that QZZD, composed of Radix Scutellariae,

Fructus Gardeniae, and Pulvis Fellis Suis, has heat-clearing and

detoxification effects. Current evidence suggests that these

components are safe and non-toxic. A toxicity study by Jing

et al. found that geniposide did not influence animal mortality,

the general condition of the animals, body weights or food

consumption. After 4 weeks of treatment, no significant toxicity

was observed (Tian et al., 2018). Another study showed that Radix

Scutellariae exerted no significant adverse effects on the clinical

signs, hematology, biochemistry, necropsy, organ weight, and

histopathology throughout subacute toxicity tests in rats (Wang

et al., 2017). These are consistent with our experimental results.

During the 28-day repeated oral dose toxicity study, QZZD at

doses of 0.5, 1.5, and 5.0 g/kg/day caused no death and no

treatment-related adverse effects on food consumption, organ

weight, ophthalmologic, urinalysis, and hematological

parameters. Two female rats in group TC (5.0 g/kg/d QZZD)

died during the experiment. Based on our macroscopic and

microscopic examination findings, we speculate that the direct

cause of death was the incorrectly oral gavage procedure. During

the 28-day repeated oral dose toxicity study, QZZD at doses of

0.5, 1.5, and 5.0 g/kg/day caused no death and no treatment-

related adverse effects on food consumption, organ weight,

ophthalmologic, urinalysis, and hematological parameters.

Importantly, some treatment-related changes, including

clinical signs (blue-colored stool and tail), body weight

(weight loss), serum biochemistry (decreased TG level and

increased TBIL level), necropsy findings (liver and kidneys

turn black), and histopathological findings (liver bile duct

hyperplasia and hepatocyte nuclei hypertrophy), were

observed. However, these changes were resolved during the

recovery period.

The clinical symptoms of animals is an important indicator to

measure the toxicity of the tested drug (Hardisty et al., 2020). During

the experiment, the tail skin of rats from the medium and high-dose

group turned blue and the bluish coloration of the bedding and feces

exhibited a dose-response relationship. The liver and kidney of the

medium and high-dose groups turned black, and the clinical signs

and macroscopic observations showed good physiological

consistency, and these abnormalities disappeared at the end of

the recovery period. These abnormalities may be attributed to

the pigments in QZZD or its metabolites (Tang et al., 2020).
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Body weight and food consumption are used to evaluate the

adverse effects caused by the tested drug. And body weight and food

consumption are usually correlated and need comprehensive

analysis (Dziwenka et al., 2020). Compared with the control

group, the female body weight and food consumption of the

medium and high dose group was reduced, which had a good

dose correlation. In addition, the female rats show variations in body

weight and food consumption as compared to male rats. These may

be due to high dose and administration volumewill contribute to the

decrease of gastric volume of rats. The female rats have lower weight

and smaller gastric volume compared with the male rats, which

predisposes them to gastric volume decrease. Therefore, the food

consumption and weight increase in female rats was smaller than

that in male rats. In terms of safety evaluation, the fluctuations of

body weight and food consumption are small, which fall into the

category of physiological fluctuations.

Hematological tests are commonly used to observe the

treatment effect and determine whether treatment should be

continued or not (Guo et al., 2022). WBC, RBC, HGB, and PLT

are the most sensitive indicators in CBC, which are sensitive in

response to pathological changes (Mukinda and Eagles, 2010). In the

present study, the main indicators RBC, HGB and HCT were

moderately reduced in group TC (5.0 g/kg/d QZZD) but

remained within the normal physiological reference range; a

certain dose-response relationship was observed. Accordingly,

these changes were related to the test drug. The increase in

RET# and RET% formed part of the adaptive compensatory

reaction caused by decreased RBC. The PLT of male and female

rats in group TC (5.0 g/kg/d QZZD) was significantly increased, and

the coagulation index PT of the animals in the group was increased.

Combined with the results of coagulation function, it was believed

that the increase in PLTwas a compensatory reaction, not secondary

to the direct toxicity of the test drug. Combined with the statistical

results and individual animal data, it was found that WBC and

NEUT# in male animals of the medium- and high-dose groups

exhibited an increasing trend, which was believed to be correlated

with the test drug. However, the WBC, NEUT#, NEUT%, MONO#

and EO% mentioned above were all variations of leukocytes and

their classification indexes, which fluctuated slightly within the

normal physiological reference range, and the composition

proportion of each classification index of leukocyte was also at

the normal physiological level. Therefore, they were attributed to

physiological fluctuations instead of toxicity-induced injury.

The serum clinical chemistry analysis is highly relevant for the

determination of target organs of toxicologic pathology (Weingand

et al., 1996). And biochemical indicators are important to evaluate

tested drugs for its toxic effect on the liver and kidney functions

(Travlos et al., 1996). The TBIL index increased in all treatment

groups mentioned above, and a significant increase was observed in

group TC (5.0 g/kg/d QZZD), indicating a significant dose-response

relationship, which was believed to be related to the test drug. The

decrease of TG in medium-dose and high-dose groups male rats

exhibited a certain dose correlation, which was thought to be related

to the test drug. The variations for K+ and CL− indexes were small

and fluctuated within the normal physiological reference range,

which was not considered abnormal toxicity changes. The increase

in Urea levels was caused by exaggerated individual values and was

not considered toxicity-induced.

On the organ weights, there was a good dose correlation

between the wet weight of the liver, the organ coefficients and

organ/brain coefficients at the end of drug administration.

Combined with the histological results, it was believed that the

variation in the above indexes corresponded to the liver’s adaptive

changes during the test drug’s continuous metabolism in vivo. The

change in other organ indexes was non-significant, and no obvious

histopathological abnormalities were found, indicating physiological

changes and no obvious toxicity. At the end of the recovery period,

the liver wet weight and organ-brain ratio decreased in group TA

(0.5 g/kg/d QZZD), although the reduction was not significant, with

no histopathological abnormality and no significant dose

correlation, which were not attributed to the test drug. Abnormal

values were observed for the organ/body ratio or organ/brain ratio,

although the difference was not statistically significant and could not

be attributed to the test drug.

Anatomical examination and histopathological findings are

usually the main sources of toxicities. Observable lesions in the

gross anatomy and histopathological examination results might help

to determine the possible target organs of toxicities (Olayode et al.,

2020). Our study found that QZZD at doses of 1.5 g/kg/d and

5.0 g/kg/d caused bile duct hyperplasia and karyomegaly of

hepatocytes in SD rats in the drug treatment group, and the

incidence and severity of the lesions were significantly dose-

related. Accordingly, the liver lesions in experimental animals

were related to drug-reduced. Importantly, these liver lesions

fully recovered after 4 weeks of drug withdrawal. The bile duct

hyperplasia and karyomegaly of hepatocytes were not seen in

recovery groups at the end of the 28-day recovery period

indicating these liver lesions were reversible.

Taken together, the repeated administration of QZZD did not

cause any toxic effects in rats at doses of up to 0.5 g/kg/d, which

corresponds to approximately 16.7 times the proposed dose

administered in the clinical trial. The findings of this study

substantiate that QZZD has a good safety profile, suitable for the

long-term treatment of dementia. And further provide reliable

experimental data for rational and safe clinical application of

QZZD preparations.

Conclusion

In conclusion, the present toxicity studies clearly suggest the

QZZD has a broad range of safety profiles. QZZD has no

systemic toxicity through oral administration. The oral no-

observed-adverse-effect-level of QZZD from the 28-day

repeated oral dose toxicity study is 0.5 g/kg/d, and no target

organ toxicity was identified. Together, the observations from the
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present study raise no toxicity concern and affirm a broad-

spectrum safety of QZZD.
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Iodoacetic acid (IAA) is one of the most common water disinfection byproducts

(DBPs). Humans and animals are widely and continuously exposed to it. Many

species of water DBPs are harmful to the reproductive system of organisms.

Nevertheless, the potential effects of IAA exposure on testosterone and

spermatogenesis in vivo remain ambiguous. Spermatogenous cells are the site

of spermatogenesis, Leydig cells are the site of testosterone synthesis, and Sertoli

cells build the blood–testis barrier (BTB), providing a stable environment for the

aforementioned important physiological functions in testicular tissue. Therefore,

we observed the effects of IAA on spermatogenic cells, Leydig cells, and Sertoli

cells in the testis. In this study, we found that oral administration of IAA (35mg/kg

body weight per day for 28 days) in male mice increased serum LH levels and

reduced sperm motility, affecting average path velocity and straight line velocity

of sperm. In addition, IAA promoted the expression of γH2AX, a marker for DNA

double-strand breaks. Moreover, IAA downregulated the protein expression of

the scavenger receptor class B type 1 (SRB1), and decreased lipid droplet transport

into Leydig cells, which reduced the storage of testosterone synthesis raw

materials and might cause a drop in testosterone production. Furthermore,

IAA did not affect the function of BTB. Thus, our results indicated that IAA

exposure affected spermatogenesis and testosterone synthesis by inducing

DNA damage and reducing lipid droplet transport.

KEYWORDS

iodoacetic acid, testis, sperm, testosterone, γH2AX, SRB1

Introduction

In recent years, male fertility has generally shown a downward trend (Agarwal et al.,

2021), and the effect of endocrine disruptors is one of the reasons (Kahn et al., 2020).

There are many types of endocrine disruptors, and water disinfection by-products (DBPs)

are one of them. DBPs are chemical contaminants formed by the reaction between organic
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matter and disinfectants. Research proves that water DBPs

disrupt ovarian function and spermatogenesis, and produce

adverse reproductive outcomes (Gonsioroski et al., 2020a)

because many species of these are cytotoxic, neurotoxic,

genotoxic, carcinogenic, and teratogenic (Kali et al., 2021).

Haloacetic acid disinfection by-products (HAA-DBPs) are a

class of water DBPs. Iodoacetic acid (IAA) is one type of HAA-

DBPs. It is also used in the research of organic synthesis, dye

industry, and plant resources, where people are exposed to a large

dose of poisoning environment. Research has shown that IAA is

the most genotoxic of all HAA-DBPs studied to date (Dong et al.,

2019), which was more cytotoxic and genotoxic than their

chlorinated and brominated analogues in primary human

lymphocytes (Escobar-Hoyos et al., 2013). After inoculation

into BALB/C nude mice, IAA transformed NIH3T3 cells into

tumorigenic lines and formed aggressive fibro sarcomas, which

demonstrated that it had a biological activity consistent with a

carcinogen (Wei et al., 2013). IAA potentially disrupted the

thyroid endocrine system by down-regulating the mRNA and

protein expression levels of the thyrotropin receptor (TSHR) and

the sodium/iodide symporter (NIS) (Xia et al., 2018). Moreover,

IAA reduced cell viability significantly in the mouse primary

hepatocytes (Wang et al., 2018).

For the adult female mice, IAA, as a

hypothalamic–pituitary–gonadal axis toxicant, affected the

pituitary directly and increased mRNA levels of kisspeptin

(Kiss1) significantly in the arcuate nucleus (Gonzalez et al.,

2021). Research demonstrated that IAA had reproductive and

developmental toxicity (Long et al., 2021). Another study

reported that IAA exhibited the most potent estrogenic

activity (Kim et al., 2020). In vivo, IAA altered estrous

cyclicity, ovarian gene expression, and estradiol levels in mice

(Gonsioroski et al., 2021). Meanwhile, IAA inhibited follicle

growth, decreased cell proliferation, and altered

steroidogenesis in vitro (Jeong et al., 2016; Gonsioroski et al.,

2020b). In the Comet assay, IAA resulted in DNA damage in

sperm (Ali et al., 2014). However, the effect of IAA on the testis in

vivo is not yet fully understood. Particularly, its effect on

spermatogenesis and testosterone synthesis has not been

elucidated.

To observe the effects of IAA on the male reproductive

system and to test the mechanism, we constructed a model of

IAA exposure by gavage and observed several common

indicators of Leydig cells, Sertoli cells, and spermatogenic cells

from the gene expression and protein levels. For spermatogenic

cells, γH2AX, DAZL, and VASA were observed; for Leydig cells,

scavenger receptor class B type 1 (SRB1), steroidogenic acute

regulatory protein (STAR), P450 side-chain cleavage enzyme

(CYP11A1), and cytochrome P450 17A1 (CYP17A1) were

detected; and for Sertoli cells, WT-1, N-cadherin, and β-
catenin were recorded. In addition, the levels of FSH, LH, and

testosterone in the mouse serum were also determined.

Materials and methods

Materials and reagents

IAA was purchased from Sigma-Aldrich (Shanghai

Warehouse, China). Antibodies for STAR (8449s) and

CYP11A1 (14217s) were procured from Cell Signaling

Technology, Inc. Antibody for CYP17A1 (14447-1-AP) was

purchased from Wuhan SANYING Proteintech (Wuhan

Warehouse, China). The other antibodies were obtained from

Abcam (Shanghai, China) including DAZL (ab34139), VASA

(ab13840), γH2AX (ab81299), SRB1 (ab217318), Wilms tumor-1

(WT-1) (ab89901), N-cadherin (ab18203), β-catenin (ab16051),

and tubulin (ab7291).

Animals and treatments

All animals used in the experiment were male 8 -week-old

C57BL/6 mice, purchased from Vital River Laboratory Animal

Technology Co., Ltd. (Beijing, China). They were randomly

divided into two groups, with free access to water and food.

After 1 week of acclimatization, the control group (8 mice)

received treatment via gavage with a matching volume of

double distilled H2O, and the experiment group (10 mice) was

administered IAA at 35 mg/kg via oral gavage daily. The dosage

and duration of IAA were referred to the previous literature (Xia

et al., 2018). All mice were adapted to a 12-h light/dark cycle at

22–25°C. They were weighed twice a week, and doses were

adjusted according to their bodyweight. After treatment for

28 days, all the mice were anesthetized, the blood was

collected, and the caudal part of the epididymis was used for

the evaluation of sperm parameters. Then the testis samples were

removed quickly for the subsequent analyses. One testis was fixed

in Bouin’s solution for the histopathological examination and

immunofluorescent staining, and the other testis was frozen in

liquid nitrogen and stored at −80°C until used for the assessment

of mRNA and protein expression.

All animal experiments were approved by the Animal Ethics

Committee of Shandong Provincial Hospital and performed

according to the Shandong Provincial Hospital Animal Care

and Use Committee.

Sex hormone analysis

The level of luteinizing hormone (LH) in the serum was

measured by the ELISA kit from CLOUD-CLONE CORP.

(Wuhan, China). Testosterone and follicle stimulating

hormone (FSH) in the serum were measured by the ELISA kit

from Cusabio (Wuhan, China). The operating procedure was

strictly in accordance with the kit instructions.
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Sperm quality

The cauda part of the right epididymis of each mouse was

collected and cut into pieces with scissors to release sperms into

an M199 culture medium (containing 1% BSA). The cultures

were maintained in a humidified chamber (37°C, 5% CO2

incubator) for 5 min. A total of one hundred microliters of

each sample was taken and diluted four times. Then thirty

microliters of the sample were used for the following assay.

Five pictures were taken per sample. Then the data were

quantified by computer-aided sperm analysis (CASA,

Hamilton-Thorne, Shanghai, China), and the appurtenant

software was used to assess sperm concentration, motility,

progressive, quantity, average path velocity, straight line

velocity, and curvilinear velocity.

Hematoxylin-eosin staining

The testis was immersed in Bouin’s fluid fixative for 24 h,

transferred to 70% ethanol, and placed into an automated tissue

processor for gradient ethanol dehydration. The samples were

embedded in paraffin wax and cut into 3 μm sections. Then the

testicular specimens were deparaffinized with xylene and ethanol,

stained with hematoxylin and eosin, dehydrated, and mounted.

Afterward, the morphological changes of the testis were observed

FIGURE 1
Effects of IAA exposure on general condition and serum hormone levels in mice. During the IAA exposure, the body weights of the mice were
recorded twice a week. Only weekly values are shown in the graph (A). Pictures of mice and testis (B), testicular weight (C), and the relative weight of
testis (D) between the two groups were recorded after sacrifice. Hematoxylin-eosin (H&E) sections of testicular tissue of mice were also recorded
and the pathological morphology was observed (E). After IAA exposure, serum FSH, LH, and testosterone levels of mice were detected by ELISA
(F–H). Data are presented as the mean ± SEM. * Significant differences compared to control (p < 0.05).
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under a microscope to complete the image collection and

analysis.

RNA extraction and real-time PCR

Total RNA was extracted from testicular tissue (10 mg) with

TRIzol reagent (Takara, Tokyo, Japan) according to the

manufacturer’s instructions. A Prime-Script RT Reagent Kit

(Takara, Japan) was used to reverse-transcribe RNA into

cDNA, and SYBR Premix Ex Taq (Takara, Japan) was used to

perform a quantitative real-time polymerase chain reaction

(PCR) utilizing a Thermal Cycler Dice Real-Time System

(Takara, Japan). The program used to analyze the abundance

of different genes was 95°C for 5 min, 40 cycles of 95°C for 10 s,

60°C for 10 s, and 72°C for 10 s, followed by a melting curve from

95 to 60°C, and cool to 37°C for 10 s. β-actin was employed as an

endogenous control to normalize the data, and the 2-ΔΔCt
calculation method was employed to analyze them. The qPCR

primers used are listed in Supplementary Table S1.

Western blotting

Mouse testicular fragments were lysed with ice-cold

radioimmunoprecipitation assay buffer (RIPA buffer)

supplemented with protease and phosphatase inhibitors

(Shenergy Biocolor Bioscience & Technology Company,

Shanghai, China), subjected to ultrasound pyrolysis, and

centrifuged at 15,000 g for 15 min. Total protein was quantified

using the BCA protein assay. After denaturation, proteins were

separated by sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE) on 10%–12% polyacrylamide gels

under reducing conditions. Separated proteins were electro

transferred onto a polyvinylidene difluoride membrane

(Millipore, Billerica, MA, United States) and blocked-in with

5% non-fat powdered milk containing 0.1% Tween 20 for 1 h.

Next, to detect γH2AX, VASA, DAZL, SRB1, STAR, CYP17A1,

CYP11A1, WT-1, N-cadherin, and β-catenin proteins (antibodies

listed in Supplementary Table S2), the membrane was incubated

with the respective primary antibodies at 4°C overnight.

Thereafter, the membranes were washed briefly with TBST,

incubated in the anti-rabbit or anti-mouse IgG secondary

antibody conjugated to horseradish peroxidase (1:5000) for 1 h

at room temperature, and visualized by a HyGLO HRP detection

kit (Denville, NJ, United States). Protein expression levels were

quantified with Fluor Chem Q SA software.

Immunofluorescence

For fluorescent microscopy, paraffin sections of the testis were

deparaffinized with xylene, hydrated with a series of alcohol

solutions, and washed three times in phosphate-buffered saline

(PBS). The specimens were immersed in EDTA antigen repair

buffer and heated in a microwave oven for 25 min. Then they were

cooled for 60 min, washed three times with PBS, and incubated

with 5% donkey serum for 60 min at room temperature.

Afterward, the slides were incubated with their respective

primary antibodies overnight. The next day, the sections were

washed three times with PBST and then incubated with FITC-

conjugated donkey anti-rabbit IgG (1:1000; Thermo Fisher) for 1 h

at room temperature. After a final wash in PBST, nuclei were

stained with DAPI, the slides were visualized under a fluorescence

microscope, and the photos were taken and analyzed.

Statistical analysis

All data were analyzed with SPSS 25.0 and were expressed as

the mean ± standard error of the mean (SEM). Outliers were

removed by the ROUT’s test using GraphPad outlier calculator

software. Means were compared using unpaired Student’s t-test

for comparisons between two groups, and a two-tailed value of

p < 0.05 was considered statistically significant.

Results

Effects of iodoacetic acid on testicular
morphology and hypothalamus pituitary
gonadal axis hormones

Compared with the control group, a slight decrease in body

weight was observed after the IAA exposure for 28 days (Figures

TABLE 1 Sperm parameters.

CON IAA p value

VAP (μm/s) 87.10 ± 4.40 80.65 ± 7.12 0.040*

VSL (μm/s) 63.94 ± 5.27 57.79 ± 5.91 0.035*

VCL (μm/s) 184.93 ± 9.50 177.69 ± 16.19 0.281

ALH (μm) 8.98 ± 0.51 9.03 ± 0.51 0.822

BCF (Hz) 36.09 ± 0.71 35.91 ± 1.21 0.719

LIN (%) 36.62 ± 2.92 35.40 ± 2.37 0.340

STR (%) 70.75 ± 3.45 69.70 ± 2.58 0.471

Concentration (M/ml) 9.63 ± 1.92 8.21 ± 1.69 0.116

Motile (%) 53.63 ± 9.50 56.00 ± 11.10 0.638

Progressive (%) 20.00 ± 4.57 17.80 ± 5.35 0.369

Rapid sperm (%) 11.63 ± 5.40 39.70 ± 6.57 0.621

Medium sperm (%) 41.13 ± 5.09 15.50 ± 8.06 0.262

Slow sperm (%) 0.65 ± 0.26 0.95 ± 0.41 0.097

Static sperm (%) 46.38 ± 9.50 44.00 ± 11.10 0.638

*Significant differences compared to the control (p < 0.05).
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1A,B). The relative weight of testis was calculated by testes weight

(mg)/body weight (g), but there were no significant reductions in

the testis weight and its relative weight between two groups

(Figures 1C,D). As shown in Figure 1E, no evidence of atrophy

and vacuoles was seen in the experimental group. The testis tissue

presented a normal testicular morphology and complete

seminiferous tubules, and also possessed different stages of

spermatogonium, spermatocyte, and spermatozoa in the

seminiferous tubules. IAA did not alter the pathology and

morphology of the testicular tissues. To clarify the effect of

IAA exposure on sex hormones, serum FSH, LH, and

testosterone levels were detected. There was no significant

difference in the FSH level between the two groups

(Figure 1F). However, a significant increase in the LH level

was observed versus control (p = 0.020, Figure 1G). Although

there was no significant reduction in the testosterone level, a

descending trend was observed compared with the control group

(p = 0.166, Figure 1H).

Effects of iodoacetic acid exposure on
sperm motility

To observe the effect of IAA exposure on sperm motility,

various indicators of sperm motility and concentration were

tested (as listed in Table 1). As observed in our results, there

were no significant changes in the following sperm parameters,

such as sperm concentration, motile, progressive, and curvilinear

velocity (VCL). But the average path velocity (VAP) and straight

line velocity (VSL) of sperm decreased significantly compared

with the control group. We also tested the sperm ratios as rapid,

medium, slow, and static. There were no statistical differences in

these indicators between the two groups; however, there was a

clear increasing trend in the proportion of slow motile sperm.

Effects of iodoacetic acid exposure on
markers of spermatogenic cells

Spermatogenesis is an important physiological function of

testicular tissue. To observe the effects of IAA exposure on

spermatogenic cells, the gene expression and protein levels of

relevant indicators during spermatogenesis were examined. As

shown in Figure 2A, no significant changes were observed in the

spermatogenesis indicators Dazl, Vasa, Plzf, c-Kit, Stra8, Sycp1,

Sycp3, Tnp2, and Piwil1 at the mRNA level between the two

groups. But IAA treatment significantly increased γH2AX

expression compared to no treatment. All seminiferous

tubules contain γH2AX spermatocytes at respective steps in

development. Meanwhile, γH2AX is a marker of the DNA

damage response and replication stress. Although IAA

exposure did not change the protein levels of VASA and

DAZL compared to the control (Figures 2B,C,F,G), the

protein level of γH2AX was observed increasingly by Western

Blot (WB) and immunofluorescence staining experiments

(Figures 2B–E).

Effects of iodoacetic acid on cholesterol
transport and testosterone synthesis-
related enzymes

To evaluate the effect of IAA exposure on testosterone

synthesis, changes in gene expression, protein levels of these

enzymes and LDs were examined. The results demonstrated that

IAA exposure decreased LD storage in Leydig cells (Figures

3A,B). SRB1, as a high-density lipoprotein receptor, is

responsible for the transport of LDs. In our study, although

the gene expression did not change between the two groups

(Figure 3C), there was a decrease in the protein level (Figures

3D–G). Compared with the control group, a mild decrease in

Cyp11a1mRNA expression was observed, as shown in Figure 3C.

However, its protein level showed no significant difference

between the two groups (Figures 3D,E,H,I). The steroidogenic

acute regulatory (STAR), as a key enzyme in testosterone

synthesis, tended to decrease in the experiment group, but the

differences failed to reach statistical significance (Figures 3D,E).

In the immunofluorescence staining experiment, it showed no

difference versus control (Supplement Figures 1A,B). Also, no

changes were observed in the gene expression of Cyp17a1,

Cyp19a1, 3β-hsd, and Lhcgr between the two groups (Figure 3C).

Effects of iodoacetic acid on blood–testis
barrier function in Sertoli cells

To assess the effect of IAA exposure on Sertoli cells, changes

in genes and proteins of WT-1 and some indicators of tight

junctions were examined. As shown in Figure 4A, there were no

differences at the genetic level between the two groups on Wt-1,

Claudin-11, Nectin-2, Zo-2, β-catenin, Jam-A, N-cadherin, and

Connexin-43. The protein levels of WT-1, N-cadherin, and β-
catenin also did not perform a statistical difference compared

with control (Figures 4B–E).

Discussion

It is well known that endocrine disruptors have a direct

impact on gonads and long-term reproductive health (Delbes

et al., 2022). IAA has a negative influence on the female

reproductive system, while the effects on the male

reproductive system have not been systematically studied.

From the perspective of the physiological structure of the

testis, the male reproductive system mainly includes

spermatogenic cells, Leydig cells, and Sertoli cells (Mäkelä
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et al., 2019). Therefore, we mainly observed the effect of IAA on

its function from these three aspects. In our study, IAA exposure

had no apparent effect on Sertoli cell function, but it exacerbated

DNA damage in spermatogenic cells and reduced cholesterol

storage in Leydig cells by reducing the protein expression of

SRB1. In addition, IAA also affected sperm motility, slowing

FIGURE 2
Changes of spermatogenesis-related indexes were observed from gene expression and protein level, respectively. The expression of the
following genes, such as Dazl, Vasa, Plzf, c-Kit, H2ax, Stra8, Sycp1, Sycp3, Tnp2, and Piwil1, in the testis tissue of the two groups were detected by
real-time PCR (qRT-PCR) technology (A). Also, the changes of protein levels such as VASA, DAZL, and γH2AX between the two groups of mice were
observed by Western Blot (B,C) and immunofluorescence staining experiments (D–G). * Significant differences compared to the control
(p < 0.05).
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down VAP and VSL. Furthermore, it caused dysfunction of the

hypothalamic–pituitary–gonadal axis, especially the increase in

LH in serum.

We found that the body weight in the experimental group

showed a slight decrease. This may be mainly due to the effect of

IAA on gastric acid secretion (Cheng et al., 2001), which finally

FIGURE 3
Lipid droplet storage in Leydig cells and changes in testosterone synthase from gene expression and protein levels were examined. Cholesterol
storage in Leydig cells between the two groups was visualized by BODIPY staining (A,B). The relative mRNA levels of the following indicators, Lhcgr,
Srb1, Star, Cyp17a1, Cyp11a1, 3β-hsd, and Cyp19a1, were detected by qRT-PCR (C). Also, the protein levels of cholesterol transporter SRB1 and
testosterone synthase STAR, CYP11A1, and CYP17A1 were observed byWestern Blot (D,E) and immunofluorescence staining experiments (F–I).
* Significant differences compared to the control (p < 0.05).
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caused the mice to lose weight. To observe the effect of IAA on

sex hormones in vivo, we measured the levels of FSH, LH, and

testosterone in the serum. In our study, FSH did not change

compared to the control group, but LH showed a significant

increase versus control. Research showed that in adult female

mice, IAA did not alter LHβ expression, while it reduced FSHβ-
positive cell number and FSHβ mRNA expression at a dose of

10 mg/kg in vivo (Gonzalez et al., 2021). The inconsistent

results might be due to the difference in dosage and time of

medication. Given that testosterone varies widely between

individuals, we did not remove outliers. Although there was

no difference in testosterone between the two groups, there was

a descending trend in the experimental group. We inferred that

IAA exposure caused a decrease in testosterone but increased

LH through negative feedback, thus maintaining normal levels

of testosterone.

To observe the effect of IAA on sperm, we examined

changes in relevant sperm parameters, such as sperm

concentration, motility, progressiveness, VAP, VSL, VCL,

ALH, and BCF. Among them, VAP and VSL showed a

significant decrease compared to the control group. We

deduced that was because IAA inhibited the glyceraldehyde-

FIGURE 4
Changes of BTB-related indexes were detected from gene expression and protein level. Relative mRNA levels between the two groups, Wt-1,
Claudin-11, Nectin-2, Zo-2, β-catenin, Jam-A, N-cadherin and Connexin-43, were observed (A). The protein levels of WT-1, N-cadherin, and β-
catenin were also observed by Western Blot (B,C) and immunofluorescence staining experiments (D,E). * Significant differences compared to the
control (p < 0.05).
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3-phosphate dehydrogenase (GAPDH), which was the key

target of IAA (Hall et al., 2020) and one of the key enzymes

in glycolysis, reduced cellular ATP levels (Dad et al., 2018), and

ultimately slowed down sperm motility.

Sperm production is one of the most important functions of

the testis. Spermatogenesis is a complex developmental process

that consists of three stages: mitosis, meiosis, and

spermiogenesis (Zhao J. et al., 2021). To observe the effect of

IAA on spermatogenesis, protein levels of DAZL, VASA,

γH2AX, and related gene expression changes were detected.

Phosphorylated histone H2AX (γH2AX) is a hallmark of

chromatin remodeling in male meiosis (Abe et al., 2020).

Meanwhile, it is a sensitive marker for DNA double-strand

breaks (DSBs) (Arnould et al., 2021), and a number of studies

have regarded it as a marker of DNA damage (Guo et al., 2021;

Zhang et al., 2021; Wang et al., 2022). Increased expression of

γH2AX levels at the gene expression and protein level are

detected, indicating that DNA damage is exacerbated after

IAA exposure. DAZL, which is crucial for normal

spermatogenesis, plays an important role in primordial germ

cell formation, and genetic loss of DAZL causes infertility in

both sexes of mice (Li et al., 2019). In our study, changes in

DAZL gene and protein levels were not observed. VASA

(DDX4/MVH), as the hallmark of meiotic cells at the stage

from pachytene spermatocytes to round spermatids, is essential

for male gametogenesis (Lin et al., 2017). It also showed no

difference between the two groups in our study. Plzf and Kit are

essential in maintaining spermatogonial stem cell proliferation

(Mao et al., 2017; Yu et al., 2022). Stra8 (Sun et al., 2022),

Sycp1 and Sycp3 (Dunce et al., 2018), and Tnp2 (Gustafson

et al., 2020) play important roles in different stages of meiosis.

Also, knockout of the Piwi gene in mice and human causes

sterility (Gou et al., 2017). Fortunately, with the exception of

H2AX, IAA exposure did not cause changes in the other genes

described previously.

The second important function of the testis is testosterone

biosynthesis. In order to observe the effect of IAA on

testosterone, we focused on the changes in cholesterol and

key enzymes in cholesterol transport and testosterone

synthesis. SRB1 is a cell surface HDL receptor that mediates

HDL-cholesteryl ester (CE) uptake, and it promotes the

transport of CEs to Leydig cells and stores them as lipid

droplets (LDs), which are used for the synthesis of

testosterone in testis tissue (Shen et al., 2018). In our study,

the content of cholesterol in Leydig cells decreased in the IAA-

exposed group. This was because IAA affected LD transport by

reducing the protein expression of SRB1, although IAA did not

alter the gene expression of it. We infer that IAA causes changes

in SRB1 protein levels through post-transcriptional translation

or epigenetic modification, which, of course, requires further

experimental validation. At the same time, we also detected a

series of key enzymes in testosterone synthesis, such as STAR,

CYP11A1, CYP17A1, and 3β-HSD. Except for the decrease of

Cyp11a1 at the gene level, other indicators did not show

significant differences both in gene expression and at the

protein level. However, STAR, one of the most critical

enzymes regulating testosterone synthesis (Zhao L. et al.,

2021), showed a significant downward trend at the protein

level, which further corroborated our conclusion that

testosterone had declined during the medication. In Leydig

cells, LHCGR acts as an LH receptor to sense the control of

testosterone synthesis by the hypothalamic–pituitary–testicular

axis (Holota et al., 2020). Gene expression of Lhcgr did not

change between the two groups. In addition, the gene level of

Cyp19a1, a key enzyme that converts testosterone to estrogen,

was examined, and did not change compared to control. This

means IAA does not influence the conversion of testosterone to

estrogen in male mice.

An important function of Sertoli cells is to form the BTB,

which forms the microenvironment for spermatogenesis and

protects spermatogenic cells from autoimmune reactions. To

assess the function of the BTB, we examined the expression of

WT-1, N-cadherin, and β-catenin. WT-1, expressed in all

Sertoli cells, is essential for germ cell survival and

spermatogenesis (Gupta et al., 2021). N-Cadherin is a

protein with greater connection flexibility, which is highly

expressed in testis tissue (Verón et al., 2021). At the same

time, in other tissues, it is often regarded as highly correlated

with tissue migration, and is even used as one of the indicators

of tumor aggressiveness (He et al., 2021). β-Catenin is also a

characteristic protein of the BTB, and its abnormal

accumulation can lead to impaired testicular junction

integrity, which can lead to abnormal structures and

functions of the BTB (Lei et al., 2021). In our study, the

gene expression and protein levels of WT-1, N-cadherin, and

β-catenin were not different between the two groups. As

important components of tight junctions, such as claudin11

(She et al., 2021), Nectin-2 (Bronson et al., 2017), Zo-2 (Otani

et al., 2019), Jam-A (Ebnet, 2017), and Connexin 43 (Liang

et al., 2019), they all play a key role in maintaining the integrity

of the BTB. Fortunately, there were no statistically significant

differences in their gene levels.

In conclusion, in male mice, IAA reduced sperm motility,

exacerbated DNA damage, and decreased storage of LDs, the

raw material for testosterone synthesis. Of course, a deeper

mechanism is needed in further research. At present, the

adverse health consequences of endocrine disruptors have

been known to all sectors of society (La Merrill et al.,

2020), and various countries are also formulating some

corresponding regulatory measures (Kassotis et al., 2020).

However, little attention has been paid to water DBPs such

as IAA. It not only affects the health of frontline workers

producing such materials but also has long-term human

contact in the form of water DBPs. Given that these

endocrine disruptors have toxic effects on humans and

even transmit their toxic effects to offspring in a genetic or
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epigenetic manner (Lombó and Herráez, 2021), laws and

regulations on the control of them should be formulated as

soon as possible. Also, we should try to find other healthier

disinfection methods to replace chlorine-containing

disinfectants to reduce their harm to the reproductive

system and even human health.
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The purpose of this study was to determine the anticancer potential of Ifloga

spicata (I. spicata) against HepG-2 cell line. To assess I. spicata cytoxicity, brine

shrimp lethality and MTT assays were performed. In the brine shrimp bioassay,

the ethyl acetate fraction had a significant impact with an IC50 of 10 μg/ml. The

ethyl acetate and chloroform fractions inhibited HepG-2 cell line effectively

(IC50 values 5.54 and 6.52 μg/ml, respectively). The isolated compound,

heptadecyl benzoate inhibited growth significantly (IC50, 8.92 μg/ml) while

methyl dihydroxybenzoate had modest activity (25.66 μg/ml) against the cell

line. Both compounds displayed acceptable pharmacokinetic parameters in the

ADME study. In the docking study, the methyl dihydroxybenzoate was involved

in two hydrogen bonds with two different residues Thr830 and Asp831. The

heptadecyl benzoate carbonyl oxygen exhibited a single hydrogen bond with

Lys692. Both showed good interactions with the active site of the (EGFR)

tyrosine kinase. Our findings suggest that I. spicata might be a viable source

of anticancer natural agents. This discovery raises the prospect of the future

development of a new medication for the treatment of liver cancer.
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Introduction

Cancer is the world’s second greatest cause of mortality, after

cardiovascular illnesses, with approximately 10 million deaths in

2020 (Sung et al., 2021). Despite recent advancements in cancer

therapy, this figure is anticipated to double in the next 10 years

(N’guessan et al., 2021; Ferlay et al., 2019). Liver cancer is the

principal reason of death associated with cancer across the globe.

Liver cancer is the 5th and 9th most common cancer among men

and females, respectively, and the 2nd cause of mortality across

the globe (Ferlay et al., 2015). According to the published data,

the annual number of reported cases of liver cancer is

600,000–800,000, accounting for about 5.6% of all cancers. It

was also expected that the number of cases will be about

100,0000 by 2030 (Alqahtani et al., 2019).

Medicinal herbs have a long history of being used to cure a

variety of illnesses, including cancer (Khan et al., 2019; Xiao et al.,

2020). More than 60% of cancer medications, such as

doxorubicin and bleomycin, are derived from natural sources,

such as plants and microbes (Cragg and Newman, 2005). Many

plant-derived natural agents have potential value as

chemotherapeutic agents (Pezzuto, 1997). Several useful

anticancer agents in clinical use are obtained from plants like

vinblastine and vincristine obtained from C. roseus, etoposide

from lignans of Podophyllum spp, paclitaxel isolated from the

bark of the Pacific yew and camptothecin derivatives, like

topotecan, isolated from Camptotheca acuminate (Newman

et al., 2003; Basili and Moro, 2009).

Tyrosine kinases (TKs) are useful in the development of cancer-

targeting drugs (Paul and Mukhopadhyay, 2004). For both external

and internal stimuli, TKs are required for several biological

operations like apoptosis, growth and migration, differentiation,

and metabolism (Vlahovic and Crawford, 2003). TKs are enzymes

that start the phosphorylation process for certain tyrosine residues

with the help of ATP. Following biosynthesis, protein covalent and

enzymatic modification is a crucial aspect of maintaining normal

cellular communication and homeostasis (Hussain et al., 2019).

I. spicata is an annual herb used to treat skin problems and heart

disorders (Abouri et al., 2012). I. spicata has been shown to have anti-

leishmanial properties. Furthermore, the anticancer activity of I.

spicata against lung cancer has been scientifically proven. (Shah

et al., 2019a; Shah et al., 2019b). The current study aimed to evaluate

the pharmacokinetic profile, tyrosine kinase receptor sensitivity and

the anticancer effects of fractions and isolated compounds of I.

spicata using brine shrimp lethality and MTT assays.

Materials and methods

Chemicals and equipment

The extraction solvents (ethyl acetate, chloroform, n-hexane,

and methanol) were acquired from Daejung Korea. Sigma

Chemicals Co. MTT dye and dimethyl sulfoxide were

obtained from Sigma Chemicals Co. (St. Louis, United States).

The standards etoposide (Cas number 33419-42-0) and

doxorubicin (Cas number 25316-40-9) were purchased from

Merck. Silica gel 60 F254 cards was purchased from Merck.

Silica. gel, 70–230 mesh, obtained from Scharlau, Spain. ELISA

reader (ELx800 BioTek) and Rota vapour 210 were used for

recording the absorbance and concentrating the fractions

respectively.

Preparation of crude extract and its
subsequent fractions

The I. spicata was collected from District, Karak, Khyber

Pakhtunkhwa, Pakistan in the month of April 2016. The plant

material was identified by taxonomist Dr. Waheed Murad,

Department of Botany, Kohat university of science and

technology, Kohat. A voucher specimen with catalog no

KUH-1002 was deposited in the herbarium of the Department

of Botany, Kohat University of Science and Technology, Kohat.

The plant material was shade-dried and crushed into coarse

powder after being collected. The plant’s coarse powder was

macerated in methanol for 15 days after being shade dried. By

using rotary evaporator, the filtrate was concentrated to get

methanol extract. The methanolic extract of 500 g was

dispersed in distilled water and sequentially extracted with

organic solvents. n-hexane, chloroform, and ethyl acetate to

get polarity-based fractions. All fractions were kept in the

refrigerator until they were utilized in experiments.

Isolation scheme

The most bioactive ethyl acetate-soluble fraction was

analyzed using column chromatography with a mobile phase

of n-hexane/ethyl acetate and a stationary phase of flash silica gel.

Column chromatography was performed with the help of a

column (4.6 mm internal diameter and 30 cm in length). for

the most bioactive ethyl acetate-soluble fraction using a mixture

of n-hexane/ethyl acetate [Daejung CAS No.110-54-3, (Daejung

CAS No.141-78-6)] as the mobile phase, and flash silica gel

(230–400 mesh) as the stationary phase and eluted two sub

fractions. The two eluted sub fractions were subject to repeated

column chromatography using a pencil column (3.9 × 15).

Methyl dihydroxybenzoate (15 mg) was obtained from

fraction 1 using mobile phase n-hexane/ethyl acetate in the

ratio 90:10, and Heptadecyl benzoate (12 mg) from fraction

2 using n-hexane/ethyl acetate in the ratio 94:6. Aluminum

sheets precoated with silica gel 60 F2s4 (20 cm, 0.2 mm thick;

E-Merck) were used for TLC and visualization of the TLC plates

was carried out under UV at 254 and 366 nm and also by

spraying ceric sulphate reagent with heating. Various
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spectroscopic methods, such as 1H and 13C techniques, including

homonuclear (COSY) and heteronuclear correlation tests

(HSQC and HMBC), as well as a literature survey, were used

to confirm the structure of the compounds (http://www.mdpi.

com/2227-9717/7/4/208/s1) as previously published (Shah et al.,

2019c).

Brine shrimp lethality assay

This assay was used to assess the toxicity of I. spicata crude

extract and its subsequent fractions to brine shrimp. Brine shrimp

eggs were hatched in a beaker containing seawater. Plant samples

were dissolved in DMSO (Meyer et al., 1982; Mohtasheem et al.,

2001). Plant extracts at a concentration range of 10–1000 μg/ml were

used in the lethality assay. 30 live shrimps were added to each

container containing 5ml of simulated seawater (composition: sea

salt 38 g/L of DW having pH 7.4). 100 μL of each plant extract was

added to containers and incubated for 24 h. After incubation, the

shrimps that survived were counted in each container. As a standard,

etoposide (1000, 100. 10 μg/ml) was utilized. The negative control

was DMSO. The percentage mortality of plant samples was

calculated. The IC50 value for each extract of I. spicata was

determined.

Cell culture

Cancer cells (HepG-2) were obtained from the National

Centre of Excellence in Molecular Biology at the University of

FIGURE 1
Brine shrimp cytotoxic effect of the crude and fractions of I. spicata at various Concentrations. (A) = Crude drug, (B) = Hexane fraction; (C) =
Chloroform fraction; (D) = Ethyl acetate fraction; (E) =Water fraction; (F) = Etoposide, IC50 = 7.35 μg/ml. Data are mean ±SEM of three independent
readings).
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TABLE 1 I. spicata fractions and compounds cytotoxicity against HepG-2 cell line.

Plant samples Concentration (μg/ml) Percent inhibition against
HepG-2 cell lin

IC50 (μg/ml) against
HepG-2 cell line

Crude extract 200 86.6 ± 1.1 17.82

100 76.7 ± 1,2

50 65.2 ± 0.9

25 57.7 ± 0.6

12.5 44.6 ± 0.5

6.25 31.7 ± 0.8

n-Hexane 200 77.7 ± 0.5 27.62

100 72.4 ± 0.3

50 60.3 ± 0.3

25 50.8 ± 0.2

12.5 35.9 ± 0.2

6.25 25.5 ± 0.2

Chloroform 200 81.5 ± 1.0 6.52

100 78.8 ± 0.5

50 71.6 ± 0.9

25 69.6 ± 0.6

12.5 60.3 ± 0.7

6.25 44.5 ± 1.2

Ethyl acetate 200 91.7 ± 0.5 5.54

100 84.5 ± 0.6

50 75.7 ± 0.9

25 70.6 ± 0.2

12.5 61.7 ± 0.9

6.25 52.7 ± 0.6

Aqueous 200 60.7 ± 0.4 71.81

100 54.5 ± 0.2

50 46.7 ± 0.6

25 38.7 ± 0.9

12.5 30.9 ± 0.5

6.25 17.9 ± 0.4

Methyl dihydroxybenzoate 200 78.6 ± 1.1 25.66

100 69.9 ± 0.9

50 59.6 ± 0.7

25 49.8 ± 0.9

12.5 42.6 ± 0.4

6.25 26.5 ± 1.1

Heptadecyl benzoate 200 89.6 ± 0.9 8.92

100 78.5 ±0.3

50 69.5 ± 0,7

25 64.4 ± 0.9

12.5 53.4 ± 0.6

6.25 47.7 ± 0.3

(Continued on following page)
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Punjab in Pakistan. Cancer and normal cells (Vero) were

nurtured in DMEM. The cultured cells were preserved until

they were utilized in research.

Cytotoxicity assay

The cytotoxicity of plant fractions and the compounds was

determined by using a 3-(4,5-Dimethylthiazol)-diphenyl

tetrazolium bromide (MTT) assay (Mosmann, 1983; Khorrami

et al., 2018). The normal Vero and HepG2 cell lines were

cultured in DMEM containing antibiotics (streptomycin/

penicillin) and nutrients 10% fetal bovine serum. The normal

and cancer cells were incubated in a CO2 incubator for 24 h at

37°C. Both the cell lines were treated with different concentrations in

a range of 6.25–200 μg/ml with the extracts and compounds and

incubated for a further 1 day. Doxorubicin in a concentration range

of 6.25–200 μg/ml and under same experimental conditions was

used as standard. DMSO was used as negative control in this MTT

assay. A 100 μL of MTT reagent (5 mg/ml in phosphate buffer

saline) is added to each well and incubated for 4 h at 37°C in a 5%

CO2 atmosphere. Absorbance was measured at 570 nm using an

ELISA reader. By using the following formula, the percentage of

cytotoxicity was determined:

Cell viability % = absorbance of treated cells/absorbance of

control cells × 100.

The experiments were done in triplicates. The IC50 values

were calculated for each plant sample.

ADMET analysis

Swiss-ADME (http://www.swissadme.ch/index.php) tool was

used for ADMET analysis (Absorption, distribution, metabolism,

excretion and Toxicity) (DeLano, 2002). The ADMET analysis is

considered too important for a molecule to be considered a drug

candidate (Hassan et al., 2022). The pharmacokinetic scores of

compounds were measured using the online database pkCSM

(http://biosig.unimelb.edu.au/pkcsm/prediction).

Molecular docking study

The MOE-2016 software was used for the docking study of

compounds 1 and 2 against the target enzyme, Epidermal

Growth Factor Receptor (EGFR) tyrosine kinase domain (EC

2.7.10.1) having PDB ID: 1M17. The 3D structures of

compounds and target enzymes were built and the energy of

compounds was minimized up to 0.05 gradient using MMFF 94s

forcefield (Mphahlele et al., 2017).

By using the Triangular Matching docking method, 10 different

conformations for each compound were generated based on the

binding of compounds with the active sites of receptor and binding

energies were determined. The molecular interactions of ligand-

protein complexes were noted. By using LigPlot 3D images were

drawn.

Results

Brine shrimp lethality bioassay

Figure 1 represents the cytotoxicity of I. spicata crude and

resulting fractions. The ethyl acetate component of the plant

displayed a promising impact with an IC50 of 10 μg/ml. When

compared to the control medication, etoposide, the mortality

effects of crude extract, n-hexane, and chloro-form fractions were

modest. The aqueous fraction was inactive.

In vitro cytotoxicity

An MTT assay was used to assess the cytotoxic activity of

I. spicata extracts and isolated components. Table 1

summarizes the findings of the experiment. The ethyl

acetate and chloroform fractions were regarded as the

most potent fractions, with IC50 values of 5.54 and

6.52 μg/ml, respectively. The results indicated that the

crude extract and n-hexane inhibited the cancer cell line

effectively. In comparison to other plant fractions, the

TABLE 1 (Continued) I. spicata fractions and compounds cytotoxicity against HepG-2 cell line.

Plant samples Concentration (μg/ml) Percent inhibition against
HepG-2 cell lin

IC50 (μg/ml) against
HepG-2 cell line

Doxorubicin 200 90.1 ± 0.2 1.25
100 84.4 ± 0.4

50 79.6 ± 0.3

25 74.8 ± 0.4

12.5 70.3 ± 0.3

DMSO 0 μg/ml NA NA

Data are represented as mean ± S.E.M of three independent readings (n = 3). The reference standard, Doxorubicin, IC50 = 1.25 μg/ml. NA, Not active.
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aqueous fraction’s anticancer efficacy was modest. A

significant inhibition of growth was recorded for

heptadecyl benzoate with an IC50 value of 8.92 μg/ml. The

plant extracts and compounds did show any inhibitory effect

against the normal Vero cell line. The methyl

dihydroxybenzoate had moderate anticancer activity.

TABLE 2 Physicochemical and lipophilicity properties of methyl dihydroxybenzoate and heptadecyl benzoate.

Properties Parameters Methyl dihydroxybenzoate Heptadecyl benzoate

Physicochemical properties MWa (g/mol) 152.15 360.57

Rotatable bonds 2 18

HBAb 3 2

HBDc 1 0

Fraction Csp3 0.12 0.71

TPSAd 46.53 26.30

Lipophilicity Log Po/w iLOGP 1.63 5.68

XLOGP3 1.96 10.58

MLOGP 1.32 5.98

Consensus 1.46 7.60

aMolecular weight
bHydrogen bond acceptor
cHydrogen bond donor
dTypological polar surface area

FIGURE 2
(A) Bioavailability radar chart for methyl dihydroxybenzoate and heptadecyl benzoate respectively. (B) Predicted BOILED-Egg plot from swiss
ADME online web tool for methyl dihydroxybenzoate and heptadecyl benzoate respectively.
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ADMET analysis (pharmacokinetic and
toxicological properties)

The physicochemical properties of the compounds are

mentioned in Table 2. The physicochemical features were

investigated and classified into six broad groups based on

their oral bioavailability ranges. Both compounds’ results are

within the acceptable ranges.

The chemical absorption from the gastrointestinal absorption

region (GIa) and the blood brain barrier (BBB) permeation are

shown in the BOILED-EGG graph. Methyl dihydroxybenzoate has

higher oral bioavailability, as seen in Figure 2A of the Bioavailability

Radar Chart. Figure 2B shows that methyl dihydroxybenzoate is in

thewhite zone, while heptadecyl benzoate is in the grey zone.Methyl

dihydroxybenzoate had a high GIa and BBB permeability (Table 3),

but heptadecyl benzoate had a low GIa and no BBB permeation.

Methyl dihydroxybenzoate inhibits CYP1A2, whereas the

heptadecyl benzoate inhibits two isoforms, CYP1A2 and

CYP2C19, resulting in considerable pharmacological interaction

with the substrates of these two isoforms. The clearance value for

methyl dihydroxybenzoate was insufficient. Both compounds

appear to be non-substrates of Organic Cation Transporter 2

(OCT2), and their interaction with an OCT2 inhibitor promotes

unfavorable interactions Table 3.

Furthermore, the online database pKCSM was used to

examine the toxicity profile of methyl dihydroxybenzoate and

heptadecyl benzoate (Table 4). Methyl dihydroxybenzoate had a

greater maximum tolerated dose (MTD) than heptadecyl

benzoate. The MTD is a unit of measurement for a chemical’s

toxic dose threshold in humans. Both compounds did not reduce

hERG I, however, only heptadecyl benzoate inhibited hERG II,

according to our findings. Skin hypersensitive reaction is a

possible adverse effect of the chemical, and heptadecyl

benzoate has demonstrated skin allergies. Furthermore, both

TABLE 3 Predicted pharmacokinetics parameters of methyl dihydroxybenzoate and heptadecyl benzoate.

Properties Parameters Methyl dihydroxybenzoate Heptadecyl benzoate

Absorption Water solubility (log S(ESOL)) −1.695 −7.329

GIa (gastrointestinal absorption) High Low

Skin Permeability cm/s −2.342 −2.676

P-glycoprotein substrate No No

Distribution VDss (volume of distribution at steady state, (human) −0.165 0.677

Fraction unbound (human) 0.448 0

BBB permeability Yes No

CNS permeability (Log PS) −2.072 −1.152

CYP1A2 inhibitor Yes Yes

CYP2C19 inhibitor No Yes

CYP2C9 inhibitor No No

CYP2D6 inhibitor No No

CYP3A4 inhibitior No No

Excretion Total Clearance (log ml/min/kg) 0.73 1.95

Renal OCT2 substrate No No

TABLE 4 Toxicity profile of methyl dihydroxybenzoate and heptadecyl benzoate.

Parameters Methyl dihydroxybenzoate Heptadecyl benzoate

AMES toxicity No No

Max. tolerated dose (human) (log mg/kg/day) 1.215 0.796

hERG I inhibitor No No

hERG II inhibitor No Yes

Oral Rat Toxicity (LD50) (mg/kg) 2.793 3.362

Hepatotoxicity No No

Skin Sensitization No Yes
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substances have a low score level for calculating fatal dose (LD50),

i.e., 2.793 mg/kg and 3.362 mg/kg, and were classified as class 1.

Compound-target enzyme interactions

The docking study was conducted to investigate the binding

poses of isolated compounds from I. Spicta in the active site of

(EGFR) tyrosine kinase. The compounds fit best in the active

site and have favorable interactions with the active site residues.

The methyl dihydroxybenzoate was involved in two hydrogen

bonds with two different residues Thr830 and Asp831. The

heptadecyl benzoate carbonyl oxygen shows a single hydrogen

bond with Lys692. The interactions shown by the compounds

may be due to the presence of hydrogen bond donor and

hydrogen bond acceptor groups. Figure 3 shows compound

3D interactions with (EGFR) tyrosine kinase active site

residues. The drug-likeness properties, binding energies,

FIGURE 3
Binding mode of compounds methyl dihydroxybenzoate (A) and heptadecyl benzoate (B) with the target enzyme, (EGFR) tyrosine kinase. The
ligands are shown as pink and residues as green.

TABLE 5 The structure and Lipinski’s properties of ligands.

S.No Compound Structure Properties

1 Methyl 2,4-dihydroxybenzoate MW 168.15 g/mol, LogP 0.92, Don 2, Acc 3

2 Heptadecyl benzoate MW 360.58 g/mol, LogP 9.49, Don 0, Acc 1
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docking score and interaction detail of compounds are

summarized in Tables 5, 6.

Discussion

The brine shrimp lethality test is a commonly used

bioassay for preliminary screening in the discovery of

anticancer medicines (Ullah et al., 2013). The ethyl acetate

exhibited a marked effect with IC50 of 10 μg/ml. In

comparison to standard etoposide, crude extract, n-hexane,

and chloroform fractions had a mild impact. For the aqueous

fraction, no impact was seen. It demonstrates that cytotoxic

plant components are higher concentrated in the ethyl acetate

fraction. The cytotoxic effect of the plant organic fractions

might be due to the active constituents present in the plant

extracts Therefore, the cytotoxic effects of the tested samples

indicate that they can be selected for further study against

human cancer cell lines (Manilal et al., 2009). It is thus stated

that plant I. spicata possess cytotoxic effects which are in

accordance with the findings obtained earlier and can be used

as a source of potential anticancer agents (Shah et al., 2015;

Naher et al., 2019).

Polyphenols are a kind of phytochemical that has lately

gained popularity due to their potential to prevent cancer cell

development. Polyphenols have been shown to cause cell cycle

arrest in malignancies such as gastric cancer, hepatoma,

endometrial cancer, nasopharyngeal cancer, prostate cancer,

breast cancer, pancreatic cancer, and lymphoma cancer.

Resveratrol, a stilbene, and quercetin, a flavonol, are two

polyphenols that limit cancer cell proliferation. As a result,

their effects have been investigated in a variety of cancers,

including breast, prostate, hepatoma, and colon cancer

(Kampa et al., 2007). The MTT assay is the most

commonly used technique to evaluate cell viability and

proliferation (Table 1). The findings of this study are

consistent with earlier studies that show similar effects are

caused by the presence of various bioactive substances (Kumar

and Pandey, 2013; Taiwo et al., 2020). The crude extract and

n-hexane fractions showed concentration-dependent

inhibition of HepG-2 cell line in tested concentration range

of 6.25–200 μg/ml. In a previous study the anticancer activity

of I. spicata against lung cancer has also been reported (Shah

et al., 2019a). A new juglone analog, 2-ethoxystypandrone,

derived from ethyl acetate extract of the roots of Polygonum

cuspidatum, has been shown to have anticancer action against

hepatocellular carcinoma (Shah et al., 2019c). The activity of

aqueous extract was low as compared to other fractions of

plant. A significant inhibition of growth was observed for

heptadecyl benzoate with an IC50 value of 8.92 μg/mL. A

moderate activity (IC50 = 25.66 μg/ml) was shown by

methyl dihydroxybenzoate. In another study glycoalkaloids

isolated from Salanum melongena demonstrated a significant

antiproliferative effect against liver cancer cells (Fekry et al.,

2019).

This study uses cytotoxicity, ADMET, and molecular

docking approaches to assess the efficacy of extracts and

isolated compounds of I. spicata as a putative biomolecule

therapeutically active against HepG-2 Cancer Cells. The

physicochemical features of compounds were studied. The

results of both compounds fall within the limits,

demonstrating their potential as drug candidates for clinical

trials.

The BOILED-EGG graph indicates the compound

absorption from the GIa and the BBB permeation. The

white area is for GIa showing the compound absorption

region, and the yellow zone (yolk) is for the BBB diffusion.

While if the compound occurs in the grey geographical zone, it

suggests that the compound has neither GI absorption nor it

crosses BBB (Daina and Zoete, 2016). GIa and CNS absorption

are crucial factors examined for every single drug candidate

prior to its access to drug formulation (Chen et al., 2020). The

Blood-brain barrier penetration is necessary for the

compound to have actions on the central nervous system

(Cruz et al., 2018). In Bioavailability radar chart, methyl

dihydroxybenzoate showed better oral bioavailability. The

methyl dihydroxybenzoate has presented a high GIa with

BBB permeability than Heptadecyl benzoate, indicating that

TABLE 6 Docking score, binding energies and Predicted interactions of compounds.

S.No Docking score Binding energy Binding affinity Interaction of compounds
with the receptor

1 −4.759 −26.51 −5.07 Ligand Receptor Interaction Distance

O 10 OG1 THR 830 H-donor 2.12

O 12 OD2 ASP 831 H-donor 1.69

2 −5.801 −33.45 −6.4 Ligand Receptor Interaction Distance

O 63 NZ LYS 692 H-acceptor 2.38
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heptadecyl benzoate low occurrence for CNS side effects. Both

are not P-gp (P-glycoprotein) substrate hence they are not

prone to the efflux mechanism of P-gp, as many cancer lines

exploited that mechanism as a source of drug resistance

(Binkhathlan and Lavasanifar, 2013). Furthermore, the

methyl dihydroxybenzoate showed less skin permeation, as

more the negative Log Kp valve of the molecule results in less

skin permeability (DeLano, 2002).

Furthermore, the most common cytochromes isoforms were

analyzed against these compounds as these enzymes have a

significant part in drug excretion. Inhibition of these isoforms

results in drug interaction (Chen et al., 2020). The heptadecyl

benzoate inhibits more isoforms, causing significant drug

interaction. Calculation of drug clearance of a compound is

critical for a molecule to find steady-state concentrations. The

methyl dihydroxybenzoate clearance value was inadequate. Both

compounds showed as non-substrate of Organic Cation

Transporter 2 (OCT2).

Drug toxicity profiling is necessary before a drug enters

into the clinical trials or in the pre-formulation stage [25].

Therefore compounds have been assessed for toxicities

i.e., human, oral and rat. The AMES toxicity test normally

estimates the mutagenic ability of a compound. In this study,

we found that both compounds were characterized as non-

Ames risky, representing no carcinogenic ability. The

maximum tolerated dose (MTD) for methyl

dihydroxybenzoate was higher than heptadecyl benzoate.

The MTD is a quantity of a chemical’s harmful dosage

threshold in humans. In our findings, hERG I was not

suppressed by both compounds but hERG II was inhibited

only by heptadecyl benzoate, hERG-encoded potassium

channels inhibition consequence in ventricular arrhythmia

by QT prolongation (Robertson and Morais-Cabral, 2020).

The isolated compounds were also predicted as non-

hepatotoxic, therefore considered as a safe drug in terms of

drug-induced liver adverse effects (Hoitsma et al., 1991).

A probable side effect of a molecule is a skin

hypersensitivity reaction, heptadecyl benzoate has shown

skin allergies.

The docking analysis was used to identify the binding poses

of the isolated compounds in the active site of (EGFR) tyrosine

kinase. In docking tests, both agents demonstrated a high

binding affinity (Docking score −4.759, binding

energy −26.51 and binding affinity −5.07 for methyl

dihydroxybenzoate. Docking score −5.801, binding

energy −33.45 and binding affinity −6.4 for heptadecyl

benzoate). The docking results supported the in vitro results

against the cancer cells. Our findings are consistent with

previous studies (Galal et al., 2014). In our previous study, a

novel compound, 3-hydroxyoctyl-5, trans-docosenoate,

isolated from the plant, Anchusa arvensis has exhibited

significant interaction with tyrosine kinase enzyme (Hussain

et al., 2019). Therefore, it could be assumed that these two

compounds might have anticancer effects through tyrosine

kinase. However, it will require further experimental

confirmation.

Conclusion

The current study provides new understanding of the

anticancer potential of I. spicata against liver cancer. The

ethyl acetate fraction had a significant effect in the brine

shrimp mortality experiment, with an IC50 of 10 μg/mL. A

significant effect was exhibited by heptadecyl benzoate. Both

compounds exhibited acceptable pharmacokinetic

properties except in absorption of heptadecyl benzoate in

ADME analysis. Both isolated compounds showed a safer

profile in toxicity assessment. Furthermore, both

compounds showed marked binding affinity towards

(EGFR) tyrosine kinase, supporting the in-vitro effects.

Our results suggest that I. spicata has bioactive

compounds with promising anticancer potential.

Therefore, it can be further used for the development of

drugs for liver cancer treatment.
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The microbiome-product
colibactin hits unique cellular
targets mediating host–microbe
interaction

Walaa K. Mousa1,2*
1College of Pharmacy, Al Ain University, Abu Dhabi, United Arab Emirates, 2College of Pharmacy,
Mansoura University, Mansoura, Egypt

The humanmicrobiota producesmolecules that are evolved to interact with the

diverse cellular machinery of both the host and microbes, mediating health and

diseases. One of the most puzzling microbiome molecules is colibactin, a

genotoxin encoded in some commensal and extraintestinal microbes and is

implicated in initiating colorectal cancer. The colibactin cluster was discovered

more than 15 years ago, andmost of the research studies have been focused on

revealing the biosynthesis and precise structure of the cryptic encoded

molecule(s) and the mechanism of carcinogenesis. In 2022, the Balskus

group revealed that colibactin not only hits targets in the eukaryotic cell

machinery but also in the prokaryotic cell. To that end, colibactin crosslinks

the DNA resulting in activation of the SOS signaling pathway, leading to

prophage induction from bacterial lysogens and modulation of virulence

genes in pathogenic species. These unique activities of colibactin highlight

its ecological role in shaping gut microbial communities and further

consequences that impact human health. This review dives in-depth into the

molecular mechanisms underpinning colibactin cellular targets in eukaryotic

and prokaryotic cells, aiming to understand the fine details of the role of

secreted microbiome chemistry in mediating host–microbe and

microbe–microbe interactions. This understanding translates into a better

realization of microbiome potential and how this could be advanced to

future microbiome-based therapeutics or diagnostic biomarkers.

KEYWORDS

colibactin, phage induction, genotoxicity, human microbiome, colorectal cancer,
inflammation, colitis, DNA damage

Introduction

Trillions ofmicrobes reside in the human gut interacting with each other and the outcome

of their interaction affects human health and diseases (Sharon et al., 2014; Dhanaraju and Rao

2022; de Vos et al., 2022). This interaction is mediated by evolved small molecules, of which

the vast majority are still dark matter (Wilson, Zha, and Balskus 2017; Zha et al., 2022). A few

examples of microbiome secreted products are reported, each with a unique activity such as

the microbial genotoxin colibactin (Wernke et al., 2020). Colibactin is a hybrid
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polyketide–non-ribosomal peptide product encoded in the genome

of some Enterobacteriaceae that belong to the phylogenetic group B.

Colibactin is implicated in causing colorectal cancer (CRC) by

inducing a signature mutation in DNA. Isolation and structural

elucidation of colibactin has challenged the scientific field for over

15 years because of its contact-dependent synthesis, minimal

expression, and chemical instability. The bulk of the research

study on colibactin is centered around revealing its structure,

mainly through bioinformatic analysis, comparative

metabolomics, and mutational studies (Tang et al., 2022).

However, to appreciate the evolved function of colibactin(s) and

other microbiome products, we must understand their ecological

role in enhancing the competency and fitness of producers. There

are some reports on the antimicrobial-like activity of colibactin, but

most of the data come from observational or associational studies

without revealing the underpinning mechanism of action (T. Faïs

et al., 2016). In a pioneering study, the group of Dr. Balskus revealed

that colibactin induces prophage activation on a wide scale in

multiple phage–bacteria systems. This activity is mediated by its

ability to damage DNA activating the SOS response. Moreover,

induction of prophages affects prophage-encoded genes such as

some bacterial toxins, which are crucial for their pathogenicity. This

finding reveals another interesting role of colibactin in mediating

microbe–microbe interaction and shaping the structure of gut

microbes (Silpe et al., 2022; Tronnet et al., 2020).

Our knowledge of colibactin(s) is developing and there are

previous reviews covering their prospective research period (Faïs

et al., 2018; Bode 2015; Balskus 2015; Williams et al., 2020;

Wernke et al., 2020; Tang et al., 2022). These reviews mainly

focused on summarizing advances in understanding possible

biosynthetic pathways, bioinformatic prediction of colibactin

and precolibactin structures, and the mechanism of DNA

mutation. In this review, we analyze the unique cellular

targets of colibactin(s) mediating host–microbe interactions

that shape gut microbiome structures and influence host’s

health. We discuss the molecular mechanisms underlying the

evolved function of colibactin in hitting multiple targets in both

the eukaryotic and prokaryotic cell machinery. We propose a

mechanistic model for the series of events leading to colibactin-

induced cancer. This knowledge is central to better advancing the

use of microbiome secreted products or genes as diagnostic

biomarkers or therapeutic interventions.

The latest development in
understanding the biosynthesis and
structure of colibactin(s)

Prevalence and significance of colibactin
gene cluster in prokaryotes

The first report on the colibactin cluster is dated back to

2006 when Nougayrède et al. (2006) reported the discovery of

Escherichia coli strains belonging to the phylogenetic group

B2 that can block mitosis, leading to megalocytosis and

eventually cell death. The authors linked this weird activity to

a genomic island that encodes cryptic molecule(s), named at this

time colibactin (Nougayrède et al., 2006). Interestingly, this gene

cluster is prevalent in gut microbes, in particular Group B of

human-associated strains of E. coli and Enterobacteriaceae,

including commensal and probiotic strains such as E. coli

Nissle 1917, a commercial probiotic (Mutaflor) used to

improve gastrointestinal inflammatory conditions such as

ulcerative colitis (Schultz 2008). The Colibactin cluster is also

sequenced from other non-human associated microbes such as

Pseudovibrio sp. JE062, isolated from a marine sponge (Bondarev

et al., 2013) and a novel strain of Erwina oleae sp. isolated from

olive tree nots caused by Pseudomonas savastanoi (Moretti et al.,

2011). The Frischella perrara PEB0191 is a commensal gut

microbe in honey bees. The Crawford group showed that F.

perrara PEB0191 produces colibactin mimics and induces DNA

breaks similar to human microbiome strains (Engel, Vizcaino,

and Crawford 2015). This widespread prevalence of colibactin or

its homologs indicates its potential role in a symbiotic

relationship, which likely confers beneficial outcomes to the host.

Genomic organization of the colibactin
cluster

The colibactin cluster encodes 54-kb hybrid nonribosomal

peptide synthetase-polyketide synthase (NRPS-PKS)

biosynthetic genes known as the pks or clb gene cluster

(Figure 1). The cluster consisted of 19 genes, named

alphabetically, clb A-S. These 19 genes encode three

polyketide synthases (PKSs), three nonribosomal peptide

synthases (NRPSs), two hybrids NRPS/PKS, MATE

transporter, resistance gene, and other nine tailoring and

accessory enzymes as per the latest update as reviewed (Tang

et al., 2022). Intensive research reports confirm that all of these

genes are essential for genotoxicity, except for clb M, S, and R

(Nougayrède et al., 2006). Our current understanding of

colibactin structure is shaped through understanding the

organization of its biosynthetic genes, mutational studies,

heterologous expression, and structure prediction using

bioinformatics models. Over the last 16 years, there have been

multiple hypotheses for the biosynthesis of colibactin, and the

most recent is the prodrug activation theory (Figure 1) developed

by the Balskus group (Brotherton and Balskus 2013; Balskus

2015). The genomic island of colibactin contains the clbP gene,

which is a peptidase enzyme that shares structure/function

homology with cleavage enzymes functioning in ribosomaly

synthesized posttranslational modified peptides such as ZmaM

in zwittermicin biosynthesis (Luo et al., 2011). This similarity is

revealed by a plethora of confirmation analyses, including

structure–activity relationship, crystallography, and
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mutagenesis (Cougnoux et al., 2012; Dubois et al., 2011). This

fact leads Balskus and coworkers to hypothesize the prodrug

activation theory for the biosynthesis of colibactin in which two

NRPS modules (clbN and clbB) install the N-acyl-D-asparagine

scaffold earlier in the biosynthesis, followed by clbP cleaving the

amide bond and releasing the final active colibactin product

(Brotherton and Balskus 2013). The Muller group added

additional verification of the hypothesis by isolating the

hypothesized prodrug from E. coli-Nissle 1917 (Bian et al.,

2013). Further studies revealed that silencing of this peptidase

enzyme (Δ clbP strain) facilitates the accumulation of

precolibactins, which are more stable derivatives of the main

genotoxic molecule. Δ clbP strains have a diminished genotoxic

activity compared to wild type. Of note, we still lack more precise

information on the genetic organization of colibactin-like

clusters in other species and how the possible polymorphism

might lead to functionally diverse molecules.

Revealing the structure of colibactin
derivatives (precolibactins)

The precise structure of the colibactin molecule has remained

unknown for over a decade. Purification of colibactin from native

or heterologous hosts is challenging due to its minimal

production upon fermentation, instability, and contact or

inflammation-dependent gene expression. To overcome this

challenge, several research groups developed alternative

strategies to characterize the more stable derivatives or

precursors of colibactin, named precolibactins (Vizcaino et al.,

2014; Li et al., 2019; Vizcaino and Crawford 2015; Brotherton

et al., 2015; Bian et al., 2015; Li et al., 2015; Li et al., 2016; Healy,

Vizcaino, et al., 2016b). These strategies involve: 1) mutating the

clbP gene, an essential enzyme required to produce active

genotoxic colibactin molecules, and the generation of a series

of other mutants; 2) heterologous expression of the mutated gene

clusters; 3) comparative metabolomic analysis of mutants and

wild-type strains; 4) tandem MS–MS fragmentation analysis

coupled with isotopic feeding experiments; and 5) synthesis of

potential precolibactin analogues. Following these approaches,

around 40 precolibactins have been predicted, isolated, or

synthesized. Some structurally unique examples of

precolibactins are shown in Figure 2. Isolated or predicted

precolibactins might be biosynthetically related, and for

example, theoretically, precolibactin C could be biosynthesized

from A via cyclodehydration as proposed (Healy 2017). Healy

et al. proposed that precolibactins A-C may not be the precursors

for colibactin as previously thought but rather alternative

products produced only when the cibP is nonfunctional by a

double cyclodehydration pathway (Healy et al., 2016a; Healy

et al., 2016b). This hypothesis is based on some evidence that

colibactin alkylates DNA by the formation of unsaturated imines,

which could not be generated from the pyridone ring in

precolibactins A-C (Healy et al., 2016a). Interestingly, some

precolibactins share a structural similarity with yatakemycin

and duramycin, mainly the aminocyclopropane moiety, which

attacks DNA via nucleophilic ring-opening (Tichenor and Boger

2008). Precolibactin A weakly cross-links DNA in vitro while a

precolibactin derivative lacking the spiro bicyclic structure was

inactive (Vizcaino and Crawford 2015). Further evidence

suggests that the two precolibactins isolated are products of

the intact colibactin cluster.

FIGURE 1
Genetic organization and possible biosynthesis of colibactin. (A) Organization of the biosynthetic genes cluster of colibactin. (B) Prodrug
activation hypothesis overview shows the last required step for production of the genotoxin, which is catalyzed by peptidase enzyme.

Frontiers in Pharmacology frontiersin.org03

Mousa 10.3389/fphar.2022.958012

112

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.958012


Revealing the structure of colibactin(s)

In 2019, the Qian group elucidated the structure of a

colibactin molecule based on in vitro cleavage of an isolated

precolibactin with an MWT of 969 to yield colibactin with an

MWT of 645 (Li et al., 2019). Further evidence confirms that

this structure is produced from the native PKS + strain. This

evidence includes the presence of the product in the extract of

native colibactin-harboring E. coli CFT073 as detected by

MS–MS analysis and the ability of the compound to induce

the characteristic DNA double-strand breaks (Li et al., 2019).

In the same year, Crawford/Herzon and Balskus groups

independently elucidated the structure of another

colibactin molecule with an MWT of 770 and validated its

FIGURE 2
Selected examples of precolibactins with unique structures.
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genotoxic activity (Xue et al., 2019; Jiang et al., 2019).

Crawford/Herzon predicted the structure by a DNA

adductome approach followed by total synthesis. The

Balskus group predicted the structure by studying clbP/

clbL double mutants, labeling experiments, and an

adductome approach. The clbL is predicted to encode

amidase functions by hydrolysis of an amide bond;

however, the authors validated that this enzyme is rather

the final step in the production of intact precolibactin (Jiang

et al., 2019). In 2022, the Watanabe group isolated a

colibactin molecule with an MWT of 788 from the pks +

E. coli strain-50, a strain isolated from colorectal cancer

tissues that produces 26-fold more colibactin than Nissle

1917 (Hirayama et al., 2019; Zhou et al., 2021). Of note,

the same group has developed an activity-based fluorescent

probe to identify high colibactin producers from clinical

samples 3 years before elucidating the first-isolation-based

structure of colibactin (Hirayama et al., 2019). At first, the

authors obtained two fragments of the compound whose

structures are suggestive of spontaneous hydrolysis of the

candidate molecule at the 1,2-diketone moiety as previously

described by the Herzon group (Healy et al., 2019). Next, they

managed to protect the compound from hydrolysis by adding

o-phenylenediamine to convert the 1,2-diketone moiety into

quinoxaline, which is not subjected to hydrolysis and isolated a

few micrograms of colibactin sufficient for further NMR

spectroscopic analysis (Zhou et al., 2021). The three revealed

structures of colibactin are shown in Figure 3.

Colibactin hits unique molecular
targets in the eukaryotic cells

Our gut microbes secrete a plethora of molecules with diverse

structures and functions. These molecules can either promote

host health such as butyrate or trigger diseases. In addition to

colibactin, several microbiome-derived molecules are noted as

mediators of diseases, such as the autism-promoting molecule 4-

ethylphenylsulfate and the gut genotoxin cyclomodulin (Hsiao

et al., 2013; Buc et al., 2013). Colibactin might hit other targets in

the eukaryotic machinery than what we currently appreciate. A

study shows that some synthetic precolibactins exhibited

antagonist activity on the mammalian brain receptors such as

serotonin 5-hydroxytryptamine type 7 (5-HT7) in vitro

(Vizcaino et al., 2014). Of note, 5-HT7 is expressed in

dendritic cells. Studies show that 5-HT7 receptor antagonists

such as SB-269970 decrease both acute and chronic

inflammation in a mouse model of colitis (Kim et al., 2013).

Synthetic precolibactin also showed antagonist activity against

dopamine 5 receptors (Vizcaino et al., 2014). Dopamine

receptors are reported to be located in the CNS and gut (Z. S.

Li et al., 2006).

FIGURE 3
Confirmed structure of colibactin(s).
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Mechanistic insights into colibactin
signature mutation

Colibactin alkylates DNA in the eukaryotic cell leading to

colorectal cancer. Overall, colibactin causes an inter-strand DNA

cross-link, leading to double-strand breaks in the DNA triggering

cell-cycle arrest and further to CRC. The mechanism of

colibactin mutation is detailed below and illustrated in

Figure 4. DNA double-strand breaks are prevalent in more

than half of the patients suffering from inflammatory bowel

diseases and CRC (Buc et al., 2013). The colibactin-DNA

signature adduct is detected in both human and animal cells

and in vivo in experimental animals (Wilson et al., 2019). A study

conducted on mouse models of invasive carcinoma revealed that

inoculation with pks+ E. coli NC101 increases tumor and enables

metastasis (Arthur et al., 2012). This tumor-promoting activity is

diminished with the deletion of the colibactin gene cluster.

However, this deletion does not affect the inflammatory status

(Arthur et al., 2012). The DNA alkylation or formation of the

covalent bond between the electrophilic warhead of colibactin

(azospiro 2,4 bicyclic ring) and the nucleophilic DNA results in

the formation of a colibactin–DNA adduct and creates a second

electrophilic center that further reacts with DNA to form a cross-

link. DNA alkylation is mediated by the electrophilic

cyclopropane moiety of colibactin. Initially, colibactin forms

an unstable adduct, which is considered a biomarker signature

for colibactin (Wilson et al., 2019).

Cross-linked DNA adducts trigger multiple DNA repair

signaling pathways, leading to the formation of double-strand

breaks and further carcinogenesis (Figure 4). Another research

study proposed an alternative mechanism of formation of this

characteristic DNA mutation involving cupper-mediated

FIGURE 4
Illustration of the proposedmechanism of colibactin mutagenesis on the eukaryotic cell. The key structural scaffoldsmediating this mechanism
is the azospirobicyclic ring (warhead). The process is initiated by a nucleophilic attack on the electrophilic ring, which results in DNA alkylation and
creates another electrophilic center subjected to a second alkylation reaction. Two alkylation events cross-link the DNA, which further activate
multiple and complex DNA repair mechanisms including Ataxia telangiectasia mutated-and Rad3-related (ATR), Fanconi anemia (FA),
homologous recombination (HR) signaling pathways. The DNA double strands break may be the product of the repair system or spontaneously
formed. Accumulation of this mutation might initiate colorectal cancer.
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oxidative damage (Li et al., 2019). DNA alkylating agents

constitute a major class of chemotherapeutics that cause

cytotoxic DNA damage and collateral mutagenic damage,

leading to cell death. This damaging process is defended by

several cellular mechanisms, including base excision repair,

mismatch repair, and direct DNA damage reversal. The

response to alkylating agents required delicate coordination

between repair pathways and show much variability between

cells and individuals as reviewed (Fu et al., 2012). Alkylating

agents attack the nitrogen or oxygen atoms in the DNA

nitrogenous base. Alkylating agents could be monofunctional

if they only have one active moiety and can attack a single site on

DNA or bifunctional if they have two reactive moieties and can

bind to two separate bases and consequently crosslink DNA. In

2016, Healy et al. validated the hypothesis that colibactin alkylates

the DNA by cyclopropane ring opening via the formation of

unsaturated imines. The authors synthesized 13 structural mimics

of colibactin and tested their DNA alkylation potential (Healy et al.,

2016a). In 2019, Wilson et al. used chemical synthesis coupled with

an untargeted DNA adductomic approach to reveal DNA alkylation

in HeLa cell lines incubated with a colibactin-producing strain of

E. coli (Wilson et al., 2019). The same reaction is observed in vivo in

mice (Wilson et al., 2019). The authors reveal that this covalent

DNA alkylation is mediated by the electrophilic cyclopropane

moiety of colibactin (Wilson et al., 2019). Other data show that

colibactin cross-linksDNA. The study employedNMR spectroscopy

and bioinformatics-guided isotopic labeling to characterize the

colibactin warhead (Vizcaino and Crawford 2015). The synthetic

colibactin mimic contains a spiro bicyclic structure and can cross-

links duplex DNA in vitro. The authors proposed that colibactin

alkylates DNA via a homo-Michael addition reaction, turning

colibactin into a second Michael receptor. Thereafter,

intramolecular Michael addition will generate a DNA cross-link

(Vizcaino and Crawford 2015). This hypothesis is supported by

pieces of evidence. First, is the observation that precolibactins do not

form much of the higher molecular weight adduct product when

reacting with linearized plasmid DNA. Second, synthetic colibactin

inspired by the biosynthetic information showed that the

cyclopropane ring could be a target for thiol nucleophile attack

and is essential to shearing the DNA (Healy et al., 2016a). Further

results based on gel electrophoresis reveal that, upon artificial

dimerization, these colibactin mimics cross-link the DNA.

Colibactin-induced events leading to
inflammation and cancer

The interplay between genotoxic molecules such as colibactin and

inflammation is not clear. It is speculated that DNA damage initiates

tumor formationwhile inflammatory cytokines and cells promote it by

creating a microenvironment that enables more DNA damage

(Balkwill and Mantovani 2001; Ullman and Itzkowitz 2011) by, for

example, inducing gene expression of genotoxic molecules. Previous

studies show that microbial colonization enhances the development of

cancer in mice that are genetically susceptible to inflammation

(Ullman and Itzkowitz 2011). A shift in gut microbes was observed

during inflammation, with unknown directionality, characterized by

enrichment in genera of E. coli,Akkermansia, Shigella, and Bacteroides

and a sharp reduction in Lachnospiraceae, Muribaculaceae, and

Lactobacilli (Lang et al., 2020). Another study suggested that the

microbial shift is associated with inflammation in the first place

and not with cancer in the colitis-susceptible Il10−/− mouse strain.

Among the sifted species, E. coli showed a 100-fold increase in colitis

(Ullman and Itzkowitz 2011). Additionally, E. coli NC101 causes

profound colitis in germ-free mice with 80% of the subjects

FIGURE 5
Colibactin hits targets in both eukaryotic and prokaryotic
cells. Illustrations show an overall mechanism by which colibactin
mediates host–microbe interaction. Colibactin shapes the gut
microbial community by selective killing of some species
through induction of prophages and/or stimulation of the
virulence factor expression. Meanwhile, colibactin induces double
strand breaks in host DNA. The altered microbial community
together with the genetic abnormalities caused by colibactin
triggers an inflammatory microenvironment, which might induce
synthesis of more colibactin, leading to even greater damage that
might result in CRC.
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developing adenocarcinoma (Ullman and Itzkowitz 2011), again

questioning the directionality of the association. Another study used

in vitro 3-D cell culture models to examine the host factors that might

contribute to susceptibility to colibactin-induced cancer. The authors

reported that the presence of the expression ofmucin genes in forming

the mucous layer that adheres to the intestinal epithelia decreased the

genotoxic effect of colibactin. Moreover, the removal of the mucous

layer in other models restored the genotoxicity (Reuter et al., 2018).

Since inflammation is associated with degradation of themucous layer

and a decrease in the tight junction protein, also known as “leaky gut”

that might be another factor to add to the

colibactin–inflammation–cancer equation. Inflammation also allows

leakage of microbes and other microbial products, not only colibactin,

which flares up an evenmore intense immune response (Ahmad et al.,

2017; Kidane et al., 2014). Of note is that the microbial composition in

the presence of colibactin is altered, which might promote the

abundance of pro-inflammatory bacteria. The interplay between

colibactin-induced inflammation and cancer is illustrated in Figure 5.

Colibactin hits targets of the
prokaryotic cells controlling
microbiome structure

The genomic organization of the
colibactin cluster suggests a potential
antimicrobial activity

Microbes are known to produce microbial toxins such as

antibiotics to kill competing microbes and gain significant

ecological competency. To protect themselves, the toxin-producing

strains mostly harbor self-resistance genes. The presence of a self-

resistance gene in the colibactin cluster suggests that colibactin is not

only affecting cellular target in the human cell but also the bacterial

cell. The biosynthetic gene cluster of colibactin ends with a resistance

gene encoding a 170-amino acid protein named clbS. clbS encodes a

cyclopropane hydrolase, resulting in the ring-opening of the DNA

alkylating scaffolds, conferring self-resistance to producing strains

(Tripathi et al., 2017) (Figure 4B). This gene is not only present in

colibactin-producing strains but also in some other strains that lack

the entire colibactin cluster, suggesting that this gene is transferable

within the bacterial community by horizontal gene transfer to gain an

ecological advantage. clbS-like genes with at least 50% sequence

similarity have been found in members of the human gut

microbiome, namely, Escherichia albertii, Kluyvera intestini, and

Metakosakonia sp. and the honeybee microbiome, namely,

Snodgrasella alvi (Silpe et al., 2022). Heterologous expression of

these four clbS-like genes resulted in attenuated DNA damage and

phage lysis when co-cultured with a colibactin-producing strain,

suggesting that acquisition of clbS provides immunity against

colibactin-induceddamage. Interestingly, clbS protects against

colibactin-specific induction of prophages but provides no

protection against other inducing agents such as MMC. This

resistance is intra-cellular and is not shared between cells (Silpe

et al., 2022). Other studies show that deletion of the clbS gene

does not kill the strain but its growth will be dependent on the

DNA repair mechanism (Bossuet-Greif et al., 2016).

Molecular targets behind colibactin
activity on prokaryotes

Colibactin belongs to the PKS/NRPS natural products, which

include many antibiotics such as daptomycin and β-lactams

(Walsh 2004). Earlier studies suggested that colibactin might

have antibiotic-like activity but the precise mechanism was not

clear. A study showed that E. coli harboring a colibactin cluster

exhibits growth inhibition against multi-resistant Staphylococcus

aureus in the agar diffusion method and growth competition

assay. This activity is observed in 95% of the tested strains, while

theΔclbP E. coli lost this activity (T. Faïs et al., 2016). The authors

reported that this activity requires live culture, suggesting it is an

inducible trait. Another study reported that inoculation of

pregnant mice with a colibactin harboring strain resulted in a

decreased abundance of firmicutes and a significant alteration in

microbial diversity in pups, especially after 35 days of birth

(Tronnet et al., 2020). Interestingly, the authors reported

increased activity in DNA repair pathways, suggesting that

colibactin not only modulates the structure of gut microbes

but also their function (Tronnet et al., 2020). Another

research study shows that the colibactin biosynthetic gene

(clbA) might affect siderophore biosynthesis enhancing its

producer fitness (Martin et al., 2013).

In 2022, the Balskus group revealed an interesting mechanism

beyond the observed activities of colibactin in shaping the microbial

population (Silpe et al., 2022). They discovered that colibactin-

induced damage activates SOS signaling pathways, leading to the

induction of prophages exerting lethal action on their host bacteria.

The authors show that the effect of colibactin on prophages extends

to a wide range of phages residing in phylogenetically distinct

bacteria, including Salmonella typhimurium, Staphylococcus

aureus, Citrobacter rodentium, and Enterococcus faecium (Silpe

et al., 2022). Interestingly, there is a significant increase in Shiga

toxin production upon co-culture of C. rodentium (harboring Stx

genes) with pks + E. coli (Silpe et al., 2022). Induction of prophages

enables selective lethal action against other members of the

microbial community, providing an elegant ecological advantage

and enhancing the competitiveness of the producing strain.

Molecular mechanism of prophage
induction following DNA damage in the
host

Lytic activation of prophages in bacterial lysogens is

normally induced by DNA damage, such as after exposure
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to UV radiation or DNA damaging agents such as mitomycin

C (MMC) (Lee et al., 2006; Humphrey, Stanton, and Jensen

1995). In addition to DNA damage, other internal and

external stimuli might lead to prophage induction, such as

pH, heat, reactive oxygen species (ROS), or even spontaneous

induction (Nanda, Thormann, and Frunzke 2015).

Maintenance of lysogeny is tightly controlled by the

activity of the λ CI repressor proteins. Two dimers of CI

bind to the operator regions of phage genes and suppress their

expression (Hochschild 2002; Little, Shepley, andWert 1999).

The CI protein is a molecular switch that controls lysogeny in

lambda phages. CI binds to operator regions of phage genes

and represses their expression while inducing its own

expression. DNA damage activates the master regulator

RecA, resulting in de-repression of SOS genes mediated by

cleavage of their transcriptional repressor LexA (Gimble and

Sauer 1989; Little and Michalowski 2010; Thomason et al.,

2021). Activation of SOS genes and RecA leads to the cleavage

of the CI protein resulting in the de-repression of phage genes

to enter the lytic cycle (Hochschild 2002; Little, Shepley, and

Wert 1999). This molecular mechanism is simply illustrated

in Figure 6. Genetic mutations affecting dimerization of

lambda repressor increase the rate of its cleavage, while

repressor dimer stabilized by covalent disulfide bond

resists cleavage (Gimble and Sauer 1989). An exception is

the prophages in Salmonella genomes, which uses another

inductive strategy based on the use of anti-repressor

molecules that bind the dimer without cleavage, leading to

its dissociation from the DNA. Production of these anti-

repressors is under the direct control of LexA (Lemire,

Figueroa-Bossi, and Bossi 2011).

Prophages contribute to the ecological
fitness of harboring strains

Viral genes make up to 20% of microbial genomes, either as

prophage-like elements, phage remnants, or fully prophages that

could be induced into the lytic life cycle (Wang et al., 2010).

These prophages contribute to the ecological fitness and

virulence of the lysogens. Reports show that lysogens can use

prophages as a survival strategy (Bossi et al., 2003; Gama et al.,

2013). For example, in a mixed culture, Salmonella enterica

induces its prophages, leading to the killing of some self-cells

while the others are converted back to lysogens. The released

prophages are then used as a weapon to kill competitors although

it results in some self-destruction. This strategy will also benefit

the phage by spreading its genes (Bossi et al., 2003; Gama et al.,

FIGURE 6
Illustration of prophage activation following DNA damage inside a bacterial cell. DNA damage induces cleavage of phage repressor genes
mediated by SOS signaling. Cleavage of the phage repressor leads to exciton of prophage from the bacterial chromosome, synthesis of phage-
related genes and proteins, assembly, cell lysis, and phage release. This illustration is simplified to communicate the main idea; for example CI binds
to two distant regions and not only to one site as shown for simplicity of the illustration.
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2013). Another example is the induction of prophages in

Streptococcus pneumoniae to wipe off S. aureus via the

production of hydrogen peroxide-inducing SOS genes.

Induction of SOS leads to activation of prophages in S.

aureus, which are mostly lysogens while S. pneumoniae are

immune, giving S. pneumoniae an ecological advantage to

dominate (Selva et al., 2009; Pericone et al., 2003). A study

shows that deletion of nine cryptic prophages from E-coli

suppresses fitness by rendering the bacteria more susceptible

to sublethal concentrations of β-lactam and quinolone

antibiotics. Moreover, this deletion rendered the bacteria less

able to form biofilms and more prone to damage caused by acid

or osmotic pressure (Wang et al., 2010). A study shows that

prophages enable biofilm formation in Pseudomonas aeruginosa,

contributing to its virulence and. when cells die in the biofilm, the

prophage is converted to a super infective form (Rice et al., 2009).

Biofilm is a group behavior in which bacterial cells adhere to one

another and solid surfaces using a sticky matrix made of

extracellular proteins, carbohydrates, and DNA molecules

(Madsen et al., 2012). The formation of biofilm is a virulence

strategy that helps enable bacteria to resist antibiotics and host

immune defense. Prophage induction in a biofilm will lead to the

accumulation of extracellular DNA promoting horizontal gene

transfer and enhancing diversification of the microbial

community within the biofilm (Molin and Tolker-Nielsen

2003). The role of prophages on biofilm formation and

further consequences on host fitness is reviewed (Nanda,

Thormann, and Frunzke 2015). The production of toxins is a

crucial virulence trait for pathogens (Brown et al., 2006). Some

toxins are encoded by bacteriophages, including cholera toxin

(Ctx) and Shiga toxins (Stx), required for the virulence of Vibrio

cholerae and E. coli, respectively (Waldor and Mekalanos 1996;

Neely and Friedman 1998). For example, Shiga toxin (Stx) in

enterohemorragic E. coli enables bacterial cells to attach and

colonize the gut epithelia (Robinson et al., 2006). Similarly,

some cells of E. faecalis V583 and Streptococcus mitis induce

prophages to express phage genes to help the remaining cells

adhere to human platelets, leading to systemic infection (Matos

et al., 2013; Seo et al., 2010). This regulatory activity of

microbiome-secreted molecules has been noted before. For

example, quinolone antibiotics increase the production of Stx

toxin via activation of prophages via SOS response

(Pleguezuelos-Manzano et al., 2020). Co-culture of colibactin

with Citrobacter rodentium increases the production of Stx

(Silpe et al., 2022). Another interesting activity of colibactin

was reported by Marcq et al. (2014). Driven by the association

between pks+ E. coli strains and septicemia, the authors

investigated the effect of colibactin-harboring strains on

lymphopenia and sepsis. The results show that colibactin-

producing E. coli causes the characteristic double-strand

break in the DNA of lymphocytes, leading to an exaggerated

lymphopenia and subsequent low survival rate from bacteremia

in mice (Marcq et al., 2014).

Conclusion

Colibactin demonstrates the potential of microbiome

secreted chemistry to hit multiple targets spanning

prokaryotic and eukaryotic cell machinery. It is interesting

to speculate that colibactin gives the producing species an

ecological advantage in occupying specific niches such as the

human gut by controlling other competitive microbes.

Understanding how precisely colibactin-producing strains

alter gut microbiome composition and their further

indirect impact on human health and diseases seems

exciting. Of note, we still do not appreciate all the

microbiome species that we host in our bodies or their

cryptic genes and encoded chemistry. Revealing the

microbiome products that exert microbial control and

affect population dynamics will help to advance better

strategies to tackle the antibiotic resistance crisis.

Microbiome chemistry is certainly a new uncharted

Frontier for understanding mediators of human conditions

and developing innovative therapeutics or diagnostic

biomarkers. For example, delivering colibactin mimics or

genes to induce the lethal killing of a cancer cell or as an

antimicrobial for life-threatening biofilm infection.

Is colibactin a harmful molecule?

Host-associated microbes produce molecules that help to

increase their ecological fitness and competitiveness and to

establish a long-term, mostly symbiotic, relationship with the

host. From an ecological perspective, we can imagine colibactin

as a beneficial microbial product that is produced to shape the

microbial community and confer beneficial traits to the host,

such as decreasing inflammation as long as the mutualistic

relationship is established. Evidence for this hypothesis came

from the research on Nissle 1917. The efficacy of probiotic

E-coli Nissle 1917 in treating colitis and preventing further

remission is even comparable to that of mesalazine, the gold

standard drug in the treatment of colitis (Kruis et al., 2004). The

mechanism of action involves modulation of cytokine

expression. Interestingly, further investigation on Nissle

1917 activity suggests that its beneficial anti-inflammatory

activity is dependent on the expression of the colibactin

biosynthetic pathway (Olier et al., 2012). Knockout strains

that lost the ability to express the colibactin cluster not only

lost the anti-inflammatory activity but also resulted in more

inflammation (Olier et al., 2012). Moreover, inflammation is

thought to be a triggering signal for further expression of the

colibactin gene cluster. Chronic inflammation and

accumulation of DNA damage will eventually lead to cancer

development. The question now is, do these microbiome

strains, or more specifically colibactin, initiate cancer or

evolved to combat cancer and act as an immunomodulin
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based on the activity profile of E. coli Nissle 1917? One can

postulate that it produces colibactin to kill transformative cells

at the beginning of inflammation in a similar way to

chemotherapeutic agents and more inflammation triggers

more synthesis of the mysterious molecule(s). This

bidirectional dependency is puzzling and poses an

outstanding question on the directionality of microbiome

diseases association and warns of the urgent need for a

holistic deep understanding of the microbiome secreted

chemistry evolved to hit multiple cellular targets under very

tight and complex regulation resulting in a variety of negative

and positive outcomes for the host. Another interesting

hypothesis is that the colibactin biosynthetic cluster encodes

or supplies precursor molecules with immunomodulatory

activity as originally proposed (Olier et al., 2012). Support

for this hypothesis comes from the strong association

between colitis and microbial dysbiosis, so it is interesting to

speculate on the role of colibactin in shaping microbiome

structure and whether it may restore the balanced

composition to the pre-colitis status. However, the members

of Enterobacteriacea are often considered proinflammatory,

and some reports show significant enrichment in

Enterobacteriacea with the onset of gastrointestinal

inflammatory conditions (Garrett et al., 2010) and the

dominant presence of adherent-invasive strains of E. coli

such as LF82 (Carvalho et al., 2008), belonging to the same

phylogenetic group as Nissle 1917, although it lacks the

colibactin genomic cluster. Taken together, our knowledge of

microbiome mediators and their evolved function is still in its

infancy. Despite the explosion of research on the microbiome,

the diversity and richness in species of the microbiome, their

cryptic genes, and secreted molecules are still a dark matter.

A proposed model for
colibactin–microbe–host interaction and
health outcome

Host-associated microbes produce toxic molecules with

the primary function of killing competitors and gaining an

ecological advantage to dominate a particular niche. However,

these toxins might also hit molecular targets in the host.

Considering that the priority function of colibactin is

microbial related, we can propose that the reasonable order

of events leading to CRC might be as follows: 1) colibactin

shapes microbial composition in the gut to modulate

inflammation, especially during microbial dysbiosis; 2)

chronic dysbiosis triggers inflammation, which leads to

leaky gut; 3) colibactin diffuses inside the eukaryotic cell

and causes DNA damage eliciting the repair mechanism; 4)

chronic inflammatory microenvironment further advances

the microbial dysbiosis, and gut permeability resulted in

more diffusion of colibactin to eukaryotic cells (or maybe

an induction of its synthesis); and 5) under high load of

colibactin, accumulation of DNA damage might occur

leading to colorectal cancer (Figure 7). This situation gets

worse with a genetic predisposition to inflammation or defect

in the DNA repair pathways. Considering this model, chronic

microbial dysbiosis and inflammation are crucial for

colibactin-induced colorectal cancer and might serve as a

risk factor to predicting CRC, especially if this is combined

with genetic disorders in genes related to the DNA repair

pathways or immune function. This understanding is not only

helpful in predicting risks but also in taking preventative

measures such as implementing an anti-inflammatory diet

for high-risk groups to decrease the incidence of CRC.
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FIGURE 7
Proposed mechanistic model for the sequence of the events
of colibactin-induced cancer. (A) Colibactin induces dysbiosis, (B)
dysbiosis results in inflammation and leaky gut, (C) colibactin
diffuses inside the cell resulting in DNA damage, (D) chronic
inflammation increases the load of colibactin inside the cell and
more DNA damage, and (E) accumulating DNA damage leads
to CRC.
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Elucidation of the binding
mechanism of astragaloside IV
derivative with human serum
albumin and its cardiotoxicity in
zebrafish embryos

You-Jiao Wu1†, Zhan-Hua Li1†, Jiu-Yan Li1, Yan Zhou2,
Run-Yue Wang2, Xiao-Yi Chen1, Lin-Sen Qing2* and Pei Luo1*
1State Key Laboratories for Quality Research in Chinese Medicines, Macau University of Science and
Technology, Taipa, Macao, SAR, China, 2Chengdu Institute of Biology, Chinese Academy of Sciences,
Chengdu, China

LS-102 is a new derivative of astragaloside IV (AGS IV) that has been shown to

possess potentially significant cardioprotective effects. However, there are no

reports concerning its interaction with human serum albumin (HSA) and

toxicology in vertebrates. The present investigation was undertaken to

characterize the interaction of AGS IV and LS-102 with HSA using

equilibrium dialysis and UHPLC-MS/MS methods, along with computational

methods. Notably, the effects of AGS IV and LS-102 were studied in vivo using

the zebrafish embryo model. Markers related to embryonic cardiotoxicity and

thrombosis were evaluated. We showed that the plasma protein binding rate of

AGS IV (94.04%–97.42%) was significantly higher than that of LS-102 (66.90%–

69.35%). Through site marker competitive experiments and molecular docking,

we found that AGS IV and LS-102 were located at the interface of subdomains

IIA and IIIA, but the site I might be the primary binding site. Molecular dynamics

revealed that AGS IV showed a higher binding free energy mainly due to the

stronger hydrophobic and hydrogen bonding interactions. Moreover, the

secondary structure implied no obvious effect on the protein structure and

conformation during the binding of LS-102. LS-102 significantly ameliorated the

astramizole-induced heart rate slowing, increased SV-BA spacing, and

prevented arachidonic acid-induced thrombosis in zebrafish. To our

knowledge, we are the first to reveal that LS-102 binds to HSA with

reversible and moderate affinity, indicating its easy diffusion from the

circulatory system to the target tissue, thereby providing significant insights

into its pharmacokinetic and pharmacodynamic properties when spread in the

human body. Our results also provide a reference for the rational clinical

application of LS-102 in the cardiovascular field.

KEYWORDS

astragaloside IV derivative, drug-HSA interaction, equilibrium dialysis, UHPLC-MS/MS,
molecular modeling, zebrafish
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1 Highlights

A comparison between astragaloside IV and LS-102 on the

interaction with HSA was performed.

Equilibrium dialysis and UHPLC–MS/MS combined with in

silico approaches was established.

Preliminary elucidation the potential mechanism of

cardiovascular toxicity caused by LS-102.

2 Introduction

Astragaloside IV (AGS IV, 3-O-β-D-xylopyranosyl-6-O-β-
D-glucopyranosyl-cycloastragenol) is a cycloartane-type

triterpenoid saponin that is considered the primary active

ingredient of Astragali Radix, which is widely used in treating

cardiovascular diseases in China (Ren et al., 2013). Unfortunately,

AGS IV has limited efficacy, which is mainly due to its very low

solubility in biological fluids, resulting in pharmacokinetic

disadvantages after oral administration (Huang et al., 2006).

Hence, a new water-soluble derivative of AGS IV, astragalosidic

acid (LS-102), has been synthesized by our research group (Qing

et al., 2017). LS-102 andAGS IV share a similar structure, except for a

substitution of −COOH for −CH2OH on a glucose moiety (structure

shown in Figure 1A). However, LS-102 demonstrated higher

cardioprotective activity and bioavailability enhancement activities

than AGS IV through in vitro and in vivo experiments. For instance,

LS-102 exerted protective effects on cardiomyocyte damage induced

by hypoxia/reoxygenation injury and alleviates myocardial ischemia

reperfusion-induced injury in animal and cell models. Its

cardioprotective mechanism has also been further illustrated

(Chen et al., 2020). Additionally, LS-102 showed better

transepithelial permeability and intestinal absorption in rodent

pharmacokinetics studies, and showed no abnormalities or death

in mice, even at high treatment doses (Qing et al., 2019; Sun et al.,

2019). Increasing evidence indicates that LS-102 displays significant

cardioprotective potential for further preclinical research. Despite the

promising activities of LS-102 mentioned above, the molecular basis,

cardiac function-improving effects and thromboprophylactic effects

are unclear. Moreover, various other factors may influence the

circulation of LS-102 in humans, including binding of the

compound to plasma proteins (Lakhani, 2005).

Human serum albumin (HSA) is one of the most abundant

plasma proteins available in blood and other interstitial fluids.

HSA crystallographic data have revealed that it is a single

polypeptide chain of 585 residues with a helical triple-domain

structure. The principal function of HSA is to act as a carrier for

drugs, fatty acids and metabolites to particular biological targets at

its two primary binding sites (site I and site II) (Zsila et al., 2011;

Wang et al., 2017). Therefore, the investigation of drug binding to

HSA is crucial to understanding the pharmacodynamics and

pharmacokinetic profile of a drug (Vallner, 1977). Due to the

high concentration of HSA in plasma, the binding affinity of drugs

to HSA is an important consideration when designing and

developing new drugs (Yang et al., 2014). Additionally, the

interaction of drugs that bind simultaneously to HSA can

change the HSA binding behavior and potentially modulate the

final therapeutic efficiency of the drugs (Tesseromatis and

Alevizou, 2008). Generally, drugs with high affinity for HSA

usually show a relatively slow distribution and clearance of

drugs, which may extend the apparent half-life and lead to a

high probability of various drug interactions (Lakhani, 2005). In

contrast, the less bound a drug is, the more efficiently it can

traverse cell membranes and diffuse (Benet and Hoener, 2002). To

the best of our knowledge, despite the various biological effects of

AGS IV, no previous study has performed an in-depth analysis of

the interaction between AGS IV and HSA. Recently, XU et al.

found that AGS IV had a very high degree of protein binding (up

to 86.69%) with human plasma (Xu et al., 2016). Earlier reports

demonstrated that the ratio of protein binding of drugs decreases

accordingly with increasing polarity (Liang et al., 2013); thus, we

raise the hypothesis that the chemical modification LS-102 will

favor either the binding or release of HSA, thereby increasing its

tissue distribution and ability to achieve suitable oral bioavailability

in the human body. Further research on drug binding sites is

needed to comprehensively understand the interaction of LS-102

with HSA, which may provide a structural basis for rationally

designing drugs to use or exclude the impact of HSA on drug

delivery (Petitpas et al., 2001).

Until now, various techniques have been implemented to

probe the interaction of compounds on proteins in vitro,

including fluorescence spectroscopy, (Ibrahim et al., 2010)

circular dichroism spectroscopy (Yue et al., 2011),

ultrafiltration, NMR (Ermakova et al., 2020), and isothermal

titration calorimetry (Nevidalova et al., 2018). However,

equilibrium dialysis, combined with highly sensitive assays,

such as ultrahigh-performance liquid chromatography/tandem

mass spectrometry (UHPLC-MS/MS), is the gold standard for

investigating the direct interaction between HSA and drugs (Jiao

et al., 2018). The working principle of equilibrium dialysis is that

the drug can be separated from the protein solution through a

semipermeable membrane. Free drug can pass through the

semipermeable membrane until the dialysis reaches

equilibrium, while the protein-drug complex is retained in the

dialysis bag. Meanwhile, the binding rate with HSA can be

calculated by the MS/MS technique to quantify the free drug

concentration on both sides of the dialysis solution. This method

is simple, practical, economical, and can eliminate the possible

influence of nonspecific binding.

The zebrafish is a vertebrate with a high degree of genetic

similarity to humans and comparable experimental results. The

zebrafish model is less time consuming and less dose intensive

than mammals such as rats, and the embryos are transparent and

easy to observe. Additionally, zebrafish are highly reproductive,

fast-growing and simple to administer. As a result, zebrafish

embryos are now widely used for assessing acute and chronic
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FIGURE 1
(A) Chemical structures of astragaloside IV (AGS IV) and astragalosidic acid (LS-102). The chromatograms for selectivity validation of LS-102. (B)
Blank human plasma; (C) Blank external dialysate; (D) Human plasma (internal dialysate) sample from the protein binding assay; (E) Blank plasma
spiked with LS-102 and internal standard; (F) External dialysate sample from the protein binding assay; (G) Blank external dialysate spiked with LS-102
and internal standard; 1, Digoxin; 2, LS-102.
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toxicity, cardiovascular disease, and many other diseases.

(Bournele and Beis, 2016; Raftery et al., 2017).

In this study, we aimed to evaluate the binding properties of

AGS IV and LS-102 with HSA and gain deeper insight into the

mechanism. The combination of equilibrium dialysis and

UHPLC-MS/MS was used to determine the plasma protein

binding rates, as well as to explore the binding sites of HSA

in the absence and presence of probes (warfarin for site I,

ibuprofen for site II). Furthermore, to verify the experimental

results and better understand the binding mechanism at the

molecular level, molecular docking and molecular dynamics

(MD) simulations were conducted to measure the binding

mode and structural basis. Additionally, the effects of AGS IV

and LS-102 on cardiotoxicity and thrombosis in zebrafish

embryos were compared. The zebrafish heart function was

viewed by measuring the heart rate, SV-BA spacing, and

cardiac cystic edema, and the effect of thrombosis prevention

was examined by calculating the red blood cell staining intensity

and thrombus length. To the best of our knowledge, this is the

first report using these effective approaches to simultaneously

explore the plasma protein binding rate and competitive effect of

AGS IV or its derivative, the results of which may provide more

evidence for their clinical drug development.

3 Materials and methods

3.1 Regents and materials

Astragaloside IV (AGS IV) (>98%) was isolated from

Astragali Radix, and its water-soluble derivative (LS-102)

(>98%) was synthesized from AGS IV in our laboratory.

FIGURE 1
(Continued)
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Digoxin (purity ≥98%, The Cat. No. D6003) purchased from

Aldrich Chemical Co. (Milwaukee, United States) was utilized as

an internal standard (IS). Warfarin (Cat. No. A2250), ibuprofen

(Cat. No. I4883) and phosphate buffer saline (PBS) tablets (Cat.

No. 524650) were purchased from Sigma. Human blood samples

with K2EDTA anticoagulant collected from healthy volunteers

were provided by the Macau Blood Transfusion Centre. An

equilibrium dialysis membrane with a molecular weight cutoff

of 14,000 Da was purchased from Biosharp, China. MS grade

methanol and acetonitrile were purchased from Anaqua (Boston,

United States). Ultrapure water was generated with a Milli-Q

system (Millipore, Bedford, MA, United States). Other reagents

were of the highest grade commercially available.

3.2 Instruments and UHPLC-MS/MS
conditions

UHPLC-MS/MS was performed on an Agilent 6460 series

triple quadrupole mass spectrometer (Agilent, Santa Clara,

California, United States) coupled with an Agilent

1290 UHPLC system. The separation was performed on a

2.1 × 100 mm Acuity UPLC Hass C18 column (1.8 µm particle

size) equipped with elution with a mobile phase consisting of

water (A) and acetonitrile (B), with gradient elution of 36% B at

0–5 min, 36%–95% min B at 5–5.1 min, 95% B at 5.1–7 min,

95%–36% min B at 7–7.1 min, and 36% B at 7.1–11 min for

separation. The total run time for the analysis was 11 min

(including equilibrium). The flow rate was 0.35 ml/min, and

the injection volume of the sample was set as 1 µL. The

column temperature was set to 30 °C, which could afford a

more stabilized peak area and retention time. The triple

quadrupole mass spectrometer was operated in a positive

mode with a capillary voltage of 4 kV. Nitrogen served as the

collision gas, and the gas temperature was set at 400 °C. The

nebulizer pressure was set at 500 V. The fragment energy of

120 V and collision energy of 35 V were set for AGS IV, LS-102,

and internal standard, digoxin. The quantitation of AGS IV and

LS-102 was achieved in MRMmode withm/z transitions of 807.5

→ 495.5 for AGS IV, 821.5 → 495.5 for LS-102, and 803.5 →
387.2 for digoxin.

3.3 Sample preparation

Following approval by the Clinical Research Ethics

Committee of Macau University of Science and Technology,

the human blood samples were centrifuged at 3000 × g for 10 min

at 4°C, and then the supernatants were transferred into a

centrifuge tube and stored at −80 °C before the protein

binding experiment. Stock solutions of AGS IV and LS-102

(both 1 mg/ml) were prepared by dissolving the compounds

in methanol and stored at 4 °C until they were required for

the binding rate assay. Warfarin and ibuprofen were prepared in

the same manner for the competitive experiment.

3.4 Treatment of dialysis membranes

The dialysis membranes were processed according to the

guidelines provided by the supplier. Briefly, the membranes were

cut into 10 cm long sections and then boiled and soaked in

deionized water for 20 min. Subsequently, the membranes were

soaked in 30% ethanol for 20 min and washed completely with

deionized water. Following washing, the membranes were

transferred into PBS (pH 7.4) solution to activate for 60 min

and finally soaked in methanol solution for storage at 4°C.

3.5 Plasma protein binding study

The binding rate of AGS IV/LS-102 and HSA was

determined using a slightly modified equilibrium dialysis

method (Metsu et al., 2020). Briefly, three concentrations of

AGS IV and LS-102 were prepared separately at 0.714, 0.476, and

0.238 mg/ml for the high, medium, and low drug groups,

respectively. The stock solutions of HSA (0.5 ml) and drug

group (0.5 ml) were placed in a dialysis membrane bag that

was ligated at both ends and then immersed in a test tube filled

with 50 ml of PBS solution for 72 h at 4 °C. After equilibrium, a

0.5-ml solution of outer dialysate and internal dialysate was

collected into a 2-ml EP tube, and 10 µL IS (digoxin, 0.1 mg/

ml) solution was added to each tube. Both samples were added to

1.5 ml of acetonitrile and vortexed for 3 min, and then the

samples were separated via centrifugation at 18,000 × g for

20 min. The supernatants were transferred to another EP tube

and dried under a nitrogen stream. The residue was redissolved

in 1 ml methanol, sonicated for 2 min, vortexed for 3 min, and

centrifuged at 18,000 × g for 10 min. The supernatant was filtered

with a 0.22 µm microporous syringe filter in a 2 ml sample vial,

and 1 µL was injected into the UHPLC-MS/MS system for

analysis. The plasma protein binding rate was calculated

according to the following formula (Talbert et al., 2002):

Plasma binding rate � Internal drug concentration − External drug concentration
Initial drug concentration

× 100%

3.6 Method validation

The method validation for the plasma protein binding rate

assay included linearity, accuracy, precision, selectivity, recovery,

and stability, which were validated on 3 consecutive days. The

linearity of the calibration curve for the external dialysate and

plasma groups was assessed. The calibration curve was generated

by taking the peak area of each standard solution sample to IS as
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the ordinate (Y) and the mass concentration of each standard

solution sample as the abscissa (X). The stock solutions of AGS

IV and LS-102 were diluted with methanol into six increasing

concentration groups as calibration curve standard solutions,

with concentrations ranging from 0.02 to 0.17 mg/ml for plasma

curves and 0.02–0.07 mg/ml for external dialysate curves. A 1 µl

aliquot of sample for each group was analyzed after processing

following the sample preparation procedure. The correlation

coefficient, as a standard for evaluating the linearity, was

considered acceptable at ≥ 0.990.

The accuracy and precision validation was evaluated via the

determination of the quality control (QC) samples spiked with

three concentrations of AGS IV and LS-102 (0.15mg/ml, 0.10mg/

ml, and 0.06mg/ml) for plasma and external dialysate. Specifically, six

separately prepared QC samples at 3 concentrations were measured in

1 day for accuracy validation. One group of QC samples at three

concentrations was measured six times for precision validation. The

selectivity validation was evaluated by comparing the chromatograms

of the blank human plasma, the blank humanplasma spikedwithAGS

IV and the human plasma sample obtained from the plasma protein

binding assay. The stability was assessed via determination of the

relative standard deviation (RSD) value of QC samples spiked with

three concentrations (0.15mg/ml, 0.10mg/ml, and 0.06mg/ml) of

AGS IVandLS-102 at different times (0, 2, 4, 8, and12 h) stored at 4°C.

Extraction recoverywas determined by determining the peak area ratio

of the plasma sample spiked with AGS IV and IS before the sample

preparation procedure.

3.7 Data analysis

All chromatograms were evaluated withMass Hunter version

1.1 software using the internal standard method and all peak area

ratios of the analyte over internal standard for calculation.

3.8 Site marker competitive experiments

The site marker competitive experiments were performed using

two classical site probes, warfarin and ibuprofen, which were

selected as the markers of subdomain IIA (site I) and subdomain

IIIA (site II) separately of HAS (Ghuman et al., 2005). The

procedure was consistent with the method described in section

2.5, except that the concentrations of AGS IV and LS-102 were both

fixed at 0.476 mg/ml, while the external dialysis solution was

changed to contain the probe with a final concentration of 0,

0.06, 0.3, 1.2 mg/ml PBS solution. Briefly, the AGS IV/LS-

102 HSA mixture (0.5 ml drug and 0.5 ml HSA) was separately

incubated with three different concentrations of probe to evaluate

the effects of warfarin or ibuprofen on drug-protein binding

influence. Three replicates of each concentration were prepared.

After equilibrium dialysis, the internal and external dialysates were

analyzed by UHPLC-MS/MS.

3.9 Molecular modeling

Molecular docking and MD simulations were applied to

investigate the binding mode and stability between AGS IV/LS-

102 and HSA. Docking calculations were performed using

AutoDock Vina software (version 1.12) with the Lamarckian

genetic algorithm (Morris et al., 1998; Xu et al., 2017). The 3D

structures of AGS IV and LS-102 were optimized for energy

minimization, and the crystal structure of HSA (PDB ID:

1H9Z) was obtained from the PDB BANK (http://www.rcsb.

org/pdb). The ligands and water were removed from the

protein using PyMOL software. Polar hydrogen atoms were

added, and Geisteger charges were assigned to the receptor

protein by means of AutoDock Tools version 1.5.6. A grid box

was prepared for HSA to cover the binding site with a grid box size

of 78 × 40 × 82 Å and a spacing of 1�A centered at coordinates x, y,

and z (25.033, 9.569, and 20.112, respectively). The saved file in the

PDBQT format was used as an input in AutoDock Vina. To

increase the docking accuracy, the value of exhaustiveness was set

to 120, and the final number of conformations generated was set as

20. Differences between the accessible surface areas (ΔASA) of
HSA before and after binding with AGS IV/LS-102 were calculated

using the online server http://cib.cf.ocha.ac.jp/bitool/ASA (Warsi

et al., 2021). The conformation with the lowest energy was used for

post-docking analysis and subsequent MD simulations.

The MD simulations were conducted under the periodic

boundary condition (PBC) using the GROMOS G54A7FF force

field of the GROMACS 5.1.3 package (van Der Spoel et al., 2005;

Kabiri et al., 2012). The topology parameters of AGS IV and LS-

102 were built using the Automated Topology Builder (ATB) web

server (Kim et al., 2016). The complex was immersed in a cubic

box of extended simple point charge water molecules. The

distance between the complexes and the edge of the box was

set to 10 Å. Counterions (Na+) were added to neutralize the

system. Energy minimization was performed using the steepest

descent method of 10,000 steps followed by the conjugate

gradient method for 10,000 steps to release conflicting

contacts. The position-restrained dynamics simulation

(equilibration phase) (NVT and NPT) of the system was

performed at 300 K for 100 ps followed by an MD production

run for 50 ns, while the pressure was maintained at 1 bar using

the Parinello-Rahman coupling algorithm. The short-range

Columbic and Lennard–Jones interaction energies between

compound 1 and the surroundings were monitored during the

course of the productive simulation step. The visualization of

protein–ligand complexes and MD trajectory analysis were

conducted using VMD software. The MD trajectories were

saved every 2000 ps. The stability and conformational changes

in the complexes were assessed through the analysis of root-

mean-square deviation (RMSD), root mean square fluctuations

(RMSF), radius of gyration (Rg) and secondary structure

calculations. The molecular mechanics Poisson Boltzmann

surface area (MM/PBSA) analysis was performed using the
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g_mmpbsa tool of GROMACS and was used to calculate the

complex binding energies and a more precise prediction of

binding modes from MD trajectories. All graphs were

obtained using the Origin 85 software.

3.10 Animal embryos

The wild-type AB strain of zebrafish was bred by natural pair

breeding, and embryos were collected 2 h and 3 days post fertilization

(3 dpf), while zebrafish of the translucent Albino strain, which were

mutant for the melanin allele, were bred by natural pair breeding, and

embryos were collected 3 dpf. Embryos were maintained at 28°C in

fish water (water quality: 200mg of instant sea salt per 1 L of reverse

osmosis water, conductivity 480–510 μS/cm; pH6.9–7.2 and hardness

53.7–71.6 mg/L CaCO3). The zebrafish facility at Hunter

Biotechnology, Inc. is accredited by the Association for Assessment

and Accreditation of Laboratory Animal Care (AAALAC)

International. This study was approved by the Animal Ethics

Committee of the State Key Laboratories for Quality Research in

Chinese Medicines, Macau University of Science and Technology.

3.11 Maximum tolerated concentration of
LS-102

Zebrafish embryos at 3 dpf were randomly selected and

treated with LS-102 at concentrations of 1, 10, 100, 250 and

500 μg/ml in water, while the control group was left untreated.

The mortality of zebrafish was recorded for each experimental

group after 24 h of treatment.

3.12 Evaluation of the effects of LS-102
and AGS IV on the cardiotoxicity of
astemizole-induced in zebrafish embryos

3.12.1 Evaluation of the effect of LS-102 and AGS
IV on zebrafish morphology

A total of 270 wild-type AB zebrafish at 3 dpf were randomly

selected, and 30 zebrafish were plated in each well of a six-well

plates. The concentrations of LS-102 were 27.8, 83.3 and 250 µg/

ml, AGS IV was 250 µg/mL. A normal control group (fish culture

water) and a 4 µM astemizole model control group were also

established. Ten zebrafish were randomly selected from each

group, and the heart rate and venous sinus-to-arterial bulb

distance (SV-BA) of zebrafish were observed under a

dissecting microscope after 2 h, 6 h and 24 h of LS-102 and

AGS IV treatment. Images were collected by photographing, and

the ameliorative effect of LS-102 and AGS IV on astemizole-

induced cardiotoxicity in zebrafish was evaluated by the

statistical significance of the heart rate and the SV-BA interval

index.

3.12.2 Evaluation of the effects of LS-102 and
AGS IV on the development of zebrafish hearts

A total of 270 wild-type AB zebrafish at 2 h post-fertilization

(2 hpf) were randomly selected, and 30 zebrafish were plated in

each well of a six-well plates. The concentrations of LS-102 were

27.8, 83.3 and 250 µg/ml, while that of AGS IV was 250 µg/mL. A

normal control group (fish culture water) and a 4 µM astemizole

model control group were also established. After LS-102 and

AGS IV were cotreated with astemizole for 48 h, zebrafish heart

development was observed and photographed under a

microscope to evaluate the ameliorative effect of LS-102 and

AGS IV on astemizole-induced toxicity in zebrafish heart

development.

3.13 Evaluation of the effects of LS-102
and AGS IV on arachidonic acid-induced
thrombosis in zebrafish

A total of 270 melanin allele mutant translucent albino strain

zebrafish at 3 dpf were randomly selected, with 30 zebrafish per

well in six-well plates. The concentrations of LS-102 were 6.25,

12.5, 25, 50, and 100 µg/ml, while that of AGS IV was 100 µg/ml,

and the positive control drug aspirin was 25 µg/ml. After

treatment with LS-102 and AGS IV for 3 h, arachidonic acid

aqueous solution was administered for 1.5 h to induce a

thrombosis model in zebrafish in all experimental groups

except the normal group. After staining with o-anisidine,

TABLE 1 The protein binding rates of AGS IV and LS-102 at different concentrations (n = 3).

Concentration (mg/ml) Protein binding rate (%, Mean±SD)

AGS IV LS-102

0.238 94.62 ± 2.70 68.24 ± 1.01**

0.476 97.42 ± 1.91 69.35 ± 0.97**

0.714 94.06 ± 1.02 68.57 ± 1.19**

**p < 0.01, vs. analytes AGS IV.
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zebrafish were randomly selected from each experimental group

and observed under a dissecting microscope and photographed.

Data were collected to qualitatively evaluate thrombosis in

zebrafish, and the intensity of cardiac erythrocyte staining

(length of venous thrombus vs. number of cardiac

erythrocytes) in zebrafish was analyzed and counted to

establish, the preventive effect of LS-102 and AGS IV with

aspirin on thrombosis in zebrafish. The formula was

calculated as follows:

Thromboprophylactic effect (%) =

S (drug administration group) − S (model group)

S (nomal control group) − S (model group)
× 100%

3.14 Statistical analysis
For zebrafish experiments, statistical analyses were

performed in triplicate, and statistical treatments were

expressed as mean ± standard deviation (SD). All statistical

analyses were performed using GraphPad Prism

9.3.1 statistical software for ANOVA and Dunnett’s t-test to

determine significant differences (p < 0.05).

4 Result

4.1 Method validation

4.1.1 Optimization of equilibrium dialysis
conditions

A temperature of 37°C and 4°C is usually necessary to achieve

a steady state or equilibrium between bound and free

concentrations in the equilibrium dialysis test (Metsu et al.,

2020). However, the poor reproducibility of the test results

when equilibrated at 37°C was experimentally investigated in

this study, while the sample reached equilibrium after incubation

for 72 h at 4°C with a relatively stable result. Therefore, a

temperature of 4°C and a dialysis time of 72 h were used for

all subsequent equilibrium dialysis experiments.

In the plasma protein binding rate study, plasma protein

leakage into the external dialysate could occur due to improper

operation of the experiment or other reasons, which will affect the

determination of the research results. Therefore, the solution needs

to be tested for leaks before sample processing. The turbidimetric

method was used to determine whether protein leakage was

present (Ruiter et al., 2012). After equilibrium, 1 ml of the

external dialysate was collected in a transparent test tube, and

then 0.5 ml of 20% trichloroacetic aid was added and observed in a

dark background. If a white flocculent precipitate appeared, then

protein leakage was considered to have occurred.

4.1.2 Linearity and selectivity
The regression equation and correlation coefficient for the

internal and external dialysates of the AGS IV and LS-102

calibration curves are shown in Supplementary Table S1. All

correlation coefficient values were >0.999, which indicates decent
linearity for the calibration curves in a certain range. The

selectivity validation was evaluated by comparing the

chromatograms, which showed that there were no endogenous

interfering substances in the matrix by comparing Figure 1B and

Figure 1C. Furthermore, no exogenous interference was

inspected in the result after analyzing the chromatograms of

Figure 1D and Figure 1E. Similarly, no interference from external

dialysate could be observed later in scrutinizing Figure 1F and

Figure 1G.

4.1.3 Accuracy, precision, and extraction
recovery

The precision, accuracy, and extraction recovery values of

three QC samples with different concentrations of AGS IV and

LS-102 are listed in Supplementary Table S2. The precision was

measured by RSD, and the accuracy was expressed as the relative

error (RE) (Lu et al., 2019). Supplementary Table S2 shows that

the precision values range from 3.23% to 11.56%, and all accuracy

values were within ±13.22%, suggesting that all precision and

accuracy values are acceptable. The extraction recovery rate of

AGS IV and LS-102 remained in the range of 85%–117%, and

there was no orthogonal relationship between the recovery rate

and concentration of each QC sample.

4.2 Plasma protein binding rate

The AGS IV/LS-102 HSA binding properties were studied by

the equilibrium dialysis method. During incubation, components

TABLE 2 Plasma protein binding of AGS IV and LS-102 plus site markers in HSA (‾ x ± s, n = 3).

Analyte Without site
markers

With warfarin (mg/ml) With ibuprofen (mg/ml)

0.06 0.3 1.2 0.06 0.3 1.2

AGS IV 96.67±1.14 94.90±1.95 91.10±1.06* 92.19±2.38* 92.82±1.44 93.87±2.26 97.19±1.37

LS-102 66.90±0.93 53.29±2.14** 58.93±0.98** 54.70±1.25** 63.22±0.72 75.16±1.99* 72.03±1.83*

*p < 0.05.

**p < 0.01, vs. analytes without site markers.
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of the drug group could freely interact with HSA inside the

dialysis bag, while the excess drugs could freely diffuse to the

outside. Therefore, after equilibrium dialysis, the difference

between the amounts of the external and internal drugs in the

dialysis bag was detected to obtain the plasma binding rate

(Zhang et al., 2012). As shown in Table 1, Student’s t test

proved no significant difference within the concentration

groups of human plasma (p > 0.05). The binding rates were

94.62% ± 2.70%, 97.42% ± 1.91%, and 94.06% ± 1.02% for AGS

IV and 68.24% ± 1.01%, 69.35% ± 0.97%, and 68.57% ± 1.19% for

LS-102. The results showed that there was no drug concentration

dependence between the binding process of both AGS IV and LS-

102 with HSA, which provides an experimental basis for clinical

medication.

Generally, albumin binding events play a vital role in the

transport and distribution of drugs; only free drugs can act on

target organs through biomembranes and are responsible for

pharmacological activities, while bound drugs have no

pharmacological effects. Theoretically, drugs with a high

plasma protein binding rate require correspondingly higher

doses to achieve an effective concentration in vivo, which are

prone to safety problems. In other words, when combined with

other strongly HSA-binding drugs, the exponentially increasing

free drug concentration caused by changes in protein binding

may have side effects or toxicity (Lombardo et al., 2002).

Accordingly, the binding rate of AGS IV in HSA is always

higher than 94% at the three concentrations, indicating that

AGS IV could be easily stored and transported in the circulatory

system by HSA, which is consistent with previous reports (Xu

et al., 2016). In contrast, LS-102 binds moderately to HSA in the

range of 68.24%–69.35%, which is significantly lower than that of

AGS IV (p < 0.01), implying that an appropriate amount of

unbound LS-102 remains in the blood circulatory system. Hence,

the dissociative LS-102 can reach the target tissue to achieve the

pharmacological effects of the drug.

In short, attention should be given to the variation in the

free drug concentration caused by the drug combination or

endogenous ligand binding. Detailed molecular information

on HSA binding sites may help to evaluate the cooperative

effects given that HSA has a limited number of high-affinity

binding sites (Yang et al., 2014). However, as the binding

sites of AGS IV and LS-102 on HSA were unclear,

competitive displacement experiments were subsequently

performed.

4.3 Competitive binding experiments
using the equilibrium dialysis method
coupled with UHPLC-MS/MS

Generally, HSA has two principal ligand-binding sites

located in the hydrophobic cavity, namely, site I (termed the

warfarin site) and site II (termed the ibuprofen site). In

particular, triterpenoids such as saikosaponin C, glycyrrhetinic

acid and oleanolic acid have been proven to bind to site I by

fluorescence, site marker competitive or molecular docking

research (Tang et al., 2006; Chen et al., 2016; Abboud et al.,

2017). In this study, a simple and efficient modified equilibrium

dialysis method coupled with UHPLC-MS/MS (Liu et al., 2013;

Yang et al., 2014; Yu et al., 2016) was first used to identify the

FIGURE 2
(A) Superposition of the structures of AGS IV and LS-102 (magenta spheres) within the active site pocket of human plasma albumin (HSA) (PDB
ID: 1H9Z). Cartoon representation of HSA showing the six subdomains remarked with the following colors: IA, blue; IB, cyans; IIA, green; IIB, yellow;
IIIA, wheat; IIIB, red. (B) The binding site was enlarged to show the superposition structures of AGS IV and LS102, with major amino acid residues
(green sticks) surrounding ligands within 4 Å. The cyan structure stands for AGS IV andmagentas is for LS-102, the yellow dotted lines indicating
hydrogen bonds.
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AGS IV and LS-102 binding sites on HSA. By monitoring the

changes in the AGS IV/LS-102 HSA binding rate in the absence

and presence of probes and then calculating the percentage of

probe displacement, the drug binding site can be predicted.

The competitive binding experimental results are shown in

Table 2. Concentration-dependent binding was not observed

over the selected concentration range. Following the addition

of different levels of warfarin into the HSA–LS-102 solution, the

binding rates were significantly reduced compared to those

without warfarin (p < 0.01). This indicates that the addition

of warfarin significantly affected the binding of LS-102 to HSA,

thereby increasing the free concentration of LS-102 and

enhancing its effect, which suggests that LS-102 and warfarin

share the same binding site (site I). The binding site of LS-102 is

thought to be subdomain IIA of HSA (He et al., 2008). In

contrast, in the presence of ibuprofen, the binding rate of the

HSA–LS-102 system increased slightly at doses of 0.3 and 1.2 mg/

ml, which indicates that the introduction of ibuprofen into

HSA–LS-102 cannot compete with LS-102 but conversely

promotes LS-102 and HSA. This is similar to previous studies

that have shown that ibuprofen binding to HSA provokes the

enhanced binding of (S)-lorazepam acetate (Fitos et al., 1999).

Moreover, in the AGS IV binding system, the combination of

warfarin affects the HSA–AGS IV interaction and consistently

reduces the binding rates. Interestingly, the binding rates

changed when ibuprofen was administered, with a slight

FIGURE 3
Molecular dynamics simulation of HSA–ligand complex for
50 ns time scale (A) Root-mean-square deviation (RMSD) of Cα-
atoms for HSA-AGS IV/LS102 complex. (B) Radius of gyration
values for HSA present in systems. (C) RMSF values of HSA/
AGS IV and HSA/LS-102 complex were plotted against residue
numbers.

FIGURE 4
Structural changes of HSA-AGS IV (A) and the HSA-LS102 (B)
complex during simulation
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decrease in the binding rates at concentrations of 0.06 and

0.3 mg/ml and an increase at 1.2 mg/ml, suggesting that AGS

IV mainly attaches to both sites I and II of HSA.

Sites I and II are similar in size and shape, possessing

elongated hydrophobic pockets with cationic amino acid

residues near their entrances. Generally, site I preferentially

integrates with bulky heterocyclic ligands, and site II

preferentially recognizes aromatic compounds. However, these

structural features are not strict prerequisites for site binding

since many drugs bind to both binding sites, albeit with different

binding energies (Petitpas et al., 2003). Based on site marker

experiments, we found that AGS IV and LS-102 are likely to

attach to both sites I and II of HSA, but that site I may be the

primary binding site, especially the binding rates of HSA–LS-102,

which showed significant displacement by warfarin, whereas

ibuprofen did not.

4.4 Molecular docking study

Next, molecular docking was applied to simulate AGS IV/LS-

102 and HSA to obtain more information about the binding

interaction between ligands on HSA at the atomic level and

validate the experimental results (Trott and Olson, 2010). The

structure of HSA has three homologous domains, and domain I is

composed of residues 1–195, II (196–383), and III (384–585).

Each domain is further divided into two subdomains (named A

and B) to comprise six subdomains, IA, IB, IIA, IIB, IIIA, and

IIIB. The two subdomains in each domain constitute a

hydrophobic cavity. HSA contains two principal drug binding

sites, sites I and II, which are located in the specialized cavities of

subdomains IIA and IIIA, respectively. The sole tryptophan

residue (Trp 214) of HSA is in subdomain IIA, which

contains a large hydrophobic cavity that many drugs can bind

to (Xiang et al., 2016).

Figure 2 shows the best docking models of AGS IV and LS-

102 for HSA. The AGS IV and LS-102 molecules superimposed

well and were located at the interface of subdomains IIA and IIIA

in the center of the serum albumin molecule, with the structures

primarily buried in the subdomain IIA hydrophobic cavity. We

also found that subdomain IIIA is an open pocket in which part

of the hydroxyl group on the five-membered ring of ligands can

fit into (Figures 2A,B). Hydrophobic and hydrogen were shown

to be the most significant interactions of the binding mode, with

approximately 23 residues located within a 4 Å distance from the

ligands (Figure 2B). The cycloastragenol fused ring of these

tetracyclic triterpenoids was inserted into the hydrophobic

cavity of the site pocket formed by Lys-199, Trp-214, Val-344,

Glu-450, Leu-198, Asp-451, Lys-195 and Ala-291, while the

xylopyranosyloxy and glucopyranoside were situated in a

larger hydrophobic cavity formed by Cys-245, Cys-253, His-

288, Glu-292, Ser-192 and Gln-196 (Chen et al., 2014).

Additionally, several hydroxy groups of AGS IV generate a

hydrogen bond network with the polar residues present in the

TABLE 3 Calculated values that contributed to binding-free energy from Poisson Boltzmann surface area (MM/PBSA).

Analytes Van der
waal energy

Electrostatic energy Polar solvation
energy

SASA energy Binding energy

AGS IV −340.247±16.998 −72.705±22.211 313.271±42.201 −36.313±1.665 −135.994±26.807

LS-102 −321.458±20.459 −116.843±26.138 391.229±52.868 −35.977±1.570 −83.049±31.142

All values, standard deviations and averages, are expressed in kcal mol−1

TABLE 4 Quantitative results of LS-102 and AGS IV on heart rate in zebrafish after astemizole induction (n = 10).

Inducer concentration (µM) Groups Concentrations (µg/ml) Heart rate (beats/min) (Mean±SE)

2 h 6 h 24 h

4 Control − 173 ± 2 169 ± 2 194 ± 2

Model − 145 ± 2*** 146 ± 2*** 86 ± 24***

AGS IV 250 148 ± 1** 146 ± 2* 75 ± 25**

LS-102 27.8 156 ± 1 158 ± 1 45 ± 23**

83.3 157 ± 2 153 ± 1* 128 ± 21*

250 160 ± 1 167 ± 1 162 ± 7*

*p < 0.05.

**p < 0.01.

***p < 0.001, vs. Control group.
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site pocket, including Lys-195, Arg-257 and Glu-292, with bond

distances of 3.3 Å, 3.1 Å and 2.8 Å, respectively. Furthermore, a

carboxyl and hydroxyl group of LS-102 formed H-bonds with

two residues present at the inner site I pocket, including Lys-195

and Arg-257, with bond distances of 3.3 Å and 3.2 Å,

respectively.

Therefore, the moderate interaction of hydrophobic and

hydrogen bonds in the active site pockets is considered

essential for the stable conformation of the HSA-ligand

complex, while the binding sites of subdomains IIA and IIIA

are preferentially involved. This is in agreement with the result of

a previous study showing that hydrophobicity and hydrogen

bonds are significant factors that control triterpenoid-albumin

binding (Maciazek-Jurczyk et al., 2018). Overall, the above

analysis fits extremely well with the site experimental results.

Thus, our study offers a rational molecular explanation for the

site competitive binding experiment in which increasing warfarin

and ibuprofen concentrations in the drug group-HSA system

influenced the binding rates.

The ASA values of residues were calculated for HSA, HSA-

AGS IV, and HSA-LS-102 and are presented in Supplementary

Table S3. It was found that the average values of ΔASA for the

residues near the binding sites were approximately 42.02 Å2 and

42.17 Å2 for AGS IV and LS-102 in the binding interaction,

respectively, both of which are much greater than 10 Å2,

indicating that AGS IV and LS-10 effectively and tightly bind

to the active sites ofHSA (Wang et al., 2011). The residues Lys-195,

Arg-257 and Glu-292 of HSA suffer a considerable change

(90.48%, 64.83%, and 47.02%, respectively) in ASA due to the

hydrogen bonding interactions with LS-102 as might be expected.

The loss of ASA by hydrophobic residues is 14.05%, 43.27%,

43.31%, 62.26%, 76.71%, 90.82%, 91.57%, and 95.24% for Glu-450,

Gln-196, His-288, Ser-192, Ala-291, Trp-214, Asp-451, Lys-199

and Leu-198, respectively. Therefore, ASA calculations may prove

that hydrogen bonds and hydrophobic interactions play essential

roles in the binding of AGS IV/LS-102 to HSA, which is in

agreement with the results of the docking study.

Notably, there is a significant difference between AGS IV and

LS-102 when binding with HSA according to the plasma protein

binding experiments, while the docking results here show that

AGS IV and LS-102 overlap very well and are located in the same

pocket of HSA. We suspect that the carboxyl group of LS-102

improves the metabolic stability and through allosteric

modulation arise among the binding sites.

4.5 Analysis of the dynamic trajectories

Molecular docking is a static mode of ligand binding; hence,

coupling docking with MD simulation can further elucidate the

dynamic behavior and possible geometric changes in the AGS

IV/LS-102 HSA complex under simulated physiological

conditions. Through the analysis of the output trajectories,

dynamic structural properties such as the RMSD, Rg and

secondary structure were obtained to evaluate the stability and

conformational changes of the HSA-ligand complex (Lakshmi

et al., 2017). The RMSD was calculated to understand the protein

stability by superimposing C-alpha atoms in the active site

pocket along the 50 ns MD trajectories (Figure 3A). For all

systems, the RMSD values varied between 2.5–5 Å, and both

reached stability in the first 12 ns time scale. The fluctuations

were relatively small during the remainder of the simulation

process, with a slight fluctuation between 15 and 30 ns in the

HSA–AGS IV complex. The results demonstrate that the

conformation of HSA in the AGS IV/LS-102 complex was

slightly changed, and that the simulation time is sufficient for

the refinement in the period used. Additionally, the Rg value for

the complex against time scale was determined and is shown in

Figure 3B. Generally, Rg represents the HSA compactness, and a

higher Rg value indicates a looser structure in a specific region of

the protein. During the simulation, the Rg plot showed no

significant change in either system, but the average Rg values

of HSA in AGS IV (approximately 2.80 nm) were slightly higher

than those in LS-102 (approximately 2.75 nm), revealing that the

TABLE 5 Quantitative results of LS-102 and AGS IV on SV-BA spacing after astemizole induction in zebrafish (n = 10).

Inducer concentrations (µM) Groups Concentrations (µg/ml) SV-BA spacing (µm) (Mean±SE)

2 h 6 h 24 h

4 Control − 150 ± 4 149 ± 5 164 ± 3

Model − 206 ± 5*** 236 ± 5*** 251 ± 6***

AGS IV 250 210 ± 4*** 242 ± 7** 241 ± 4**

LS-102 27.8 179 ± 7* 204 ± 6 250 ± 6**

83.3 157 ± 3 168 ± 4** 228 ± 7*

250 151 ± 3 158 ± 6** 174 ± 9

*p < 0.05.

**p < 0.01.

***p < 0.001, vs. Control group.
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combination of LS-102 and HSA made HSA more compact than

in AGS IV. The RMSF plots indicate the fluctuation of residue

relative to the average position of the protein to a certain extent,

and the result can be used as the data index to study the dynamic

movement of the protein–ligand complex (Gan et al., 2018).

RMSF analyses were performed based on the 50 ns trajectory and

plotted against all residues for the HSA-AGS IV and HSA-LS-

102 systems (Figure 3C). As shown, residues within the loop

regions of HSA-AGS IV and HSA-LS-102 display higher

flexibility, and a similar pattern of flexibility is observed for

these complexes. The binding affinity of HSA molecules can be

influenced by amino acid residues (Senthilkumar et al., 2016).

The RMSF values for binding site I remained low, indicating that

these residues are rigid compared with other residues, and this

suggests that the binding affinity of site I can be affected by AGS

IV/LS-102 binding.

Subsequently, the DSSP method was used to investigate the

changes in the secondary structure of proteins (Moradi et al.,

2018). Figure 4 shows the structural changes of the HSA–ligand

complex during simulation. Structural displacements are

observed in some regions, while some of the α-helix contents

changes to a 5-helix. The percentages of different structure types

are listed in Supplementary Table S4 and are mainly composed of

A-helix, of which AGS IV is 0.69 and LS-102 is 0.70, along with

FIGURE 5
(A) Changes in heart rate of zebrafish after induction of 4 µM astemizole by LS-102 and AGS IV, respectively. (B) Zebrafish SV-SA spacing after
cotreatment of LS-102 and AGS IV with 4 µM astemizole. (C) Typical picture of SV-BA spacing after cotreatment with AGS IV and LS-102 and 4 µM
astemizole. (D) Typical picture of zebrafish heart after cotreatment of AGS IV and LS-102 with 4 µM astemizole. *p < 0.05, **p < 0.01, ***p < 0.001, vs.
Control group.
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some Bend, Turn, 3-Helix and 5-Helix. This observation showed

that the differences between HSA binding to AGS IV and LS-102

are negligible, which indicates that there is no substantial change

in the secondary structure of the protein upon interacting with

the two ligands. Moreover, although the whole secondary

structure of HSA-LS-102 increased by approximately 0.01, the

TABLE 6 Quantitative results of the effect of LS-102 and AGS IV on the prevention of thrombosis in zebrafish (n = 10).

Groups Concentrations (µg/ml) Staining intensity of
cardiac red blood
cells (pixels) (mean ±
se)

Antithrombotic effect (%)

Control − 2305 ± 32 −

Model − 1397 ± 45 −

Aspirin 25 2036 ± 92*** 70***

AGS IV 100 1446 ± 54 5

LS-102 6.25 1280 ± 119 −13

12.5 1521 ± 72 14

25 1597 ± 65 22

50 1796 ± 54*** 44***

100 1950 ± 33*** 61***

***p < 0.001, vs. Model group.

FIGURE 6
(A) 3 dpf Albino strain zebrafish stained with o-Dianisidine (green area is the quantitative red blood cell area). (B) Typical staining of zebrafish
heart red blood cells after AGS IV and LS-102 treatment. (C) Typical graph for qualitative evaluation of zebrafish thrombosis after AGS IV and LS-102
treatment. (D) Erythrocyte staining intensity (pixels) in zebrafish hearts treatedwith LS-102 and AGS IV. (E) Thrombosis prevention in zebrafish treated
with LS-102 and AGS IV. ***p < 0.001, vs. Model group.
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bend content decreased within the same range. These

observations strongly emphasize the existence of a safe

interaction between AGS IV and LS-102 in the HSA complex,

whereas LS-102 has no adverse effect on protein structures and

conformation.

Next, MM/PBSA analysis was performed to calculate the

main driving force for physical adsorption of the complex (Yu

et al., 2016), the results of which are listed in Table 3. Obviously,

van der Waals, electrostatic, polar solvation and solvent

accessible surface area (SASA) energy make the greatest

contributions to the total binding-free energy. The results

showed that the HSA/AGS IV complex provides more

negative van der Waals energies (−340.247 kcal/mol) than the

LS-102 complexes (−321.458 kcal/mol), which may be due to the

stronger hydrophobic interactions. Therefore, we conclude that

van der Waals forces are the driving force for binding. Although

electrostatic energy (−72.705 and −116.843 kJ/mol for AGS IV

and LS-102, respectively) is also favorable forbinding in a

vacuum, it is offset by the polar solvation energy (313.271 and

391.229 kJ/mol) when considering the solvation effect. A positive

polar solvation energy shows an unfavorable electrostatic effect

on solvation; this may be the result of the hydrophobic

interactions of the ligand in HSA, which also resulted in

negative SASA energy (−36.313 and −35.977 kcal/mol for AGS

IV and LS-102, respectively). Finally, the binding conformations

of AGS IV exhibited lower binding energies (−135.994 kcal/mol)

compared to LS-102 (−83.049 kcal/mol), indicating that AGS IV

had a stronger binding ability of HSA than LS-102, which is in

balance with the results of the plasma protein binding studies.

4.6 Maximum-tolerated concentration
(MTC) of LS-102 and AGS IV in zebrafish

Zebrafish have become widely used as biological models in

drug toxicity tests (Bournele and Beis, 2016). As shown in

Supplementary Table S5, the MTC assay showed no mortality

in zebrafish at concentrations of LS-102 ranging from 1 to

100 µg/ml, and 13.3% and 100% mortality at concentrations

of 250 and 500 µg/ml, respectively. Therefore, the MTC of LS-

102 used in the experiment was determined to be 100 μg/ml.

4.7 Comparison of LS-102 and AGS IV on
astemizole-induced cardiotoxicity in
zebrafish embryos

Zebrafish have become immensely powerful model

organisms for uncovering mechanisms of cardiac development

and function (Liu and Stainier, 2012). In the current study, we

used astemizole to induce cardiotoxicity in zebrafish embryos to

detect the corresponding cardiac performance alterations. After

treatment of LS-102 and AGS IV with 4 μM of astemizole, the

heart rate and SV-BA spacing of zebrafish in the model group

were compared with those of the normal group, p < 0.001,

indicating successful modeling. After treatment of LS-102 and

AGS IV with 4 µM of astemizole for 2 h and 6 h, respectively, LS-

102 improved the slowed heart rate and increased the SV-BA

spacing in zebrafish at 27.8, 83.3, and 250 µg/ml concentrations.

After 24 h, LS-102 improved the slowed heart rate at 250 µg/ml

and the increase in SV-BA spacing at 83.3 and 250 µg/ml, while

the AGS IV group showed no significant changes.

After treatment of zebrafish with LS-102 and AGS IV and

4 µM astemizole for 48 h, 100% of zebrafish in the model group

developed cardiac vesicle edema and blood flow deficiency. In the

27.8 µg/ml LS-102 concentration group, 100% of zebrafish

showed cardiac vesicle edema and loss of blood flow. In the

83.3 µg/ml concentration group, 83.3% showed pericardial

edema and venous sinus stasis, 26.7% showed a loss of blood

flow, and 56.7% showed slow blood flow. In the 250 µg/ml

concentration group, the zebrafish mortality was 30%, but the

zebrafish showed no significant toxicity. This indicated that

83.3 and 250 µg/ml of LS-102 had an ameliorating effect on

the developmental toxicity of zebrafish hearts induced by 4 µM

astemizole. The results are shown in Tables 4, 5; Supplementary

Table S6 and Figure 5.

4.8 Comparison of LS-102 and AGS IV on
arachidonic acid-induced thrombosis in
zebrafish

Zebrafish is a useful model for thrombosis studies because

their platelet function shares many similar features to that in

humans, including the function of arachidonic acid metabolism

enzymes (Lang et al., 2010). The staining intensity of zebrafish

heart erythrocytes in the model group (1397 pixels) compared to

the control group (2305 pixels; p < 0.001), indicated successful

modeling. The intensity of erythrocyte staining in zebrafish

hearts of the positive control drug 25 μg/ml of the aspirin

group (2036 pixels) compared to the model group (p < 0.001),

and the preventive effect of the aspirin group on thrombosis in

zebrafish was 70%, indicating the preventive effect of aspirin on

thrombosis. The preventive effect of AGS IV on thrombosis was

insignificant at 5% compared to the model group (p > 0.05).

Notably, the intensity of erythrocyte staining at concentrations of

6.25, 12. 5, 25, 50, and 100 μg/ml of LS-102 was 1280, 1521, 1597,

1796 and 1950 pixels, respectively, and the preventive effect on

thrombosis was −13%, 14%, 22%, 44%, and 61%, compared to the

model group. (p > 0.05 for the 6.25, 12.5 and 25 µg/ml

concentration groups and p < 0.001 for the 50 and 100 µg/ml

concentration groups). These results indicate that LS-102 at

concentrations of 50 and 100 µg/mL has a preventive effect on

arachidonic acid-induced thrombosis in zebrafish. The results are

shown in Table 6 and Figure 6. In summary, LS-102 was shown to

ameliorate the heart rate slowing and SV-BA interval increase
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and prevent thrombosis in zebrafish, which may indicate its

cardioprotective activity (Lu et al., 2021). As the drug-HSA

binding rate is an important factor in evaluating efficacy and

safety, LS-102, with moderate binding affinity to HSA may

increase its tissue distribution and thus improve

bioavailability, which may help explain the improved

biological activity, although more research is needed to prove

this inference.

5 Conclusion

The results of interaction studies show that LS-102 displays

moderate binding of HSA by experimental and in silicomethods,

and there are no clear conformation changes, meaning that this

newly synthesized drug can be considered to have no side effects.

The substitution of the carboxyl group in LS-102 may be a factor

that exhibited allosteric regulation on binding properties. As LS-

102 showed protective effects on the heart and appropriate

pharmacokinetic properties, our results are important for

understanding its overall distribution, metabolism and efficacy

in the human body at the molecular level. Moreover, our results

highlight its safety and promising drug treatment efficacy, thus

providing crucial information for clinical medicine. Ultimately,

this simple and validated method provides enhanced support for

drug discovery and development, while having the advantages of

being less costly and time-consuming. In zebrafish experiments,

LS-102 was shown to ameliorate astemizole-induced heart rate

slowing and SV-BA interval increase in zebrafish and prevent

arachidonic acid-induced thrombosis in zebrafish. These

findings lay the foundation for further research on the

mechanism of action and targets of LS-102 and provide a

valuable experimental basis for future clinical applications.

Moreover, our results suggest that computational simulation is

consistent with experimental findings, thereby confirming the

establishment of a validated and convenient method to study the

molecular interaction between HSA and its ligands.
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Drugs obtained from medicinal plants have always played a pivotal role in the

field of medicine and to identify novel compounds. Safety profiling of plant

extracts is of utmost importance during the discovery of new biologically active

compounds and the determination of their efficacy. It is imperative to conduct

toxicity studies before exploring the pharmacological properties and

perspectives of any plant. The present work aims to provide a detailed

insight into the phytochemical and toxicological profiling of methanolic

extract of Zephyranthes citrina (MEZ). Guidelines to perform subacute

toxicity study (407) and acute toxicity study (425) provided by the

organization of economic cooperation and development (OECD) were

followed. A single orally administered dose of 2000mg/kg to albino mice

was used for acute oral toxicity testing. In the subacute toxicity study, MEZ

in doses of 100, 200, and 400mg/kg was administered orally, consecutive for

28 days. Results of each parameter were compared to the control group. In

both studies, the weight of animals and their selected organs showed

consistency with that of the control group. No major toxicity or organ

damage was recorded except for some minor alterations in a few

parameters such as in the acute study, leukocyte count was increased and

decreased platelet count, while in the subacute study platelet count increased

in all doses. In the acute toxicity profile liver enzymes Alanine aminotransferase

(ALT), as well as, aspartate aminotransferase (AST) were found to be slightly

raised while alkaline phosphatase (ALP) was decreased. In subacute toxicity

profiling, AST and ALT were not affected by any dose while ALP was decreased

only at doses of 200 and 400mg/kg. Uric acid was raised at a dose of

100mg/kg. In acute toxicity, at 2000mg/kg, creatinine and uric acid

increased while urea levels decreased. Therefore, it is concluded that the

LD50 of MEZ is more than 2000mg/kg and the toxicity profile of MEZ was

generally found to be safe.
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1 Introduction

Plants have historically been utilized as a fundamental

source of new drugs. Herbal drugs have vast acceptability in

the general population because of social beliefs regarding their

excellent healing capacity, and the ability to improvise

emotional well-being, thereby, augmenting the quality of life

since ancient times (Aslam and Ahmad, 2016; Jamshidi et al.,

2018). According to a report by the World Health Organization

(WHO), nearly 80% population of low to middle-income

countries (LMICs) is dependent on plant-based drugs to

alleviate their primary health-related issues (Al-Nahain et al.,

2014; Hoyler et al., 2018). Due to their myriad benefits, there is

even a greater turnaround towards herbal remedies. These

benefits include comparatively fewer adverse drug reactions

whereas delivering promising outcomes (Muhammad I. et al.,

2021). Moreover, certain reports state that herbal treatments

trim down the pill burden (Rahimi et al., 2009). Plant-based

drugs are used to treat various acute and chronic medical

conditions such as parasitic infestation (Li Z et al., 2022),

malaria, cancer (Majid M. et al., 2022), neurological

disorders, age related degenerative disorders (Jin K. et al.,

2022) chronic inflammation (Muhammad I. et al., 2022),

cardiovascular and liver diseases, fungal (Chen H. et al.,

2021) and bacterial infections (Yang L. et al., 2022), sleep

disturbances such as insomnia, diabetes mellitus, and many

others (Chandrasekaran & Venkatesalu, 2004; AlMamun,

2020). Medicinal plants provide cost-effectiveness and ease

of use. Owing to their easy accessibility, inexpensive thrifty

nature, and safety profile, the acceptability of herbal medicines

has risen considerably, in recent times (Sandhya et al., 2006).

Phytochemicals isolated from plant extracts have remained the

mainstay of drug discovery (Muhammad I., and ul Hassan S.S.,

et al., 2021). Even in the present era of modern medicine,

chemical compounds isolated from the plants are of particular

interest because these compounds serve as a potential lead for

newer drugs. Crude extracts of plants, as well as isolated

phytochemicals, are screened for various in vivo, in vitro,

and in silico pharmacological activities (Kundu P., et al.,

2002). Plant extracts may possess both pharmacological and

toxicological properties due to the presence of bioactive

molecules (Yang J. et al., 2020). Extracts of various plants in

different formulations, as well as isolated constituents, have

widely been used as household remedies during the modern

medicine era for the treatment of many diseases (Farnsworth,

N. R. 1966).

Medicinal plants may contain toxic and pharmacologically

active constituents. Some medicinal plants may intrinsically be

toxic in terms of their phytochemicals which may be associated

with adverse effects if used inadequately and improperly.

Therefore, in the discovery of biologically active compounds

(Zhuo, Z. et al., 2020), toxicity evaluation is the primary and

mandatory parameter that needs to be assessed prior to its

pharmacological screening and clinical application (Pour

et al., 2011). Toxicity studies not only provide a correlation

between the animal and human response by depicting the

efficacy and safety profile but also help in ascertaining the

dose of extracts for further screening (Anwar et al., 2021a).

Thereby, toxicity studies safeguard the exposed population

from the possible harms of the test compounds. Furthermore,

these also help in appropriate dose assessment to be employed in

end users (Mensah et al., 2019). Benefits of toxicological

evaluation of plant extracts in animal models also include a

controlled exposure time, examination of different tissues for

possible harms, and determining the effect on different

biomarkers (Arome and Chinedu, 2013). Conclusively, the

toxicity study beneficially demarcates between toxic dose and

therapeutic dose (Anwar et al., 2021b). Animal models are

recommended for executing toxicological evaluations which

comply with the organization of economic cooperation and

development (OECD) guidelines.

Amaryllidaceae is a large family of plants that consists of

75 genera and 1,600 species (Christenhusz M.J.M. et al., 2016).

Amaryllidaceae is famous for its alkaloids that have diverse

biological activities. Numerous plants of Amaryllidaceae have

traditionally been used as folklore medicine for the treatment of

several ailments throughout the world (Biswas & Paul, 2022).

Zephyranthes citrina (Z. citrina) is a naturally occurring

perennial bulbous plant that belongs to Amaryllidaceae. Z.

citrina has bright yellow flowers, green leaves, and bulbous

stems. It is commonly known as Rain Lily because the

flowering tops bloom in the rainy season (Jin and Yao, 2019).

Z. citrina has been a relatively less explored plant for its

pharmacological activities. A few pharmacological activities

such as antimicrobial (Singh et al., 2010), antiprotozoal (Kaya

et al., 2011), antimalarial (Herrera et al., 2001), anti-

inflammatory (Aslam et al., 2016), and in vitro

anticholinesterase activity which indicates its potential use in

Alzheimer’s disease (Kohelová et al., 2021) have been reported

so far.

Therefore, the present work aims at investigating the

phytochemical and toxicity profiles of different doses of

methanolic extracts of Zephyranthes citrina (MEZ) in order to

report and identify the expected hazards in different doses using

different protocols. The study has evaluated acute oral and

subacute toxicity in mice models to ensure the safety and

suitability of MEZ for further for its applicability in

pharmacological screening.

2 Materials and methods

2.1 Chemicals

Methanol (I0962907) was purchased from Merck KGaA

Germany. Pyrogallol solution was purchased from Oxford
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Labs (India). Other chemicals such as Carboxymethyl cellulose,

sulfanilamide, Ethylenediamine tetraacetic acid (EDTA), Griess

reagent, N-1- naphthylethyleneamine dihydrochloride,

thiobarbituric acid, anhydrous aluminium chloride, copper

sulfate, sodium phosphate dibasic heptahydrate and sodium

phosphate monobasic monohydrate, phosphoric acid, picric

acid, sodium carbonate, sodium hydroxide, sodium-potassium

tartrate, gallic acid, Folin-Ciocalteu reagent, and quercetin were

purchased from Sigma Aldrich United States.

2.2 Experimental validation

2.2.1 Collection and authentication of plant
material

The whole plant of Z. citrina was collected from the

botanical garden of Government College University, Lahore

(GCUL) Lahore during the flowering season from July to

September. Plants have rush-like leaves and bulbous roots.

Leaves bear yellow flowers that are Specific to Z. citrina

within the entire family Amaryllidaceae. Authentication

and validation of the plant were done by Prof. Dr. Zaheer

Ud Din, botanist and taxonomist, at GCUL. The specimen of

the plant was deposited in the Herbarium of the department

of Botany GCUL vide voucher number (GC. Herb. Bot.

3553).

2.2.2 Plant material preparation
Whole plants of Z. citrina were washed with tap water to

remove debris (Saleem u et al., 2019). Leaves and flowers

were separated from the bulbous part and air dried. Each

bulb was cut into three slices and then dried in a hot air oven

at 40°C until constant weight (López, S. et al., 2002). Once

fully dried all parts of the plants were mixed together and

ground by mechanical milling until a fine powder was

obtained.

2.2.3 Preparation of methanolic extract of Z.
citrina

Powdered tissue of plant material (2 kg) was subjected to

cold maceration, in the ratio of 1:2 with methanol (4 L), and was

stirred every 8 h periodically, for 14 days. After the completion

of the extraction period, initial filtration of the macerate was

done through a filtration cloth to obtain the supernatant,

separated from the macerated powder. This supernatant was

subjected to subsequent filtration by passing it through a

Buchner funnel assembly and Whatman filter paper number

1 under reduced pressure. This secondary filtration removed

solid particulate matter suspended in the filtrate. Finally, a

rotary evaporator was used for the evaporation of methanol

from pure filtrate at 40°C under reduced pressure which yielded

a dark brown gummy mass. The MEZ was kept in an airtight

container between 2–8°C.

2.3 Estimation of total phenolic and
flavonoid content

The Standard Folin-Ciocalteu reagent method was used for

the determination of the total phenolic content (TPC) of MEZ

(Terfassi, S, et al., 2021). Gallic acid was used as a standard for the

determination of TPC. Briefly described, 1 ml of MEZ (final

concentration 1 mg/ml) was mixed in 1 ml of Folin-Ciocalteu’s

phenolic reagent. The solution was kept for 5 min and then 7% of

Sodium carbonate (10 ml) was added and mixed. Then 13 ml of

deionized distilled water was added to the previously made

solution and thoroughly mixed for uniformity. This solution

was incubated for one and a half hours in the dark at room

temperature. After the incubation period, the absorbance was

taken at 750 nm. Gallic acid solution was prepared and a

calibration curve was constructed and extrapolated for the

determination of the TPC of MEZ. The procedure was carried

out in triplicate. Results were expressed as Gallic acid equivalents

in milligram per Gram (GAE/g) of the dried sample (Saeed, N.

et al., 2012).

For the determination of total flavonoid content (TFC)

spectrophotometric method using anhydrous aluminium

chloride (AlCl3 6H2O) was used. Quercetin was employed as a

standard.

Method followed is, 0.3 ml MEZ extract was mixed with

3.4 ml of 30% methanol, 0.15 ml of NaNO2 (0.5 M) and 0.15 ml

of AlCl3.6H2O (0.3 M). The solution was kept for 5 min and then

1 ml of sodium hydroxide was added to this solution. The whole

solution was gently but thoroughly mixed and absorbance was

measured at 506 nm. A standard curve was constructed using

quercetin standard solution prepared by the above-mentioned

procedure. The result for TFC was calculated and shown as

milligram of quercetin equivalent per Gram of dried extract (mg

QE/g) (Saeed, N. et al., 2012).

2.4 Antioxidant assay

In vitro, free radical scavenging activity was measured by a 2,

20 - diphenyl-1-picrylhydrazyl (DPPH) assay. The reaction of the

DPPH assay depends on the capability of the plant extract

samples to scavenge free radicals. The reaction is visually

noticeable because the color changes from purple to yellow

because of its ability to donate hydrogen. 24 mg DPPH was

dissolved in 100 ml methanol to prepare the stock solution. This

solution was stored at 20°C. The working solution was made by

diluting DPPH with methanol until the final concert. Of DPPH

becomes 0.267 mM in 0.004% methanol having an absorbance of

almost 0.98 ± 0.02 at 517 nm by using the spectrophotometer.

Then an aliquot of 1.5 ml was mixed in 50 μl of plant extract

sample at varying concentrations between 10–500 μg/ml. This

mixture was mixed thoroughly and incubated for 30 min in the

dark at room temperature (Mishra, K. et al., 2012). The
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absorbance was recorded at 517 nm. The control solution was

prepared by the same method mentioned above without any

plant extract sample. Percentage DPPH scavenging activity was

calculated by using Eq. 1 (Saeed, N. et al., 2012).

Free Radical Scavenging Activity(%)
� Absorbance of control − Absorbance of sample

Absorbance of control
× 100. (1)

2.5 UHPLC–MS analysis for secondary
metabolite profiling

Profiling of Secondary metabolites was carried out by

reversed-phase ultra-high performance liquid

chromatography-mass spectrometry (RP-UHPLC-MS)

analytical technique. Agilent 1,290 Infinity ultra-high

performance liquid chromatography system that has been

attached to Agilent 6,520 Accurate–Mass Q-TOF mass

spectrometer having dual electrospray ionization (ESI) source

was used. Details and specifications of the column that was used

are; Agilent Zorbax Eclipse XDB-C18 has a narrow bore size of

2.1 × 150 mm, 3.5 μm (P/N 930990-902). The temperature of 4°C

for the auto-sampler and 25°C for the column was maintained.

Two different mobile phase solutions were used A) 0.1% formic

acid in water and B) 0.1% formic acid in acetonitrile. The mobile

phase flow rate was kept at 0.5 ml/min 1.0 μl methanolic extract

solution of the plant prepared in HPLC grade methanol was

injected for 25 min And post-run time was 5 min. A complete

scan of MS analysis using ESI negative ionization mode spanned

over a complete range of m/z 100–1,000. Nitrogen was supplied

both as nebulizing (flowrate 25 L/h) and drying gas (flowrate

600 L/h). The drying gas temperature was kept constant at 350°C.

The capillary voltage was 3,500 V meanwhile fragmentation

voltage had been optimized at 125 V. Data processing was

done with Agilent mass hunter Qualitative Analysis B. 05.00,

the Method used was Metabolomics −2017–0000.4 m (H. Saleem

et al., 2019). Compound identification was done from the

database: METLIN _AM_PCDL-N-170502. cdb with

parameters as Match tolerance: 5 ppm. Positive Ions: +H,

+Na, + NH4, negative Ions: H.

2.6 Experimental animals

Healthy adult Swiss albino mice were used as the

experimental animals which were kept in the animal house of

Government College University, Faisalabad, Pakistan. Standard

controlled conditions were provided to the animals regarding

temperature (22 ± 2°C) and humidity (45%–50%), 12 h light, and

12 h dark cycles having access to water and food, freely. Prior

approval to conduct all the animal studies, including acute oral

toxicity and subacute toxicity, was taken from Institutional

Review Board, GC University Faisalabad vide letter number

GCU/ERC/2141. Animals were treated ethically according to

guidelines, rules, and regulations provided by the National

Institute of Health (NIH, United States).

2.7 Toxicity studies protocols

2.7.1 Acute oral toxicity
The OECD (Organization for Economic Corporation and

Development) 425 guidelines (2001), were followed to conduct

an acute oral toxicity study. Five healthy adult albino mice were

used for acute oral toxicity tests. Animals were kept on fasting

overnight with access to water ad libitum. Initially, only one

animal, out of five, was administered 2,000 mg/kg body weight, as

a single dose, of MEZ via an oral route through gastric lavage, and

was subjected to observation for 24 h. If no mortality occurred to

that animal, a single dose of 2,000 mg/kg of MEZ was

administered, via the same route, to the remaining four

animals. All the animals were observed for any signs of

physical and behavioral alterations for 14 days

2.7.2 Subacute toxicity
The OECD 407 guidelines (2008), with slight

modification, were followed to conduct the subacute

toxicity study. 40 healthy albino mice were used in the

study. Animals were divided into four groups. Each group

consisted of five females and five male animals. All animals,

except the control, were administered different doses of

extract (Table 1) for 28 days via an oral route through

gastric lavage once daily. Physical conditions and

behavioral aspects of animals were noted at the beginning

of the experiment. Animals were observed daily for any

change in weight and any sign of physical anomalies.

2.7.3 Weights of animals and their selected
organs

During acute oral toxicity body weights of all the animals in

all the groups were recorded at day zero, which was marked just

before the start of the study, and then subsequently at days 1, 2,

and 14. During the subacute study, body weights were measured

on days 1, 7, 21, and 28. At the conclusion of the study, excision

TABLE 1 Groups and doses of subacute toxicity study.

Group Dose

1 Control (5–10 ml/kg Normal Saline)

2 MEZa 100 mg/kg of body weight

3 MEZ 200 mg/kg of body weight

4 MEZ 400 mg/kg of body weight

aMEZ: Methanolic Extract of Z. citrina.
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of the animals was carried out selected organs were separated and

weighed.

2.8 Hematological parameter and
biochemical markers measured in acute
and subacute toxicity studies

After the completion of each study, animals were anesthetized

by administering 5% isoflurane mixed with oxygen. A cardiac

puncture was done for the collection of blood samples. Then

these blood samples were subjected to hematological and

biochemical analysis. Mindray BC3000 Plus hematology analyzer

was used for hematologic analysis while for biochemical analysis

Mindray BA88A was used. In regards to hematology following

parameters were analyzed: Various aspects of platelet count, red

blood cell (RBC) count, hematocrit, hemoglobin, mean corpuscular

hemoglobin (MCH), mean corpuscular hemoglobin concentration

(MCHC), total leukocyte count (TLC), and differential leukocyte

count including both granulocytes and agranulocytes.

For the analysis of various biochemical markers, plasma and

serum were prepared, separately. For the preparation of serum, a

whole blood sample was coagulated at room temperature in a

vacutainer and then it was centrifuged at a speed of 2,000 × g for

10 min. While plasma was prepared by collecting whole blood in

an anticoagulant-containing vacutainer and then centrifuged at

2,000 × g for 10 min. Biochemical markers evaluated include liver

function tests (LFTs), renal function tests (RFTs), and lipid

profile (Liu C.et al., 2022). LFTs included AST, ALT, ALP,

and protein. RFTs included urea, uric acid, creatinine, and

bilirubin. The lipid profile included triglycerides (TGs),

cholesterol, high-density cholesterol (HDL), and low-density

cholesterol (LDL).

2.9 Histopathological studies

Selected organs such as the brain, heart, kidney, and liver were

processed and preserved in a 4% formaldehyde solution. The organ

specimens were embedded and fixed in paraffin wax and sections

were made. Sliced sections were subsequently subjected to a

fixation on slides and stained with hematoxylin and eosin (H &

E) stain and histologically examined (Rajeh, M.A.B., 2012).

2.10 Observation of animal behavior and
physical changes

All the animals were observed during acute for clinical signs

of behavioral and physical alteration such as itching, eye, and

nasal discharge, skin lesion, respiratory distress, abnormal

movements and urination, and food and water intake. Any

change in these parameters was recorded (Saleem H. et al., 2019).

2.11 Statistical analysis

GraphPad Prism 9.0 was used to interpret the data and

expressed as standard deviation (±SD).

3 Results

3.1 Phytochemical composition and
antioxidant activity

The methanolic extract of Z. citrina contains an abundant

amount of phenolic and flavonoid compounds and was measured

with reference to their standards and Gallic acid and Quercetin,

respectively. Free radical scavenging activity by the DPPH

method showed excellent antioxidant activity. Results for

TPC, TFC, and antioxidant activity are mentioned in Table 2.

3.1.1 Secondary metabolite profiling
(UHPLC–MS analysis)

UHPLC - MS Analysis of methanolic extract of Z. citrina was

performed to determine the possible secondary metabolites and

phytochemical components. The analysis showed that it contains

44 phytochemical compounds that belong to alkaloids, amino

acids, carboxylic acids, flavonoids, phenolics, and a few other

chemical classes. The phytochemical composition, retention

time, base peak (m/z), chemical class, molecular mass, and

formula are described in Table 3. The total ion chromatogram

is shown in Figure 1.

3.2 Weights of animals and their selected
organs in acute and subacute toxicity

During both the studies body weights were monitored and

recorded are described in Table 4 and Figure 2. The average body

weights with a standard deviation of all treated and control

animals during the subacute toxicity study of both male and

female groups were observed from the day 1 to day 28th (Figures

2A,B respectively). MEZ did not show any considerable

difference in body weights of animals from day 1–28 in

comparison to control. The average body weights with SD of

TABLE 2 Total content of bioactive compounds and antioxidant
activity of MEZ.

Assay Parameter Results

Percent extract yield 19.7%

Content of bioactive compounds Total flavonoid content 37.92 ± 0.26

Total phenolic content 25.93 ± 0.19

Free radical scavenging activity DPPH (%) 88.23 ± 2.95
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TABLE 3 UHPLC-MS analysis of methanolic extract of Z. citrina.

S.
No.

RTa

(Min.)
Base
peak
(m/z)

Molecular
Mass

Proposed compound Compound class Molecular
formula

1 2.294 272.9595 273.9647 Ribose-1-arsenate Carbohydrate C5 H11 As O8

2 2.474 241.0926 242.0998 D-erythro-D-galacto-octitol Alditol C8 H18 O S

3 2.485 173.1052 174.1125 L-Arginine Amino Acid C6 H14 N4 O S

4 2.501 224.0787 225.086 Acyclovir Purine Analog C8 H11 N5 O3

5 2.508 340.1261 341.1332 His Ala Asp Amino Acid C13 H19

6 2.522 335.1586 336.1648 N2-Fructopyra-nosylarginine Phenolic C12 H24 N4 O7

7 2.601 266.083 267.0902 PD 98059 Flavonoid C16 H13 N O3

8 2.623 264.0987 265.1059 Agaritinal Amino Acid derivative C12 H15 N3 O4

9 2.649 219.0403 220.0479 Quinazoline acetic acid (3(2H)-Quinazolineacetic acid,
1,4-dihydro-2,4-dioxo-

Alkaloid C10 H8 N2 O4

10 2.683 195.0519 196.0592 L-Gulonate Carbohydrate C6 H12 O7

11 2.686 165.0415 166.0488 1-Methylxanthine Alkaloid C6 H6 N4 O2

12 2.706 179.0573 180.0647 Theobromine Alkaloid C7 H8 N4 O2

13 2.747 683.2275 342.1186 Nigerose (Sakebiose) Carbohydrate C12 H22 O11

14 2.752 387.1165 388.1237 Fructoselysine 6-phosphate Glycated protein C12 H25 N2 O10 P

15 2.836 701.1932 666.2244 Maltotetraose Carbohydrate C24 H42 O21

16 2.843 539.1408 504.1714 Panose Carbohydrate C18 H32 O16

17 2.891 827.2702 828.2771 Maltopentaose Carbohydrate C30 H52 O26

18 2.921 989.3229 990.3299 Maltohexaose Carbohydrate C36 H62 O31

19 2.926 369.1042 370.1118 2′,3′,5′-triacetyl-5-Azacytidine Pyrimidine nucleoside
analogue

C14 H18 N4 O8

20 2.95 1,151.374 1,152.381s Celloheptaose Sugar C42 H72 O36

21 2.966 149.0459 150.0532 L-Lyxose Aldehyde C5 H10 O5

22 2.973 339.0972 304.1293 2′-Deoxymugineic acid Carboxylic acid C12 H20 N2 O7

23 2.978 366.1165 367.124 Met Ser Met Protein C13 H25 N3 O5 S2

24 3.093 133.015 134.0225 3,3-Dimethyl-1,2-dithiolane Dithiolanes C5 H10 S2

25 3.259 290.0886 291.0959 Sarmentosin epoxide Glycoside C11 H17 N O8

26 3.939 191.0202 192.0275 Citric acid Carboxylic acid C6 H8 O7

27 4.026 128.0359 129.0431 N-Acryloylglycine Amino acid C5 H7 N O3

28 4.164 243.0624 244.0698 Uridine Pyrimidine Nucleoside C9 H12 N2 O6

29 4.403 130.0873 131.0945 L-Leucine Amino acid C6 H13 N O2

30 4.534 180.0666 181.0738 3-Amino-3-(4-hydroxyphenyl) propanoate Amino acid C9 H11 N O3

31 4.58 292.1404 293.1476 N-(1-Deoxy-1-fructosyl) leucine Leucine & derivative C12 H23 N O7

32 4.729 288.1242 289.1314 Norcocaine Alkaloid C16 H19 N O4

33 4.828 103.0403 104.0475 D (-)-β-hydroxy butyric acid Carboxylic acid C4 H8 O3

34 10.042 255.0519 256.0591 Piscidic Acid Phenolic C11 H12 O7

35 10.536 153.0197 154.0269 3,4-Dihydroxybenzoic acid Phenolic C7 H6 O4

36 10.887 385.0568 386.0645 Shoyuflavone A Flavanoids C19 H14 O9

37 11.228 175.0613 176.0685 3-propylmalic acid Carboxylic acid C7 H12 O5

38 11.325 239.0563 240.0636 (1R,6R)-6-Hydroxy-2-succinylcyclohexa-2,4-diene-1-
carboxylate

Gamma keto acid C11 H12 O6

39 11.382 215.0827 216.09 Desethyletomidate Ethylester C12 H12 N2 O2

40 11.573 183.03 184.0373 4-O-Methyl-gallate Phenolic C8 H8 O5

41 11.948 306.0619 307.0692 Narciclasine Alkaloid C14 H13 N O7

42 11.949 352.067 353.0745 2,5-Diamino-6-hydroxy-4-(5′-phosphoribosylamino)-
pyrimidine

N-glycosyl C9 H16 N5 O8 P

43 13.461 187.0977 188.105 Nonic Acid Pyruvic Acid C9 H16 O4

44 17.614 293.1765 294.1838 Gingerol Phenolic C17 H26 O4

aRT: retention time.
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animals treated at 2,000 mg/kg and control group animals during

the acute toxicity study were observed andmentioned in Figure 3.

The acute toxicity study which was carried out on days 0, 1, 2, and

14 showed no major change in body weights of the treated group

in comparison to control group (Figure 3).

Organ weights, measured at the completion of subacute and

acute oral toxicity studies, are described in Table 4. Organ

weights of MEZ-treated animals in both studies were

comparable to the control groups which depicts that MEZ is

not involved in organ damage.

FIGURE 1
UHPLC - MS chromatogram of MEZ showing phytochemical profiling of extract.

TABLE 4 Selected organ weights with standard deviation of treated and control group animals during acute and subacute toxicity Study.

Dose
(mg/kg)

Liver Kidney Pancreases Lungs Heart Stomach Brain

Acute Toxicity 2000 1.56 ± 0.09 0.43 ± 0.06 0.12 ± 0.018 0.26 ± 0.0 4 0.14 ± 0.02 0.25 ± 0.02 0.39 ± 0.017

Control 1.53 ± 0.05 0.41 ± 0.03 0.14 ± 0.03 0.24 ± 0.04 0.12 ± 0.01 0.24 ± 0.014 0.40 ± 0.02

Subacute Toxicity (Male) 100 1.30 ± 0.03 0.44 ± 0.03 0.12 ± 0.01 0.27 ± 0.01 0.13 ± 0.003 0.23 ± 0.01 0.42 ± 0.02

200 1.15 ± 0.08 0.35 ± 0.03 0.11 ± 0.18 0.21 ± 0.01 0.13 ± 0.003 0.22 ± 0.02 0.40 ± 0.01

400 1.58 ± 0.06 0.42 ± 0.04 0.15 ± 0.02 0.29 ± 0.02 0.14 ± 0.01 0.24 ± 0.01 0.37 ± 0.03

Control 1.57 ± 0.03 0.42 ± 0.03 0.14 ± 0.01 0.22 ± 0.01 0.12 ± 0.01 0.23 ± 0.012 0.39 ± 0.015

Subacute Toxicity (Female) 100 1.46 ± 0.04 0.42 ± 0.03 0.13 ± 0.01 0.26 ± 0.01 0.13 ± 0.04 0.22 ± 0.01 0.4 ± 0.02

200 1.47 ± 0.08 0.37 ± 0.03 0.10 ± 0.018 0.22 ± 0.01 0.137 ± 0.008 0.23 ± 0.02 0.4 ± 0.017

400 1.68 ± 0.09 0.42 ± 0.02 0.15 ± 0.01 0.28 ± 0.02 0.13 ± 0.01 0.24 ± 0.02 0.39 ± 0.03

Control 1.46 ± 0.08 0.34 ± 0.04 0.13 ± 0.02 0.25 ± 0.03 0.12 ± 0.009 0.24 ± 0.03 0.38 ± 0.03

FIGURE 2
Average body weights ±SD of Male (A) and female (B) animals treated at different doses along with control during subacute toxicity study.
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3.3 Hematological analysis in subacute
and acute oral toxicity studies

Blood samples were collected at the end of both studies

through cardiac puncture and were subjected to CBC analysis.

During the acute oral toxicity study, WBCs were raised

significantly at the dose of 2,000 mg/kg in comparison to

control group animals. Upon detailed analysis, granulocyte

count was also found to be raised. Erythrocyte count was

normal in the treatment group while the platelet count was

decreased in comparison to the control group. Results of

hematological parameters of acute oral toxicity study are

shown in Table 5.

During the subacute study of both male and female animals,

CBC analysis showed no major change in any WBC and RBC

count in all treatment groups of both genders. Platelet count was

relatively higher in both male and female mice of the treatment

groups than in the control group. Results of bothmale and female

animals are shown in Table 6.

3.4 Biochemical markers in acute and
subacute studies

Figure 4 and Table 7 describe the results of subacute and

acute studies respectively of various biochemical markers such as

LFTs (AST, ALT, ALP, and protein), RFTs (Uric acid, urea,

creatinine, and bilirubin), and total lipid profile (cholesterol,

triglycerides, HDL, and LDL). During the subacute study, there

was no change in levels of AST, and ALT in all treated groups

while the level of ALP was decreased at doses of 200 and

400 mg/kg in treated groups. The level of ALP in animals

treated at a dose of 100 mg/kg remained comparable to the

control group. During the acute toxicity study in the

treatment group levels of AST and ALT were raised while that

of ALP was decreased in comparison to control. Results of LFTs

for both male and female animals’ subacute study are shown in

Figures 4A,B, respectively.

RFT (Uric acid, urea, creatinine, and bilirubin) analysis at the

end of the subacute study of treated animals at all doses showed

comparable results for bilirubin and creatinine in both genders in

comparison to the control group. The levels of uric acid were

higher in the treatment groups at doses of 100 mg/kg in

comparison to other treatment and control groups. The level

of urea was less in all treatment groups other than the control

group. The RFT profile showed similar results regardless of

gender (Figures 4C,D). During the acute toxicity study levels

of creatinine and uric acid were higher, while the levels of urea

were less in the treatment group as compared to the control

group. The level of bilirubin and total protein was comparable in

the control and treatment groups (Table 7).

Total lipid profile analysis showed no significant difference in

any treatment group at any dose during the subacute and acute

toxicity study. Figures 4E,F describe the total lipid profile in male

and female animals respectively of all treated and control groups.

Results of the lipid profile of the acute toxicity study are shown in

Table 7.

3.5 Histopathology analysis

Histopathologic examination of slides revealed no major

toxicity concern in the morphology of selected organs. Brain,

kidney, liver, and heart tissue showed normal morphological

features in all treatment groups in acute and subacute toxicity

studies. No signs of necrosis were observed in any tissue in any

treatment group. However, the liver showed slight cytoplasmic

ballooning and fatty tissue deposit at various doses in the

subacute toxicity studies.

3.6 Animal behavior and physical changes

During the acute oral toxicity study, all animals that were

treated with 2,000 mg/kg of MEZ remained healthy and showed

no clinical signs of any abnormality in observed parameters.

Results are shown in Table 8.

4 Discussion

Drugs obtained from natural sources play an imperative role

in the field of medicine and in the development of novel agents,

as well. The ethnobotanical knowledge could be helpful in serving

mankind by conducting new research and exploring novel drug

products. In parallel to the discovery of new biologically active

compounds and determination of their efficacy, safety profiling

of these compounds and plant extracts is of utmost importance.

Many regulations are in place for prior pre-clinical studies

FIGURE 3
Average bodyweights ±SD of treated animals at 2,000 mg/kg
dose along with control group during acute toxicity study.
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TABLE 5 Complete blood count of treated and control group animals during acute oral toxicity study.

Dose Complete blood count (CBC)

WBC LYM MID GRA LYM MID GRA RBC HGB MCV HCT MCH MCHC RDWsd RDWcv

103/
µL

103/µL 103/µL 103/
µL

% % % 106/µL g/dL fL % pg g/dL fL %

2000 mg/kg 26.50 ±
2.27

4.58 ± 0.07 1.53 ± 0.26 0.74 ±
0.1

80.6 ± 0.20 18.9 ± 0.20 12.61 ± 0.24 8.59 ± 0.25 14.5 ± 0.5 52 ± 0.35 45.76 ± 0.29 17.83 ± 0.29 31.93 ± 0.51 27.20 ± 0.36 17.16 ± 0.31

CONTROL 7.19 ±
0.20

6.92 ± 0.09 0.66 ± 0.04 0.23 ±
0.07

90.21 ± 0.16 52.3 ± 0.18 2.32 ± 0.1 8.28 ± 0.49 13.37 ± 0.34 48.9 ± 0.75 41.08 ± 0.25 16.08 ± 0.66 32.80 ± 0.61 28.07 ± 0.21 18.97 ± 0.42

PLT MPV PCT PDWsd PDWcv PLC-R PLC-C

103/µL fL % fL % % 103/µL

2000 mg/kg 375.67 ± 6.51 7.13 ± 0.15 0.68 ± 0.03 31.31 ± 0.14 44.0 ± 0.75 22.3 3 ± 0.58 215 ± 4.58

CONTROL 594.00 ± 3.61 7.26 ± 0.10 0.41 ± 0.02 8.41 ± 0.31 47.93 ± 0.31 23.90 ± 0.38 140.23 ± 0.21
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TABLE 6 Complete blood count of treated and control group animals during subacute toxicity study.

Dose
(mg/kg)

Male Female

WBC’s WBC LYM MID GRA LYM MID GRA WBC LYM MID GRA LYM MID GRA

103/µL 103/µL 103/µL 103/µL % % % 103/µL 103/µL 103/µL 103/µL % % %

100 5.43 ± 0.15 3.9 ± 0.01 1.07 ± 0.12 0.623 ± 0.08 72.3 ± 0.20 17.3 ± 0.40 10.33 ± 0.15 5.40 ± 3.90 ± 1.00 ± 0.60 ± 72.10 ± 17.70 ± 10.20 ±

200 5.503 ± 0.06 4.78 ± 0.02 0.58 ± 0.04 0.21 ± 0.1 85.46 ± 0.4 10.8 ± 0.46 3.343 ± 0.06 5.50 ± 4.80 ± 0.60 ± 0.20 ± 85.90 ± 10.70 ± 3.40 ±

400 5.63 ± 0.32 2.55 ± 0.06 2.77 ± 0.08 0.31 ± 0.04 43.36 ± 1.30 50.5 ± 0.50 5.58 ± 0.080 5.90 ± 2.61 ± 2.70 ± 0.31 ± 43.80 ± 50.50 ± 5.65 ±

CONTROL 6.18 ± 0.13 5.34 ± 0.06 0.6 ± 0.02 0.11 ± 0.02 88.16 ± 0.25 48.3 ± 0.1 2.09 ± 0.04 6.33 ± 5.35 ± 0.58 ± 0.11 ± 87.90 ± 9.46 ± 2.13 ±

RBC RBC HGB MCV HCT MCH MCHC RDWsd RDWcv RBC HGB MCV HCT MCH MCHC RDWsd RDWcv

106/µL g/dL fL % pg g/dL fL % 106/µL g/dL fL % pg g/dL fL %

100 8.74 ± 0.25 14.80 ± 0.52 52.20 ± 0.34 45.60 ± 0.29 17.00 ± 0.28 32.50 ± 0.51 27.50 ± 0.36 17.50 ± 0.31 8.31 ± 0.27 13.90 ± 0.48 51.60 ± 0.30 46.10 ± 0.29 16.50 ± 0.26 31.50 ± 0.48 26.80 ± 0.33 16.90 ± 0.29

200 9.31 ± 0.33 14.10 ± 0.31 47.53 ± 0.27 44.37 ± 0.31 16.07 ± 0.29 32.23 ± 0.47 31.60 ± 0.35 22.23 ± 0.26 9.32 ± 0.23 13.90 ± 0.51 46.90 ± 0.28 44.30 ± 0.27 15.90 ± 0.21 32.90 ± 0.43 31.90 ± 0.29 21.90 ± 0.28

400 6.12 ± 0.29 10.70 ± 0.26 46.40 ± 0.30 33.10 ± 0.28 15.90 ± 0.27 33.90 ± 0.36 31.10 ± 0.33 22.10 ± 0.27 6.86 ± 0.26 11.20 ± 0.47 47.20 ± 0.29 32.40 ± 0.31 16.40 ± 0.29 34.70 ± 0.41 30.40 ± 0.31 21.40 ± 0.26

CONTROL 8.28 ± 0.26 13.37 ± 0.25 48.92 ± 0.21 41.08 ± 0.27 16.08 ± 0.30 32.80 ± 0.34 28.07 ± 0.35 18.97 ± 0.28 8.53 ± 0.26 13.70 ± 0.51 49.00 ± 0.31 41.80 ± 0.26 16.10 ± 0.15 32.90 ± 0.37 28.20 ± 0.28 19.20 ± 0.28

Platelets PLT MPV PCT PDWsd PDWcv PLC-R PLC-C PLT MPV PCT PDWsd PDWcv PLC-R PLC-C

103/µL fL % fL % % 103/µL 103/µL fL % fL % % 103/µL

100 976.00 ± 165.50 7.00 ± 0.13 0.68 ± 0.31 7.90 ± 1.62 44.80 ± 7.82 22.00 ± 3.32 211.00 ± 20.34 982.00 ± 170.64 7.30 ± 0.42 0.72 ± 0.37 8.20 ± 1.20 43.30 ± 6.39 23.00 ± 2.29 214.00 ± 38.36

200 >1,000 ± 132.76 7.90 ± 0.34 0.80 ± 0.24 9.50 ± 0.96 48.20 ± 8.92 32.00 ± 4.51 324.00 ± 31.24 1,002.00 ± 210.21 7.40 ± 0.69 0.84 ± 0.64 9.32 ± 0.92 47.50 ± 7.23 31.00 ± 3.79 319.00 ± 41.36

400 815.00 ± 210.20 9.10 ± 0.45 0.83 ± 0.34 12.20 ± 0.94 51.20 ± 10.2 35.80 ± 3.98 376.00 ± 52.61 792.00 ± 118.85 9.90 ± 1.20 0.80 ± 0.72 12.50 ± 1.04 50.20 ± 8.02 46.00 ± 8.41 372.00 ± 36.41

CONTROL 597.00 ± 314.24 7.33 ± 0.52 0.43 ± 0.31 8.19 ± 1.26 48.00 ± 7.92 24.00 ± 3.26 340.00 ± 34.2 595.00 ± 206.39 7.15 ± 0.83 0.40 ± 0.36 8.25 ± 1.14 48.20 ± 7.05 23.48 ± 3.92 348.10 ± 45.92
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regarding the safety of new compounds (Aslam and Ahmed,

2016). To ensure the safety of humans from the lethal effects of

the test compounds, a toxicological evaluation of the test

compound is carried out which follows standard protocols set

forth by regulatory bodies (Anwar et al., 2021b). The protocols

strictly emphasize the safety of the human population which

regulates the laws regarding the toxicological evaluation of all test

compounds prior to their approval. It further comprises the

administration of single and repeated doses and requires

different evaluations on both genders of animals. This serves

as the basis of various guidelines for acute oral and subacute

toxicological evaluation in animal models. Oral acute toxicity is

conducted with the single maximum dose of 2000 mg/kg in order

to explicit any deleterious effects from the test compound while

subacute toxicity is carried out by the repeated doses of the test

compound for 28 days to study their impact or effect on any

abnormality in various predefined parameters (Klaassen and

Amdur, 2013; Abubakar et al., 2019).

An acute oral toxicity study is also crucial in determining the

LD50 of unknown extracts and phytochemicals. This dose

determination at the preclinical stage is helpful in determining

the safety margin of the test compound. It also provides

information about at what doses further pharmacological

screening could be carried out (Mohs and Greig, 2017).

Therefore, to assess the phytochemical composition, MEZ was

subjected to UHPLC–MS analysis. The LC/MS analysis

determined the presence of a diverse array of chemicals in

MEZ which include alkaloids, phenols and flavonoids, and

carbohydrates. Although most of the constituents can be

found in the scientific literature many of these have not been

reported previously in Z. citrina described in Table 4 (Kohelová

et al., 2021; Biswas and Paul, 2022). MEZ showed excellent free

FIGURE 4
Biochemical markers with ±SD in both male and female animals of treatment and control group during subacute study, LFTs (A,B), RFTs (C,D)
and total lipid profile (E,F), respectively.
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radical scavenging and antioxidant activity by the DPPHmethod

(88%). The antioxidant activity of MEZ is possibly due to the

presence of diverse antioxidant phytochemicals such as

flavonoids, and phenolic compounds. The possible

phytochemicals that may be responsible for antioxidant

activity present in MEZ are methyl gallate and gingerol.

Enzymes that are involved in antioxidant activities are

upregulated by methyl gallate. Therefore, methyl gallate

protects different tissues, for example, the heart, neurons,

adipose tissue, hepatocytes, RBCs, and renal cells against the

deleterious effects of toxic compounds. Methyl gallate also

possesses anti-HIV properties as well (Ng, T. B. et al., 2018).

Gingerol has free radical scavenging activity and therefore

inhibits lipid peroxidation and acts as an antioxidant

(Masuda, Y. et al., 2004).

Due to the presence of multiple arrays of phytochemicals

in MEZ, its acute oral and subacute toxicity study was also

conducted to assess implications on various hematological,

biochemical and behavioral parameters because any variation

in body and organ weights, hematological parameters, and

biochemical markers can provide a piece of substantial

evidence for the toxicological profiling of plant extracts

(Variya et al., 2019). MEZ was subjected to toxicity testing

through oral acute toxicity and subacute toxicity in Swiss

albino mice. OECD guidelines for both studies were used.

With the assumption of the test compound is nontoxic, the

limit test was performed (Prabu et al., 2013). This means the

test compound has been evaluated at the highest dose of

2000 mg/kg which also identifies a lethal dose (Bhattacharya

et al., 2011). Outcomes revealed that no cases of mortality and

morbidity were found upon MEZ administration at

2,000 mg/kg dose which declares it nontoxic at 2,000 mg/kg.

The subacute toxicity of MEZ was assessed for 28 days at

different doses of 100, 200, and 400 mg/kg of body weight.

These variations may be induced by the test compound or its

metabolites. As the results indicated (Table 4) no noticeable

alterations in body weight or organ weights (liver, kidney,

pancreas, lungs, heart, stomach, and brain) and no lethal

effects were found throughout both the studies. No

alterations in the behavioral parameters of animals were

found (Table 8). Likewise, neither mortality nor morbidity

was seen throughout the test period which was depicted by all

animals in both studies did not show signs of weight loss.

During toxicity studies, a considerable change in the total body

weight of animal or organ weight is attributed to unfavorable

physiological (food intake, stress, and diurnal changes) or

pathological events (immunomodulation) (Dybing et al.,

2002) which show that MEZ is non-toxic. Therefore, the

MEZ is found to be safe at tested doses and the oral LD50

was considered to be greater than 2000 mg/kg in mice.

Blood dyscrasias or alterations of hematological parameters

could also indicate toxicity of the plant extracts. All the blood

corpuscles originate from uncommitted pluripotent

hematopoietic stem cells within the bone marrow. These stem

cells upon appropriate signals are converted into committed

pluripotent hematopoietic stem cells. These committed cells

then produce colony-forming units (CFUs) and individual

blood cells are formed (Broxmeyer, H. E., 1988). Regarding

hematological parameters, MEZ at 2,000 mg/kg dose elevated

the level of granulocyte count while there was a slight decrease in

platelet count. The slight increase in granular leukocytes may be

attributed to immunomodulation (Anwar, F. et al., 2021). No

considerable change was observed in the subacute study at

different doses in WBCs and RBCs. Only the platelet count

was found a bit higher at all doses than the control value in both

male and female mice. This might be attributed to the immuno-

stimulatory behavior, on bone marrow, expressed by MEZ and

different phytochemicals such as phenols and flavonoids may be

responsible for this (Onuh, S. N., 2012). All other parameters

were either normal or with slight variations but well within the

normal limits.

TABLE 7 Biochemical marker analysis after treatment of 2000 mg/kg
and control group during acute toxicity study.

Biochemical marker Unit 2000 mg/kg Control

ALT U/L 28.9 ± 2.15 14 ± 1.43

AST U/L 100.5 ± 3.62 74 ± 2.7

ALP U/L 119.5 ± 10.57 145 ± 6.69

Uric Acid mg/dL 12.43 ± 0.19 8.13 ± 0.08

Urea mg/dL 1.6 ± 0.36 7.7 ± 0.22

Creatinine mg/dL 0.82 ± 0.05 0.46 ± 0.1

Protein g/dL 15.4 ± 0.38 13.13 ± 0.20

Bilirubin mg/dL 1.91 ± 0.22 2.24 ± 0.15

Cholesterol mg/dL 44.73 ± 4.68 48.23 ± 3.42

Triglycerides mg/dL 37.92 ± 1.73 35.36 ± 1.56

HDL mg/dL 27.32 ± 3.72 30.22 ± 2.58

LDL mg/dL 12.34 ± 0.78 15.94 ± 0.64

TABLE 8 Effect of test doses of MEZ on clinical signs of behavioral and
physical parameters in the acute oral toxicity study.

Clinical parameter Control 2,000 mg/kg

Itching - -

Eye discharge - -

Nasal discharge - +

Skin lesion - -

Respiratory distress - -

Abnormal movement - -

Urination Normal Normal

Food intake Normal Normal

Water Intake Normal Normal

No clinical sign (-), mild clinical sign present (+), Moderate to Severe sign present (++).

Frontiers in Pharmacology frontiersin.org12

Rehman et al. 10.3389/fphar.2022.1007310

153

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1007310


Assessment of liver and kidney functions is considered vital

for the toxicity profiling of plant extracts. Therefore, liver

function tests (LFTs) and renal function tests (RFTs) may

greatly indicate the signs of toxicity induced by plant

extracts. The liver is majorly connected with the metabolism

while the kidneys are related to the excretion of elimination of

drug substances. Findings of acute toxicity studies revealed the

elevation in ALT and AST levels at the dose of 2,000 mg/kg with

the decline in ALP level. An increase in ALT level indicates

hypertrophy, as it is the sole sensitive biomarker for liver

functioning while a high AST level is associated with hepatic

damage at the cellular level and ALP, symbolizes biliary

function (Ozer et al., 2008; Anwar et al., 2021a). Histologic

evaluation of liver tissue showed mild ballooning of cytoplasm

and mild fatty tissue deposition which correlates to an increase

in AST level. The study did not report any unusual change in

RFT except a slight increase in uric acid which may be due to

interference with uric acid metabolism or decreased urate

excretion (Asiwe, J. N., 2022). Histologic evaluation showed

normal morphological features of the kidney which excludes

any kidney damage. The lipid profile was measured by

cholesterol, triglyceride, HDL, and LDL levels. No

considerable variation was observed on the lipid profile of

MEZ over treated mice with a meager elevation on

triglycerides only which shows good tolerability of MEZ over

a wide range of doses and depicts its safety. Safety profile of

MEZ is well enough to create any harm at the cellular or

molecular level. Thus the MEZ emerged safe to be used in

the medicinal field for its pharmacological activities.

5 Conclusion

Conclusively the hematological, and biochemical markers,

histological study, and other physical observations confirm the

safety and tolerability of MEZ with minor and insignificant

alterations in a few parameters. A mild increase in uric acid

shows interference with uric acid metabolism or excretion.

Histologic evaluation liver showed slight oxidative stress on

liver tissue which was confirmed by an increased level of AST

inmice treated at doses of 2,000 mg/kg in the acute toxicity study.

The LD50 of MEZ is greater than 2,000 mg/kg. MEZ is safe at

tested doses and can be explored for any future pharmacological

evaluation in the mice model. Yan et al., 2020.

FIGURE 5
H & E stained histopathological analysis of selected organs. Acute oral toxicity study (A) and subacute toxicity study (B).
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Background and Objective: Indirect hepatotoxicity is a new type of drug-

induced hepatotoxicity in which the character of a drug that may induce its

occurrence and the underlying mechanism remains elusive. Previously, we

proved that Triptolide (TP) induced indirect hepatotoxicity upon LPS stimulation

resulting from the deficiency of cytoprotective protein of hepatocyte. However,

whether immune cells participated in TP-induced indirect hepatotoxicity and

the way immune cells change the liver hypersensitivity to LPS still need to be

deeply investigated. In this study, we tried to explore whether and how

macrophages are involved in TP-induced indirect hepatotoxicity.

Method: Firstly, TP (500 μg/kg) and LPS (0.1 mg/kg) were administrated into

female C57BL/6 mice as previously reported. Serum biochemical indicators,

morphological changes, hepatic macrophage markers, as well as macrophage

M1/M2 markers were detected. Secondly, macrophage scavenger clodronate

liposomes were injected to prove whether macrophages participated in TP-

induced indirect hepatotoxicity. Also, the ability of macrophages to secrete

inflammatory factors and macrophage phagocytosis were detected. Lastly,

reverse docking was used to find the target of TP on macrophage and the

possible target was verified in vivo and in RAW264.7 cells.

Results: TP pretreatment increased the liver hypersensitization to LPS

accompanied by the recruitment of macrophages to the liver and promoted

the transformation of macrophages to M1 type. Depletion of hepatic

macrophages almost completely alleviated the liver injury induced by TP/

LPS. TP pretreatment increased the secretion of pro-inflammatory factors

and weakened the phagocytic function of macrophages upon LPS exposure.

Reverse docking results revealed that MerTK might be the real target of TP.

Conclusion: TP disrupts inflammatory cytokines profile and phagocytic

function of hepatic macrophages, resulting in the production of massive

inflammatory factors and the accumulation of endotoxin in the liver,
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ultimately leading to the indirect hepatotoxicity of TP. MerTK might be the

target of TP on the macrophage, while the binding of TP to MerTK should be

investigated in vivo and in vitro.

KEYWORDS

Triptolide, LPS, MERTK, hepatic macrophage, hypersensitization

Introduction

Typically, drug-induced liver injury was classified into

direct or idiosyncratic. Direct hepatotoxicity is caused by the

intrinsic toxicity of the agents (Acetaminophen, Aspirin, and

Chemotherapy agents) (Chen et al., 2019). The agents

(Amoxicillin–clavulanate, Isoniazid, Polygonum

multiflorum) that may cause idiosyncratic hepatotoxicity

usually have low cytotoxicity to liver cells, and the

occurrence of idiosyncratic hepatotoxicity results from

patients themselves, such as HLA mutation (Hoofnagle and

Bjornsson, 2019). Recently, a new type of drug-induced liver

injury, indirect hepatotoxicity, was proposed (Hoofnagle and

Bjornsson, 2019). In contrast to direct and idiosyncratic

hepatotoxicity, indirect hepatotoxicity was caused by the

action of agents on the liver or immune system and is

tightly related to the pharmacological effects of the agents.

Indirect toxicity is gradually recognized by researchers while

its mechanisms have not been elucidated.

Triptolide (TP), the main compound derived from the

traditional Chinese medicine Tripterygium wilfordii Hook F.,

possesses strong bioactivities for the treatment of tumor and

autoimmune diseases, especially rheumatoid arthritis, systemic

lupus erythematosus, and nephrotic syndrome (Li et al., 2014).

As the major active and toxic compound of Tripterygium

wilfordii multiglycoside in clinical practice, most of the

published research articles focused on the direct

hepatotoxicity induced by the high dose of TP (Wang et al.,

2014; Hasnat et al., 2019a; Yuan et al., 2019a; Hasnat et al.,

2019b). Previously, we proposed a new perspective of TP-

associated hepatotoxicity, liver hypersensitization upon

Lipopolysaccharide (LPS) treatment (Yuan et al., 2019b).

Additionally, we proved that TP pretreatment increased the

sensitivity of hepatocytes to TNF-α stimulation, which was

mainly released by macrophages upon LPS treatment. A

mechanistic study uncovered that the inhibition of c-FLIP

(cellular FLICE-like inhibitory protein) by TP resulted in

hepatocytes’ hypersensitization upon TNF-α stimulation

(Yuan et al., 2020). These results implied the crosstalk

between immune cells, especially macrophages which are the

main source of TNF-α, and hepatocytes in TP/LPS-induced liver

injury. Thus, identification of the functional changes in immune

cells and exploring the key mechanisms will be of great

significance to elucidate the pathogenesis of TP-induced

indirect hepatotoxicity.

LPS, a component of the outer cell wall of gram-negative

bacteria, is the ligand of TLR4 on the surface of macrophages.

The binding of LPS on TLR4 activates TRIF andMyd88 pathway,

ultimately leading to the production of pro-inflammatory factors,

such as IL-1, IL-6, TNF-α, IL-8, and others (Skirecki and

Cavaillon, 2019). Liver macrophages, which function as

scavenging bacteria and microbial products along with

initiating or suppressing the immune response, can be

classified into two populations and play different roles in liver

immune homeostasis (Krenkel and Tacke, 2017). CD11b+

macrophages derived from infiltrating monocytes of blood

functioned as the production of massive inflammatory factors.

While liver-resident macrophages expressed low CD11blow (also

known as Kupffer cells), maintaining homeostasis of the liver via

phagocytosis, cleaning of cellular debris, regulation of cholesterol

homeostasis, and mediation of anti-microbial defense (Ju and

Tacke, 2016; Wen et al., 2021). Macrophage malfunction has

been proved to participate in NAFLD, liver fibrosis,

hepatocellular carcinoma, and acetaminophen-induced acute

hepatotoxicity. Also, modulation of macrophage polarization/

reprogramming, inhibition of Kupffer cell activation, and

dampening of monocyte recruitment serve as the principal

patterns for treating macrophage-related liver disease (Tacke,

2017; van der Heide et al., 2019). Targeting macrophage ASK1

(ASK1 inhibitor Selonsertib), CCR5 (CCR5 antagonist

Maraviroc), CCR2 (CCR2/5 due-inhibitor Cenicriviroc), and

CSF1 (CSF1R antibody and inhibitor) have been proved to

have a good therapeutic effect on acute liver failure. NASH,

liver fibrosis, HIV, and liver cancer (Marra and Tacke, 2014;

Stutchfield et al., 2015; Lefebvre et al., 2016; Tacke, 2017; Challa

et al., 2019). Recently, a new macrophage efferocytosis receptor

c-mer tyrosine kinase (MerTK) was proposed to be an ideal target

for liver disease treatment. The activation of TLR receptors could

initial the activation of TRAF3 and TRAF6, which in turn

activate NF-κB and IRF3, leading to the production of

inflammatory factors and type I interferons. Also, interferon

signaling further stimulates the production of interferon via

STAT1 and upregulates the TAM receptors (Tyro3/Axl/

MerTK) (O’Neill, 2007). It has been proved that macrophage

MerTK activated HSCs and induced liver fibrosis via ERK-

TGFβ1 pathway (Cai et al., 2020). Macrophage MerTK also

relieved liver inflammation in acute liver failure (Cai et al.,

2016; Cai et al., 2018). Additionally, MerTK inhibitor

augmented the anti-PD-1 therapy in cancer cells (Holtzhausen

et al., 2019; Kasikara et al., 2019). Mechanistic studies revealed
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that the bio-activities of MerTK depended on its effect on the

secretion of inflammatory factors and phagocytic functions of

macrophages (Rothlin et al., 2007; Graham et al., 2014; Vago

et al., 2021).

Considering the crucial role of TNF-α in TP-induced indirect
hepatotoxicity and inflammatory secretions by hepatic

macrophages, we proposed that the function of hepatic

macrophages might be disrupted by TP, leading to the

massive production of TNF-α and abnormal accumulation of

LPS in the liver. The abundant TNF-α coordination along with

the deficiency of the pro-survival signal induced by TP as

reported in our previous research led to liver injury

accompanied by hepatocyte apoptosis and necrosis (Yuan

et al., 2020). In this study, the abundance of hepatic

macrophages, phagocytosis, and inflammatory secretions by

hepatic macrophages were detected to testify the functional

changes in macrophages after TP/LPS treatment. Moreover,

the clodronate liposomes were injected to deplete hepatic

macrophages and to prove whether hepatic macrophages

participated in TP-induced indirect hepatotoxicity.

Additionally, reverse docking was used to predict the possible

target of TP in macrophages and MerTK expression was verified

in vivo and in vitro.

Materials and methods

Material

TP (CAS number 38748-32-2, purity >98%) was

purchased from MedChemExpress (Shanghai, China). LPS

(L2755) was purchased from Sigma-Aldrich (St. Louis, MO,

United States). Trizol reagent used for RNA isolation, Reverse

Transcription Kit used for reverse transcription of RNA to

cDNA, and SYBR Green Master Mix used for qPCR, were

obtained from Vazyme Biotech Co., Ltd. (Nanjing, Jiangsu,

China). Mouse recombinant Growth arrest-specific protein 6

(GAS6, 8310-GS) was purchased from R&D Systems, Inc.

(Minneapolis, MN, United States).

Primary antibodies against p-MerTK (ab14921) and cleaved

caspase-3 (9661) were purchased from Abcam (Cambridge,

United Kingdom) and Cell Signaling Technology (Boston,

MA, United States) respectively. Antibodies against GAPDH

(10494-1-AP), Myeloperoxidase (MPO, 22225-1-AP), CD11b

(21851-1-AP), and F4/80 (28463-1-AP) were purchased from

Proteintech (Chicago, IL, United States). HRP Conjugated

AffiniPure Goat Anti-rabbit (BA1054) and HRP Conjugated

AffiniPure Goat Anti-mouse antibodies were purchased from

Boster Biological Technology Co.Ltd. (Wuhan, Hubei, China).

ELISA kits of IL-1β (KE10003), TNF-α (KE10002), and IL-6

(KE10007) were purchased from Proteintech. The endotoxin

detection kit (EC80545S) was purchased from Bioendo

Technology Co., Ltd. (Xiamen, Fujian, China). Clodronate

liposomes and its negative control were purchased from

Yeasen Biotechnology Co., Ltd. (Shanghai, China).

Animal and pharmacological treatments

Animal treatment was described in our previous research

(Yuan et al., 2019b; Yuan et al., 2020; Zhang et al., 2022). C57BL/

6 mice used in this experiment were purchased from SPF

(Beijing) Biotechnology Co., Ltd. Briefly, TP (500 μg/kg, i.g.)

was administered daily through gavage for 7 days followed by a

single dose of LPS (0.1 mg/kg, i.p.) 2 h after the last dose of TP

into female C56BL/6 mice (6–8 weeks old). The phagocytic

function and level of hepatic macrophages were determined

6 h after LPS injection. Serum inflammatory factors were

detected 1 h, 3 h, and 6 h after LPS injection, respectively.

To prove the involvement of hepatic macrophages in TP/LPS

induced hepatotoxicity, Clodronate liposomes (200 μL/mouse,

i.p.) and its negative control were injected 48 h before LPS

administration to deplete macrophages (Zeng et al., 2020).

Mice were sacrificed 6 h after LPS treatment and blood, as

well as liver samples, were collected for further examination.

All experimental procedures involving mice were complied with

the ARRIVE guidelines and were permitted by the Animal Ethics

Committee, Zhengzhou University.

Blood biochemistry analysis

After collection, blood samples were stored at room

temperature for 1 h and then centrifuge for 10 min at

3500 rpm/min. Serum was collected for blood biochemistry

analysis. Serum alanine aminotransferase (ALT), aspartate

aminotransferase (AST), albumin (ALB), alkaline phosphatase

(ALP), and total protein were detected using kits fromWeiteman

Biotech (Nanjing, Jiangsu, China). Serum total bile acid (TBA)

was determined using the kit from Jiancheng Bioengineering

Institute (Nanjing, Jiangsu, China). All kits were used according

to the manufacturer’s instructions.

Histopathological examination

Liver sections were collected and fixed with 10%

formaldehyde for 24 h. After embedding in paraffin and

slicing with a tissue sectioner, liver sections were used for

hematoxylin and eosin (H&E) staining to examine the

morphology. Additionally, immunohistochemistry (IHC)

staining of MPO, F4/80, CD11b, and cleaved caspase-3 were

used to determine inflammatory infiltration, macrophage

number, and apoptosis rate of hepatocytes respectively. All the

slices were observed with ANNORAMIC MIDI II (3DHISTECH

Ltd., Budapest, Hungary).
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Cell culture

The mouse monocyte/macrophage cell line RAW264.7 was

purchased from China Cell Culture Center (Shanghai, China).

The cell was cultured in DMEM with 10% FBS at 37°C in a

humidified 5% CO2 atmosphere. Cells were seeded into the 6-

well plate to determine the effect of TP (20 nmol/L) and LPS

(50 ng/ml) on p-MerTK expression. When the cells reached

40%–50% confluence, TP was added to the medium. Twenty-

4 hours after TP treatment, the cell pellet was collected for further

detection. To investigate the effect of TP on SOCS1 (Suppressor

Of Cytokine Signaling 1) and SOCS3 (Suppressor Of Cytokine

Signaling 3) expression after Gas6, cells were seeded into the 6-

well plate. When the cells reached 80%–90% confluence, TP

(20 nmol/L) was added 1 h before Gas6 (50 nmol/L). 30 min,

60 min, 90 min, and 120 min after Gas6 exposure, cells were

collected for further detection.

RNA extraction and qPCR

A total of 50 mg liver tissue was separated from liver samples

stored at −80°C and RNA was extracted with TRIzol reagent.

After the quantification with Nanodrop 3000 (Thermo Fisher

Scientific, Waltham, MA, United States), 1 μg of total RNA of

each sample was reverse transcribed to cDNA with Reverse

Transcription Kit. The relative mRNA expression of

macrophage markers and inflammatory factors were

determined by QuantStudio six Flex (Thermo Fisher

Scientific) with SYBR Green Master Mix and normalized with

Gapdh. The primers used in this paper were listed in Table 1.

Western blot analysis

A total of 100 mg liver protein was used for the protein

extraction with RIPA Lysis Buffer (Solarbio Science &

Technology Co., Ltd., Beijing, China). After quantification

with BCA kit (Solarbio Science & Technology Co.,Ltd.), the

protein was mixed with a 4×loading buffer containing

protease and phosphatase inhibitor cocktail (P1049,

Beyotime Biotechnology, Shanghai China). The same

amount of protein was added to each well for SDS-PAGE

with gels ranging from 10% to 12%. The protein was then

transferred onto nitrocellulose filter membrane (Pall

Corporation, NY, United States). The membranes were

then incubated with secondary antibodies for 1 h and

visualized at Tanon-5200 Chemiluminescent Imaging

System (Tanno, Shanghai, China) using an ECL detection

kit (Millipore, Danvers, MA, United States). The relative

protein expression was normalized with GAPDH and

analyzed with ImageJ 1.52a (Bethesda, MD, United States).

Molecular docking

Autodock Vina 1.1.2 (The Scripps Research Institute, La

Jolla, CA United States) was used to analyze the binding of

TP to MerTK. Briefly, TP was docked into the crystal structure of

human TAK1 ligand-binding domains (RCSB code: 7VAX)

under default parameters. TP-MerTK interaction was

calculated with Autodock Tools 1.5.6 and visualized with

PyMOL 2.5.0. The details of our steps are present in the

previous research (Zhao et al., 2019).

TABLE 1 The primer sequences used for qPCR assay in mice.

Gene Forward primer (59-39) Reverse primer (59-39)

Gapdh CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

Adgre1 CGTGTTGTTGGTGGCACTGTGA CCACATCAGTGTTCCAGGAGAC

Itgam TACTTCGGGCAGTCTCTGAGTG ATGGTTGCCTCCAGTCTCAGCA

Cd68 GGCGGTGGAATACAATGTGTCC AGCAGGTCAAGGTGAACAGCTG

Il12b TTGAACTGGCGTTGGAAGCACG CCACCTGTGAGTTCTTCAAAGGC

Nox2 GAGACAGGGAAGTCTGAAGCAC CCAGCAGTAGTTGCTCCTCTTC

Il1b TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG

Mrc1 GTTCACCTGGAGTGATGGTTCTC AGGACATGCCAGGGTCACCTTT

Arginase1 CATTGGCTTGCGAGACGTAGAC GCTGAAGGTCTCTTCCATCACC

Retnla CAAGGAACTTCTTGCCAATCCAG CCAAGATCCACAGGCAAAGCCA

SOCS1 AGTCGCCAACGGAACTGCTTCT GTAGTGCTCCAGCAGCTCGAAA

SOCS3 GGACCAAGAACCTACGCATCCA CACCAGCTTGAGTACACAGTCG
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Statistical analysis

Data of this research were analyzed by GraphPad Prism 8.0.1.

(GraphPad Software, San Diego, CA, United States). All the data

are presented in Mean ± SEM. One-way ANOVA followed by

Tukey’s Multiple Comparison Test was performed to analyze the

differences between groups. p-values < 0.05 were considered to be

statistically significant.

Result

TP-treatment increased the sensitivity of
the liver to LPS administration

Although TP, as well as Tripterygium wilfordii

multiglycoside, the fat-soluble mixture refined from

Tripterygium wilfordii Hook F. commonly used for the

treatment of rheumatoid arthritis (RA) and immune diseases

in clinical practice, might induce severe liver injury as observed

in clinical report, our previous research proved that the direct

hepatotoxicity of TP might not be the main reason for TP-

induced hepatotoxicity (Li et al., 2014). Additionally, we

proposed that the indirect toxicity of TP might be the main

reason for TP-induced hepatotoxicity. In this study, TP

(500 μg/kg) was administrated continuously for 7 days

followed by a single dose of LPS (0.1 mg/kg) (Figure 1A). Six

hours after LPS stimulation, serum and liver samples were

collected for further detection. We found that TP and LPS

co-treatment significantly increased serum ALT and AST, the

two transaminases reflecting the degree of the liver damage,

while TP and LPS alone had little effect on ALT and AST

(Figures 1B,C). Moreover, TP/LPS co-treatment increased the

serum TBA levels while did not affect serum ALP, reflecting

that TP/LPS co-treatment might not attract bile duct cells

(Figures 1D,E). Serum ALB and Total protein were also

decreased by TP/LPS co-treatment, implying TP/LPS might

disrupt liver protein synthesis (Figures 1F,G). Liver H&E

staining revealed that TP/LPS co-treatment promoted

hepatic cell apoptosis and necrosis, which was further

proved by IHC staining and western blot of cleaved caspase-

3 (Figures 1H,I). Moreover, TP/LPS co-treatment promoted the

recruitment of inflammatory cells, as reflected by the IHC

staining of MPO (Figure 1H). Overall, our results proved

that TP pretreatment increased the sensitivity of the liver to

LPS, accompanied by inflammatory cell infiltration. However,

the actual role of immune cells in TP/LPS-induced indirect

hepatotoxicity still needs to be investigated.

FIGURE 1
TP treatment increased the sensitivity of the liver to LPS
administration. (A) Schematic presentation of the experimental
procedure to prove the hypersensitivity of TP (500 μg/kg) in
pretreated mice to LPS (0.1 mg/kg). (B–G) Levels of serum
ALT, AST, ALP, TBA, ALB, and total protein in mice treated with TP
and LPS (n = 8). (H) Pictures of liver tissue sections stained by H&E
(top panels), analyzed by IHC for MPO (middle panels), or analyzed
by cleaved caspase-3 (bottom panels) (×200). (I) Representative
protein bands of cleaved caspase-3 after TP/LPS treatment, with
GAPDH as the loading control. Results were expressed as means ±
SEM. Statistical analysis was performed using One-way ANOVA
followed by Tukey’s Multiple Comparison Test. p < 0.05 was
considered to be statistically different.
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FIGURE 2
TP-induced indirect hepatotoxicity accompanied by macrophage recruitment and fostered the polarization of macrophages to M1 type. (A–C)
The relativemRNA levels of hepaticmacrophagemarkers Adgre1, Itgam, andCd68were detected by qPCRwithGapdh as the internal control (n= 8).
(D) Pictures of liver tissue sections analyzed by IHC for CD11b (top panels) and F4/80 (bottom panels) (×200). (E–J) The relative mRNA levels of
M1 macrophage markers (IL12b, Nos2, and Il1b) and M2macrophage markers (Mrc1, Arginase1, and Retnla) after TP/LPS treatment, with Gapdh
as the internal control (n=8). Results were expressed asmeans ± SEM. Statistical analysis was performed usingOne-way ANOVA followed by Tukey’s
Multiple Comparison Test. p < 0.05 was considered to be statistically different.
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TP-induced indirect hepatotoxicity
accompanied by macrophage recruitment
and fostered the polarization of
macrophages to M1 type

Liver macrophages, the key cellular component of liver non-

parenchymal cells, are essential to maintain liver homeostasis

and promote or regress liver injury (Krenkel and Tacke, 2017).

We speculated that liver macrophages might promote liver injury

after TP/LPS co-treatment. To prove this, we detected the

number of macrophages with IHC staining and qPCR. The

results of qPCR revealed that macrophage markers Adgre1

(encoding F4/80), Itgam (encoding CD11b), and Cd68 were

substantially increased in TP/LPS co-treatment group

(especially Itgam), while TP and LPS alone had little effect on

the expressions of Adgre1 and Cd68. Additionally, LPS slightly

increased the expression of Itgam (Figure 2A–C). The IHC

staining of F4/80 and CD11b also firmly confirmed the qPCR

results (Figure 2D). Hepatic macrophages can be divided into

two parts, liver resident macrophages (also known as Kupffer

cells) originating from erythromyeloid progenitors of the yolk sac

expressing CD68 and blood-derived originating from

hematopoietic stem macrophages expressing CD11b. The

dramatic increase in CD11b implied that TP/LPS co-treatment

mainly recruited blood-derived monocytes to the liver and

significantly increased hepatic macrophages. Additionally,

macrophages can also be divided into two different and

opposing functional phenotypes, traditionally named M1-type

(pro-inflammatory type) and M2-type (anti-inflammatory type).

The alteration in macrophage polarization determines the

outcome of several liver diseases (Kazankov et al., 2019). Our

result revealed that TP alone had no obvious effect on

M1 macrophages (IL-12b, Nos2, and IL1b) as well as

M2 macrophage markers (Mrc1, Arginase1, and Retnla). LPS

treatment partly increased the M1 macrophage markers while

having little effect on M2 macrophage markers, which was

consistent with the published results (Wang et al., 2018).

Unexpectedly, TP/LPS co-treatment boosted the expression of

M1 macrophage markers while did not affect M2 macrophage

markers (Figures 2E–J). Overall, our result implied that TP/LPS

co-treatment increased hepatic macrophage numbers mainly

from blood-derived monocytes. Moreover, macrophages might

aggravate the liver injury via skewing macrophages to M1 pro-

inflammatory type.

Depletion of macrophages alleviated TP-
induced indirect hepatotoxicity

To investigate the effect of hepatic macrophages in TP-

induced indirect hepatotoxicity, we depleted macrophages via

clodronate liposomes, which can be phagocytized by

macrophages and ultimately result in macrophage death. We

injected the clodronate liposomes and its negative control

(200 μl/mouse) on day 5 after TP administration, finding that

depletion of macrophages apparently tempered the liver injury

induced by TP/LPS co-treatment, as reflected by decreasing

serum ALT, AST, and TBA levels (Figure 3B–C).

Furthermore, H&E staining revealed that clodronate

liposomes pretreatment alleviated the morphological changes

after TP/LPS administration. Western blot and IHC staining

of cleaved caspase-3 andMPO implied that clodronate liposomes

weakened the apoptosis rate and the recruitment of

inflammatory cells (Figures 3E,F). We additionally confirmed

that clodronate liposomes pretreatment reduced the recruitment

of macrophages to the liver, reflected by the decrease in CD11b

and F4/80 positive cells (Figure 4). Thus, depletion of hepatic

macrophages observably diminished the hepatotoxicity of TP/

LPS accompanied by relieving hepatic apoptosis, necrosis, and

inflammatory reactions.

Malfunctioning of macrophages in TP-
induced indirect hepatotoxicity

Although hepatic macrophages had been proved to involve in

TP/LPS-induced hepatotoxicity, the way through which

macrophages participated in the indirect hepatotoxicity of TP

remained unclear. Hepatic macrophages functioned for

phagocytosis, recognition of danger signals, the release of

inflammatory factors, antigen presentation, and orchestrating

immune response (Guillot and Tacke, 2019). Among them,

phagocytosis and inflammatory reactions are two main

functions of hepatic macrophages. When hepatocytes are

undergoing necrosis, they may release death-associated

molecular-pattern molecules, such as IL-1α, HMGB1, mtDNA,

and HSPs, which further recruit neutrophils, dendritic cells, NK

cells, and others for promoting inflammatory reactions (Gong

et al., 2020). Thus, it is irrational to detect the effect of TP on the

inflammatory function of macrophages 6 h after LPS

administration. In our previous experiment, we found that

TP/LPS co-treatment could not induce liver damage 1 h and

3 h after LPS treatment. Additionally, LPS promoted the

releasing of inflammation factors in a time-dependent manner

in previous reports (Shaw et al., 2007; Lu et al., 2012; Filliol et al.,

2017). Thus, we detected IL-1β, IL-6, and TNF-α 1 h, 3 h, and 6 h
after LPS application (Figure 5A). Our results proved that LPS

increased serum IL-1β, TNF-α, and IL-6, 1 h after LPS

application while these pro-inflammatory factors returned to

normal subsequently. To our surprise, TP pretreatment increased

the production of pro-inflammatory factors upon LPS exposure,

compared with the LPS treated group (Figures 5C–E). These

results proved that TP pretreatment changed the ability of

macrophages to secrete inflammatory factors. Moreover, we

detected the serum endotoxin levels, discovering that serum

endotoxin content was higher in TP/LPS co-treatment group
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FIGURE 3
Depletion of macrophages alleviated TP-induced indirect hepatotoxicity, accompanied by relieving inflammatory reaction and hepatocyte
apoptosis. (A) Schematic presentation of the experimental procedure to investigate the effect of depletion of macrophages in TP/LPS-induced
hepatotoxicity. (B–D) Levels of serum ALT, AST, and TBA inmice having liver macrophages and then treatment with TP and LPS (n = 8). (E) Pictures of
liver tissue sections stained by H&E (top panels), analyzed by IHC for apoptosis marker cleaved caspase-3 (middle panels) or analyzed by
inflammatory marker MPO (bottom panels) (×200). (F) Representative protein bands of cleaved caspase-3 after the depletion of macrophages, with
GAPDH as the loading control. Results were expressed as means ± SEM. Statistical analysis was performed using One-way ANOVA followed by
Tukey’s Multiple Comparison Test. p < 0.05 was considered to be statistically different.
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compared with LPS treated alone, whichmight also be one reason

for the boost increase in pro-inflammatory factors (Figure 5B).

Physiologically, endotoxin can be phagocytized in macrophages.

The accumulation of endotoxin in serum in the TP/LPS co-

treatment group implied TP pretreatment weakened the

phagocytic capacity of hepatic macrophages. Overall, the

results in this part proved that TP pretreatment affected the

inflammatory secretion and phagocytic capacity of hepatic

macrophages, which might be the main reason for TP/LPS-

induced hepatotoxicity.

Macrophage MerTK might severed as the
new target for TP-induced indirect
hepatotoxicity

To further investigate the target of TP on the macrophage, we

used reversed docking technology. TP was used as the ligand to

bind to the protein structure in RCSB Protein Data Bank (https://

www.pdbus.org/). We selected the top 100 proteins and tried to

illustrate their bioactivity with macrophages. Among them, we

found MerTK, a receptor tyrosine kinase that could regulate

macrophage inflammatory secretion, phagocytosis, and

polarization. MerTK restricted inflammatory secretion,

promoted macrophage phagocytosis, and also skewed

macrophages polarization to M2 type (Cai et al., 2016;

Grabiec et al., 2018; Triantafyllou et al., 2018; Zhou et al.,

2020; Vago et al., 2021; Wu et al., 2021). The binding of LPS

to TLR4 led to the production of inflammatory factors, which in

turn up-regulated MerTK. MerTK upregulation could selectively

induce the production of SOCS1 and SOCS3, ultimately blocking

the inflammatory response (O’Neill, 2007; Rothlin et al., 2007).

The molecule docking results implied that TP might bind to

MerTK (Asp741), which is the key amino acid residue for MerTK

activation (Figure 6A). In vivo and in vitro western blot analysis

proved that LPS evaluated the expression of p-MerTK, while TP

inhibited MerTK phosphorylation, suggesting that TP could

inhibit the bioactivity of MerTK (Figure 6B). Moreover, we

selected the widely accepted MerTK ligand, Growth arrest-

specific gene 6 (Gas6), to investigate the effect of TP on Gas6-

induced MerTK activation according to the published research.

We found that Gas6 time-dependent increase in SOCS1 and

SOCS3 transcription happened within 120 min, while TP

pretreatment restrained this process (Figures 6C,D). Thus, we

proved that TP inhibited the activation of MerTK upon LPS and

Gas6 stimulation, the binding of TP to MerTK (Asp741) might

be responsible for these processes.

Discussion

Indirect hepatotoxicity, mainly generated from the use of

drugs clinically, is a type of toxicity secondary to the

pharmacological effects of drugs, providing a new direction

FIGURE 4
Clodronate liposomes administration constrained the recruitment ofmacrophages to the liver. Pictures of liver tissue sectionswere analyzed by
IHC for macrophage markers CD11b (top panels) and F4/80 (bottom panels) (×200).
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for rational interpretation of clinically relevant drug-induced

liver injury. For example, Risperidone and Haloperidol may

increase body weight and the incidence of fatty liver disease

(Kumra et al., 1997). The application of anticancer

chemotherapeutic agents may reactivate hepatitis B (Di

Bisceglie et al., 2015). Moreover, antineoplastic checkpoint

inhibitors and TNF-α antagonists may induce immune-

mediated liver injury due to their immune regulatory effects.

Although indirect hepatotoxicity is gradually accepted by

researchers, the underlying mechanisms and the animal

models to investigate drug-induced indirect liver injury are

still elusive. Previously, we proposed that the inhibition of

c-FLIP by TP is responsible for TP-induced indirect

hepatotoxicity. Additionally, the deficiency of c-FLIP increased

the hepatocyte hypersensitivity to TNF-α. Thus, it is rational to
explore the interaction between TNF-α secreting immune cells

and hepatocytes.

We speculated that hepatic macrophages, which are the main

source of TNF-α in LPS stimulation, might participate in TP-

induced indirect liver injury. To prove our hypothesis, we

detected the F4/80, the marker of macrophages, finding that

TP/LPS co-treatment increased the number of macrophages in

the liver. Additionally, CD11b, the marker of monocyte-derived

macrophages also dramatically increased, revealing that TP/LPS

co-treatment recruited blood-derived monocytes to the liver to

participate in inflammatory responses. Macrophage polarization

has been proved to hold a central position in a variety of liver

diseases, including acetaminophen-induced liver injury, liver

fibrosis, as well as non-alcoholic fatty liver disease (Luo et al.,

2017; Zhang et al., 2019; Li et al., 2020; Shu et al., 2021). The

ambivalent function of macrophages in different models of liver

diseases reflects that there exist different subsets of macrophages

that show opposing bio-activities. Generally, macrophages can be

divided into proinflammatory M1 and immunoregulatory

M2 subtypes. M1 macrophages function to release the pro-

inflammatory factors, and clearance of bacteria, and viruses.

In contrast, M2 macrophages could accelerate wound healing

and exert anti-inflammatory activity. In this study, we found that

LPS alone promoted macrophage polarization towards M1.

However, TP/LPS significantly increased M1 macrophage

markers, suggesting that M1 macrophages might recruit

massive immune cells which were responsible for liver injury

FIGURE 5
Malfunctioning ofmacrophages in TP-induced indirect hepatotoxicity. (A) Schematic presentation of the experimental procedure to investigate
the time-dependent release of inflammatory factors in mice treated with TP (500 μg/kg) and LPS (0.1 mg/kg). (B) Serum endotoxin content in mice
treatedwith TP and LPS (n=8) 6 h after LPS injection. (C–E)Changes in serumTNF-α, IL-6, and IL-1β inmice after the treatment of TP and LPS (n= 8).
Results were expressed as means ± SEM. Statistical analysis was performed using One-way ANOVA and Two-way ANOVA followed by Tukey’s
Multiple Comparison Test. p < 0.05 was considered to be statistically different.
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induced by TP/LPS co-treatment. To prove this, we depleted liver

macrophages with clodronate liposomes. Clodronate liposomes

could be phagocytized by macrophages, ultimately promoting

macrophage death when injected in vivo. As expected, pre-

treatment with clodronate liposomes almost completely

alleviated the liver injury induced by TP/LPS. We supposed

that cutting off the production of TNF-α was the main reason

for this phenomenon (Yuan et al., 2020).

Next, we tried to investigate whether TP-treatment could

disrupt the normal function of hepatic macrophages.

Macrophage phagocytosis has been recognized as an

important function in relieving inflammatory reactions

(Underhill and Goodridge, 2012; Kourtzelis et al., 2020).

Moreover, liver macrophages recognize liver injury and

subsequently trigger their activation, ultimately promoting the

release of inflammatory chemokines and cytokines, and also the

recruitment of inflammatory cells. In this study, we detected

inflammatory cytokine secretion and phagocytosis of LPS by

macrophages (Figures 5B–E). To our surprise, a time-dependent

in vivo experiment found that TP/LPS significantly promoted the

release of IL-1β, IL-6, and TNF-α at the early time treatments

after LPS exposure, in comparison with LPS treatment alone.

Under physiological conditions, a low dose of LPS was taken by

hepatic macrophages. The structure of lipid A in LPS was

hydrolyzed by acyloxyacyl hydrolase in the macrophages,

finally inactivating LPS (Shao et al., 2007). In our experiment,

we detected plasma endotoxin concentration and found that TP

pre-treatment repressed the degradation of LPS. These results

firmly implied the macrophage malfunction in TP-induced

indirect hepatotoxicity.

Then, we used reverse docking to find the target of TP in

macrophages. The molecular docking results proved that TP

might bind to MerTK, a newly found TAM receptor that is

responsible for the maintenance of liver immune tolerance via

inhibiting the production of inflammatory factors upon LPS

stimulation and promoting macrophage efferocytic capacity.

Existing studies proved that loss of MerTK amplified the

inflammatory response of LPS and macrophage MerTK

promoted the dissolution of inflammation in acute liver

failure (O’Neill, 2007; Cai et al., 2016; Triantafyllou et al.,

2018; Bernsmeier et al., 2015). Moreover, MerTK is the key

receptor to maintain macrophage efferocytic capacity and its

deficiency impairs the clearance of dead cells by macrophages

(Caberoy et al., 2010; Grabiec et al., 2018; Gerlach et al., 2021).

FIGURE 6
Macrophage MerTK might be the new target for TP. (A) Molecular docking of TP and MerTK (RCSB code: 7VAX) visualized with PyMOL. (B)
Representative protein bands of p-MerTK in RAW264.7 cells (top panels) and mice (bottom panels) after TP and LPS treatment, with GAPDH as the
loading control. The procedure of in vivo experiment was illustrated in Figure 1. In the in vitro experiment, TP (20 nmol/L) was preincubated 2 h
before LPS (50 ng/ml). Twenty-4 hours after LPS, cells were collected for western blot analysis. (C,D) RAW264.7 cells were preincubated with
TP (20 nmol/L) for 2 h and then stimulated with Gas6 (50 nmol/L). Cells were harvested at the indicated time points. The relative mRNA levels of
SOCS1 and SOCS3were detected by qPCRwithGapdh as the internal control (n= 4). Results were expressed asmeans ± SEM. Statistical analysis was
performed using Two-way ANOVA followed by Tukey’s Multiple Comparison Test. p < 0.05 was considered to be statistically different.
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MerTK has also been reported to increase the M1 to M2 ratio in

tumor-associated macrophages and microglial cells (Oliva et al.,

2021; Wu et al., 2021). Also, MerTK deficiency in macrophages

increases the sensitivity of the liver to LPS (Triantafyllou et al.,

2018). These researches firmly implied that MerTK might be the

true target of TP in macrophages. Our results revealed that TP

inhibited the up-regulation of p-MerTK upon LPS in vivo and

in vitro, which was in accordance with the molecular docking

results. On binding to MerTK, Gas6 has been proved to activate

the SOCS1/SOCS3 pathway. Our results also found that TP pre-

treatment hindered the activation of SOCS1/SOCS3 when treated

with Gas6, implying that TP inhibited the activation of MerTK.

However, the binding site of TP with MerTK still needs to be

proved. Also, the efferocytic capacity of MerTK relies on cGAS/

STING/TBK1/IFN-β pathway, and the inflammation regulatory

function of MerTK is dependent on the STAT1/SOCS1/

SOCS3 pathway (O’Neill, 2007). Whether the disruption of

these two pathways actually participates in TP-induced

indirect hepatotoxicity needs to be further investigated.

Additionally, whether the inhibition of MerTK increases the

risk of indirect hepatotoxicity needs more experimental results.

Conclusion

TP broke the immune tolerance state of hepatic macrophage

via binding and inactivate MerTK, which limited the uptake of

bacterial particles (including LPS) and intense the production of

pro-inflammatory factors upon LPS stimulation (Figure 7). The

malfunction of macrophages together with cytoprotective

protein c-FLIP deficiency in hepatocyte proved in our

previous research, ultimately resulting in TP-induced indirect

hepatotoxicity (Yuan et al., 2020). Targeting hepatic

macrophages might be the alternative option for the treatment

of indirect hepatotoxicity of TP.
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SUPPLEMENTARY FIGURE S1
Graph depicting percentage of liver with cleaved caspase-3 (A), MPO
(B), CD11b (C), and F4/80 (D) positive cells in mice treated with TP
(500 μg/kg), LPS (0.1 mg/kg) or both. Results were expressed as
means ± SEM. Statistical analysis was performed using One-way
ANOVA followed by Tukey’s Multiple Comparison Test. p < 0.05 was
considered to be statistically different.

SUPPLEMENTARY FIGURE S2
Graph depicting percentage of liver with cleaved caspase-3 (A), MPO (B),
CD11b (C), and F4/80 (D) positive cells in mice treated with TP (500
μg/kg), LPS (0.1 mg/kg), Clodronate liposomes (200 μL/mouse) or its
negative control. Results were expressed as means ± SEM. Statistical
analysis was performed using One-way ANOVA followed by Tukey’s
Multiple Comparison Test. p < 0.05 was considered to be statistically
different.
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Safe preclinical dose determination is predictive of human toxicity and can have

a profound impact on the overall progress of the compound in early drug

discovery process. In this respect, current study sought to investigate for the

first time the acute and subacute oral toxicity of two pharmacologically active

natural compounds i.e., withametelin and daturaolone in Sprague Dawley rats

following OECD guideline 420 and 407, respectively. As per acute toxicity

studies, withametelin and daturaolone were characterized as Globally

Harmonized System (GHS) category 4 and 5 compounds, respectively. Sub-

acute daily dose of withametelinwas 5, 2.5, and 1.25 mg/kg but, for daturaolone,

it was 10, 5, and 2.5 mg/kg. High dose (5 and 2.5 mg/kg) withametelin groups

showed dose dependent changes in the general, hematological, biochemical

and histopathological parameters in both sexes, the most prominent being

hyperthyroidism while no toxicity was observed at lower doses (1.25 and

0.75 mg/kg), No Observable Adverse Effect Level (NOAEL) being 1.25 mg/kg.

Daturaolone was comparatively safer and showed dose dependent significant

changes in hepatic enzyme (Alanine Transaminase), bilirubin, creatinine, and

glucose levels while histological changes in testes were also observed. Lower

doses (5, 2.5, and 1.25 mg/kg) of daturaolone showed no significant toxic effects

and 5 mg/kg was declared as its NOAEL. Depending upon our findings, starting

effective oral dose levels of 1.25 mg/kg/day for withametelin and 5mg/kg/day

for daturaolone are proposed for repeated dose (up to 28 days) preclinical

pharmacological evaluation models. Long term studies with more behavioral,

biochemical, histopathological and hormonal parameters are proposed to

strengthen the findings.
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1 Introduction

Natural products continue to contribute significantly to

human health and longevity. They are promising pools for

discovering high-strength structural diversity and different

bioactive scaffolds have tendency to be developed directly or

used as a starting point for optimizing new drugs (Khan et al.,

2019; Hassan et al., 2021; Majid et al., 2022). One of the main

criteria that applies to new drugs for research is to evaluate the

safe dose and potential toxicity risk before human studies are

carried out (Hassan et al., 2022; Shams ul Hassan et al., 2022). In

this regard, pre-clinical studies estimate the initial dose of any

drug candidate for advance testing (Shams ul Hassan et al., 2021).

Withametelin (Baig et al., 2020) and daturaolone (Baig et al.,

2021) were isolated in our previous studies. Withametelins is a

subclass of withanolides mainly found in Datura genus (Chen

et al., 2011; Muhammad et al., 2021). Withametelin possess

antifungal (Singh et al., 2001) cytotoxicity against lung (Rao

et al., 2016), liver, prostate and mammary cell lines (Baig et al.,

2020). Its antileukemia effects are attributed to the inhibition of

the spread of acute myeloid leukemia by targeting the signalling

pathways of oncogenic kinase, which regulate the progression

and survival of the cell cycle, thus resulting in an induction of

apoptosis (Akhtar et al., 2020). It relieves vincristine-induced

neuropathic pain by analyzing results from behavior,

biochemistry, histopathology and computational data, the

molecular mechanism being associated with the suppression

of TRPV1/TRPM8/P2Y nociception and MAPK signalling in

mice (Khan et al., 2021b). It also shows neuroprotective

properties by modulating the oxidative stress by Nrf2/Keap1/

HO-1 in the CNS and the neuroinflammatory stress by TLR4/

IκB-α/NF-κB/AP-1 in the CNS (Khan et al., 2021a). Moreover,

daturaolone is an amyrin type triterpenoid affective in fever,

muscle relaxation and gastrointestinal problems (Bawazeer et al.,

2020a). It significantly inhibits inflammation and cancer markers

(NF-κB and NO, as shown in silico and in vitro models. In

addition, powerful in vivo anti-inflammatory, anti-nociceptive

and antidepressants had also been observed (Baig et al., 2021).

Daturaolone also significantly inhibits α-glucosidase and β-
secretase and can be used as an excellent template compound

for new drugs used in diabetes and Alzheimer’s disease

(Bawazeer et al., 2020b). Both natural compounds were

proposed for their detailed mechanistic, toxicity profile, and

clinical studies. Early detection of preclinical doses that

predict human toxicity can have a significant impact on the

development of compounds.

Financial investment increases exponentially as new

chemicals move through discovery and development stages.

Modern toxicologists can significantly influence expenditure

by predicting safe doses and potential toxicological/side effects

in advance (Lai, 2020; Obireddy and Lai, 2021a). Early detection

of preclinical doses that are predictive of human toxicity can have

a profound impact on the overall progression of the compound,

its development costs, and clinical trials (Lai et al., 2021; Chen

et al., 2022). Identifying preclinical and predictable safety liability

at the beginning of the process might lead to better candidates

being designed and selected (Anjum et al., 2017). Many efforts in

toxicity research focus on the application of new technologies.

Nevertheless, when separated from traditional (in vivo)

toxicological principles, compounds cannot be developed.

National and international regulators assess toxicological data

to understand intrinsic toxicology of chemicals (Ji et al., 2020;

Obireddy and Lai, 2021b). Effects of different doses in animal

model systems is extrapolated to human exposure to understand

potential risks. The main decisive factor is the determination of

adverse reactions required to protect exposed people and the

exposure levels at which these effects occur (Parasuraman, 2011).

In line with this, our study aimed to generate information on

toxicity testing needed for the risk assessment of withametelin

and daturaolone which has been identified in a study of oral

toxicity in rodents by single dose and repeated dose for 28 days. A

systematic toxicity assessment was carried out to generate data

supporting the identification of appropriate starting doses and

possible adverse reactions.

2 Material and methods

2.1 Animals

Sprague Dawley rats of either sex were procured from

National Institute of Health (NIH). The overall wellbeing of

rats was guaranteed. In the current study, one hundred forty

two (142) rats aged seven to 8 weeks weighing in range of

~190–220 g were used. Animals were placed in their respective

aluminium cages with soft wood splinters on floor.

Surroundings were maintained with temperature 23–25°C

and air humidity of 50 ± 10% with a 12 h light/dark cycle.

The bedding was regularly replaced with new wood splinters

to avoid health risks and infections in research animals.

Animals were housed in the Primate facility of Faculty of

Biological Sciences, Quaid-i-Azam University Islamabad,

Pakistan in compliance with the National Institute of

Health, United States guidelines for the care and use of

laboratory animals. They were provided with standard

rodent food and water ad libitum. Study was conducted

after ethical approval from the Institutional Animal Ethics

Committee (letter number # BEC-FBS-QAU2019-135) and

adhered with strict cautions to diminish animal distress.

2.2 Acute oral toxicity testing

Acute toxicity tests with only observational study were

carried out for the selected doses of withametelin and

daturaolone following the Organization for Economic
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Cooperation and Development (OECD) guideline 420, fixed-

dose procedure with slight changes according to system

suitability (Liu et al., 2016; Xiao et al., 2020). Principle is to

use only moderately toxic doses and potentially fatal dose

planning should be avoided. In addition, doses known to cause

serious pain and suffering due to corrosion or serious

irritation do not need to be administered. The initial doses

chosen for observation studies were 5, 50, and 300 mg/kg.

After a week of acclimatization, the animals were randomly

divided into seven groups (3 males and three females). Group-

I (vehicle control) was administered 10% DMSO in CMC.

Group-II-IV were given different doses of withametelin while

group-V-VII were administered selected doses of daturaolone.

The rats were fasted overnight before dose and 2 h after

treatment. The test material was administered by gavage in

a single dose. The dose volume was calculated in advance

based on the last body weight recorded for each animal.

Toxicity signs such as change in body weight, ptosis,

abnormal posture, abnormal respiration, diarrhoea and

diuresis, lethargy, ataxia, abnormal gait, tremors,

convulsion, prostrate, coma, lacrimation and exopthalmus

were observed. The beginning and duration of observed

toxic symptoms were systematically recorded. After dosing,

the animal was monitored for 48 h to observe its survival and

if any signs of toxicity occured. The first group of rats had no

signs of toxicity and survived for 48 h. Therefore, rats in the

second group received higher doses and were observed as

before. The 300 mg/kg compound study took place because

the second group of animals also survived more than 48 h.

Three rats were administered with 300 mg/kg dose of

withametelin and daturaolone and the survival time and

toxic signs were observed. Animals surviving from highest

dose were observed at least once for 14-days observational

period. During this study, the body weight of the rats were

measured and recorded on day 1, 7, and 14.

2.3 Repeated dose 28-day oral toxicity
study

2.3.1 Study design
A repeat dose toxicity study was conducted in rodents for

selected doses of withametelin and daturaolone following the

OECD guideline 407, Repeated Dose 28-Day Oral Toxicity

FIGURE 1
The experimental design of 28-days in vivo toxicity evaluation performed in Sprague Dawley rats.
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procedure with slight modifications as per system suitability (Wu

et al., 2015; Yimam et al., 2018) (Figure 1). After a week of

acclimatization, rats were randomly divided into 10 groups, each

group consisted of ten rats (5 males (M) and 5 females (F)). Rats

were given oral gavage doses of withametelin (5, 2.5, 1.25,

0.75 mg/kg/day) and daturaolone (10, 5, 2.5, 1.25 mg/kg/day) at

7–8 weeks of age for at least 28 days. Doses were selected on the basis

of our acute toxicity test and previously published in vitro and in vivo

data. Negative control group was given only saline while vehicle

control group was given only 10% DMSO in CMC. The daily dose

volume was calculated in advance based on the most recent weight

of each animal. The endpoints included clinical observations, body

weight, water and feed consumption values, hematology, serum

chemistry levels, thyroid levels and histopathological findings. Study

design is as follows:

Group I: Normal control (Untreated, standard food only)

Group II: Vehicle control (10% DMSO in CMC)

Group III: Withametelin (5 mg/kg)

Group IV: Withametelin (2.5 mg/kg)

Group V: Withametelin (1.25 mg/kg)

Group VI: Withametelin (0.75 mg/kg)

Group VII: Daturaolone (10 mg/kg)

Group VIII: Daturaolone (5 mg/kg)

Group IX: Daturaolone (2.5 mg/kg)

Group X: Daturaolone (1.25 mg/kg)

2.3.2 General observations
Clinical observations were made in all animals outside the

house cage once before first administration of dose, thereafter,

once every week and before necropsy. Signs sought included

changes in skin, fur, eyes or mucous membranes, occurrence

of secretions and excretions, lacrimation, piloerection, pupil

size, respiratory pattern, changes in gait, posture, response to

handling, excessive grooming and circling or bizarre behavior

(self-mutilation, walking backwards).

2.3.3 Body weight, food and water consumption
The weight of each rat was recorded once a week and

immediately before the necropsy. Similarly, food and water

consumption was measured weekly and results were expressed

as mean ± SD.

2.3.4 Collection of blood samples and serum
separation

At the end of the experiment, rats were left without food

for 24 h, breathed with isofluorane anesthesia, and were

euthanized via cervical displacement. Blood samples were

obtained from the heart of animals by intracardiac injection.

Serum was separated from the collected blood samples by

centrifugation at 4°C (6,000 rpm) for 15 min. The serum was

stored at –20°C until biochemical testing was carried out.

2.3.5 Estimation of hematological parameters
Blood samples were collected into sterile tubes with

anticoagulant (EDTA-K2) for hematological tests.

Hematological measurements include: red blood cells (RBC),

hemoglobin (Hb), hematocrit (HCT), mean corpuscle volume

(MCV), mean corpuscle hematocrit (MCHT), erythrocyte

sedimentation rate (ESR), platelets, white blood cells (WBC),

lymphocyte, monocyte, neutrophil, eosinophil using automatic

hematology analyzer (Díez-Quijada et al., 2021).

2.3.6 Assessment of biochemical parameters
Blood samples were collected into sterile tubes without

anticoagulant for biochemical tests (serum). Alanine

transaminase (ALT), aspartate aminotransferase (AST), alkaline

phosphatase (ALP), bilirubin, creatinine, albumin, total serum

protein (protein), urea, cholesterol and triglycerides using

automatic chemistry analyzer (Roche Diagnostics, IN,

United States) (Nasir et al., 2020; Díez-Quijada et al., 2021).

2.3.7 Hormonal analysis
Triiodothyronine (T3), thyroxine (T4), and thyroid-stimulating

hormone (TSH) were measured at the end of the test period. T3 and

T4 were determined using the automatic immunoassay system

(IMX, Abbott Laboratories, Abbott Park, Ill., United States), and

TSH was measured with a microplate reader (UVmax, Molecular

Devices, Sunnyvale, Calif., United States) (Díez-Quijada et al., 2021).

2.3.8 Organ weights
The following organs were weighed at necropsy: brain,

kidney, heart, liver, lungs, spleen, testis, ovary and uterus.

2.3.9 Histological investigation (hematoxylin-
eosin staining)

The following organs were fixed in 10% neutral buffered

formalin and examined: heart, liver, kidney, testes and intestine.

Evaluation of any change in histology was carried out using paraffin-

associated staining protocols. After the dissection, the tissues were

fixed for 12 h at room temperature with a buffer solution of 10%

formalin (pH 7.4). The removal of the infiltrating wax and water

traces was guaranteed via numerous ethanol (50, 70, 90, and 100%)

washings of the fixed tissue. Small pieces of the incorporated tissue

(3–5 m thick) were divided to prepare slides and latter stained with

Eosin and Hematoxylin (H and E) (Majid et al., 2019).

2.4 Statistical analysis

The data were analyzed using one-way variation analysis

(ANOVA) and then subsequently appropriate post-hoc tests.

The results are represented as the mean ± SD of the respective

parameters and p < 0.05 was considered statistically

significant.

Frontiers in Pharmacology frontiersin.org04

Baig et al. 10.3389/fphar.2022.999078

174

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.999078


3 Results

3.1 Acute toxicity assessment

No changes in clinical symptoms, such as external

appearance, behaviour, mental state and daily activities,

were observed due to treatment except at 300 mg/kg

withametelin group (Table 1). Morbidity was observed in

2/3 animals up to day 5 but no animal died even at a dose of

300 mg/kg (Table 2). Change in weight, abnormal posture,

abnormal gait and diarrhoea were observed in 300 mg/kg

group. Changes in weight clearly showed some damage

caused by test material. Withametelin was characterized as

GHS (globally harmonized classification system in mg/kg

body weight) category 4 compound with evident toxicity at

300 mg/kg in acute toxicity assessment. Observable

parameters and weight changes in different dose groups

are mentioned in Table 1. In Daturaolone, no changes

related to treatment have been observed (Table 1). A soft

fecal consistency was observed in all rats in the treatment

TABLE 1 Acute toxicity assessment of withametelin and daturaolone at different doses.

Parameters Days (1-14)

Withametelin Daturaolone

Vehicle control 5 mg/kg 50 mg/kg 300 mg/kg 5 mg/kg 50 mg/kg 300 mg/kg

Δ Body weight 7 7 7 ✓ 7 7 7

Ptosis 7 7 7 7 7 7 7

Abnormal Posture 7 7 7 ✓ 7 7 7

Abnormal respiration 7 7 7 7 7 7 7

Diarrhoea and diuresis 7 7 7 ✓ 7 7 7

Lethargy 7 7 7 ✓ 7 7 7

Ataxia 7 7 7 7 7 7 7

Abnormal gait 7 7 7 ✓ 7 7 7

Tremors 7 7 7 7 7 7 7

Convulsion 7 7 7 7 7 7 7

Prostrate Coma 7 7 7 7 7 7 7

Lacrimation 7 7 7 7 7 7 7

Exopthalmus 7 7 7 7 7 7 7

N = 4. 7 = absent, ✓ = present.

TABLE 2 Body weight, morbidity, and mortality after acute toxicity studies of withametelin and daturaolone at selected doses.

Withametelin (mg/kg) Daturaolone (mg/kg)

0 5 50 300 5 50 300

Body weight (g)

Day 1 210.8 ± 4.24 215.36 ± 4.32 214.21 ± 3.23 215.63 ± 3.96 218.29 ± 2.34 215.67 ± 5.61 217.89 ± 5.58

Day 7 232.4 ± 3.76 236.38 ± 5.48 239.21 ± 3.76 225 ± 4.32 239.23 ± 4.45 235.14 ± 3.39 237.85 ± 5.11

Day 14 256.4 ± 3.76 261.31 ± 5.48 252.40 ± 5.31 238 ± 5.17 264.46 ± 3.90 261.29 ± 4.22 258.39 ± 6.16

Morbidity

Day 1 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Day 7 0/3 0/3 0/3 2/3 0/3 0/3 0/3

Day 14 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Mortality

Day 1 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Day 7 0/3 0/3 0/3 0/3 0/3 0/3 0/3

Day 14 0/3 0/3 0/3 0/3 0/3 0/3 0/3
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FIGURE 2
Mean food intake, water consumption, and weekly weight gain of rats in 28 days feeding study of withametelin.
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groups; however, this symptom was not observed on 2nd day

after administration. No changes were observed after gross

necroscopy of both compounds (data not shown). As per

observations, it was assumed that daturaolone was GHS

category 5 or unclassified compound which might show

toxicity at 2000 mg/kg. Experiment was not performed at

2000 mg/kg due to insufficient quantity of compound and

requirement to observe the effects of multiple daily dosing of

daturaolone on rats.

3.2 Repeated dose sub-acute toxicity in
vivo

3.2.1 General observations
No death was seen in all males and females of withametelin

and daturaolone groups. The increased incidence of post-dosing

salivation was observed in all treatment groups of withametelin.

The softness in fecal consistency was observed on fifth day in all

groups (withametelin) which gradually eased over 2 weeks. The

control group had neither diarrhea nor melena. Abnormal gait

(2/5 males) in last week was also seen with piloerection. In case of

daturaolone, no general observational symptom was observed at

all doses.

3.2.2 Body weight, food, and water consumption
In relation to the control group, rat body weights were

significantly reduced in groups of 5 and 2.5 mg/kg

withametelin (Figure 2). A significant weight reduction was

observed in males between 2 and 4 weeks, respectively while a

significant reduction in body weight was observed in the female

group during the 3rd to 4th week, respectively. In the 1.25 mg/kg

and 0.75 mg/kg withametelin groups, the weight difference was

not significant compared to the control group. (Figure 2A). At

5 and 2.5 mg/kg withametelin groups, and at 3 and 4 weeks, the

consumption of the food of male and female rats was significantly

reduced. Compared to control rats, there was no significant

decrease in food efficiency between female and male rats who

were fed 1.25 mg/kg and 0.75 mg/kg withametelin (Figure 2B).

Water consumption decreased considerably when noted on 14th

day, but then it became normal in the third and fourth week

(Figure 2). Significant weight reduction observed in high-dosed

male rats was due to the administration of 5 mg and 2.5 mg/kg of

withametelin. Since water consumption changes were temporary

and had low magnitude, they were not considered to be

associated with the treatment. In the case of daturaolone,

male and female rats groups of all doses showed no

significant changes in weight and nutrition parameters

(Figure 3).

3.2.3 Hematological paramaeters
Hematological analysis results are presented in Table 3. We

observed significant changes in RBC associated parameters, while

a significant increase of platelets and neutrophils in withametelin

(5 mg/kg) and daturaolone (10 mg/kg) treated rats. The level of

platelets remained high at 2.5 mg/kg withametelin, but lower

than the 5 mg/kg-withametelin group. The hematology indices

values in high-dose groups with withametelin and daturaolone

that do not correspond to the normal control have dose

dependent clinical significance or toxicity. There was no

significant difference between WBCs and its associated

response variables or red cell indices between treated and

non-treated rats at lower doses of both compounds, respectively.

3.2.4 Biochemical parameters
Biochemical analysis result values are presented in

Table 4. In withametelin dosed 5 and 2.5 mg/kg groups,

significant increase of ALT and AST were observed while

plasma glucose levels were significantly low in comparison to

control. In thyroid profile, low TSH and high T3 and T4 was

observed. Cholesterol and triglyceride levels were also lowered

in 5 mg/kg withametelin groups. All other tested biochemical

parameters were normal. In daturaolone dosed 10 mg/kg male

and female groups, significant difference was noted regarding

ALT, bilirubin, creatinine and glucose indices between treated

and untreated rats. Insignificant changes in thyroid profile

i.e., low TSH and high T3 and T4 were observed Biochemical

parameter values in high dose withametelin and daturaolone

groups that are not within the normal range have shown dose

dependent clinical significance or toxicity.

3.2.5 Relative organ weight and
histopathological investigation

No significant changes were detected in organ weight

parameters were observed when comparing control groups

and high or low dose groups of both compounds (Table 5).

The H&E histological analysis of the withametelin group

confirmed the treatment-related changes in liver, kidney and

testicle (male) of rats at 5 mg/kg and 2.5 mg/kg when compared

to the control group (Figure 4). The toxic effects on the liver and

kidneys of males were more profound. In the kidneys, a mild

infiltration of mononuclear inflammatory cells around tubules

and the degeneration of epithelial cells was observed in 4/5 of

males and 2/5 of females. All rats observed renal glomerular

capsule space distention. Interstitial swelling and congestion at

5 mg/kg withametelin were also seen. Pink proteinacious

material in the lumens of the proximal convoluted tubules

were also observed in 3/5 males and 2/5 females. Testes in

control groups showed standard morphology of seminiferous

tubes with active sperm generation. The treatment group with

withametelin (5 mg/kg) showed an increase in the interstitial

space between the seminiferous tubes, an increase in the lumen

size and spermatogenesis stages showed mild sloughing. Low

doses (1.25 mg/kg and 0.75 mg/kg) showed normal

seminiferous tubes, the germ epithelium with proliferating

germ cells at different stages such as spermatids,
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spermatocytes, spermatogonia were observed. In the liver, there

was an increase in the sinusoidal space, a slight infiltration of

inflammatory cells, swelling, and sinusoidal congestion in 5 and

2.5 mg/kg groups in comparison to control was observed. No

significant adverse toxicity was observed in other male or

female systems of rats.

FIGURE 3
Mean food intake, water consumption, and weekly weight gain of rats in 28 days feeding study of daturaolone.
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TABLE 3 Hematology results after 28 days respectively.

Parameter Sex Hematological data

Withametelin Daturaolone

Normal Vehicle 5 2.5 1.25 0.75 10 5 2.5 1.25

RBC (×106)/µL M 6.91 ± 0.98 6.74 ± 0.96 6.14 ± 0.91* 6.87 ± 0.57 7.56 ± 0.76 6.98 ± 0.78 6.21 ± 0.56 6.83 ± 0.78 6.98 ± 0.75 6.65 ± 0.82

F 7.73 ± 1.21 7.35 ± 1.67 6.26 ± 1.21* 7.03 ± 1.45 7.78 ± 2.49 7.64 ± 1.69 7.19 ± 1.65 7.60 ± 1.63 7.77 ± 2.64 7.68 ± 1.64

Hb (g/dl) M 14.5 ± 1.23 14.77 ± 2.14 11.53 ± 1.23* 13.93 ± 1.38 14.83 ± 1.63 13.89 ± 1.64 12.33 ± 1.34* 13.96 ± 2.14 14.32 ± 1.63 13.81 ± 1.78

F 16.1 ± 1.25 16.86 ± 2.13 16.7 ± 1.27* 15.8 ± 1.44 15.94 ± 1.35 16.78 ± 1.65 14.90 ± 1.45* 16.92 ± 2.45 16.71 ± 1.66 16.74 ± 1.56

HCT (%) M 48.8 ± 2.32 49.82 ± 4.33 42.3 ± 2.47* 46.4 ± 2.43 50.76 ± 3.76 49.09 ± 2.79 40.10 ± 2.78* 50.23 ± 4.76 50.74 ± 3.78 49.02 ± 2.36

F 52.0 ± 3.08 53.08 ± 3.45 45.5 ± 2.76* 51.6 ± 3.00 53.02 ± 4.73 52.04 ± 8.72 45.39 ± 3.98* 57.52 ± 3.23 53.12 ± 4.72 52.05 ± 8.74

MCV (fL) M 69.9 ± 3.32 71.85 ± 3.37 60.32 ± 4.12* 68.40 ± 5.37 71.95 ± 4.78 68.98 ± 2.88 72.67 ± 3.26 72.20 ± 3.54 71.45 ± 4.79 68.91 ± 2.63

F 66.73 ± 2.98 68.53 ± 3.98 57.35 ± 2.76* 63.77 ± 3.65 66.73 ± 2.98 68.98 ± 2.18 70.20 ± 2.97 68.94 ± 3.26 66.54 ± 2.91 68.99 ± 2.26

MCHC (%) M 30.04 ± 1.20 29.67 ± 2.22 32.32 ± 1.45 30.5 ± 2.76 31.39 ± 2.68 31.34 ± 4.76 26.45 ± 1.15 28.39 ± 2.15 31.24 ± 2.64 31.35 ± 4.64

F 31.43 ± 2.23 32.12 ± 1.93 28.43 ± 2.65* 30.34 ± 3.19 33.73 ± 2.45 34.09 ± 1.76 27.87 ± 2.46 32.65 ± 1.35 33.43 ± 2.49 34.01 ± 1.57

ESR (mm/hr) M 3.98 ± 0.08 3.76 ± 0.05 4.19 ± 0.09 3.80 ± 0.07 3.96 ± 0.03 3.87 ± 0.04 3.78 ± 0.08 3.82 ± 0.03 3.92 ± 0.01 3.82 ± 0.03

F 4.23 ± 0.06 4.10 ± 0.09 4.33 ± 0.07 4.25 ± 0.05 4.09 ± 0.05 3.95 ± 0.03 3.74 ± 0.05 3.98 ± 0.06 3.78 ± 0.04 3.93 ± 0.02

Platelets (×103)/µL M 1358 ± 176 1420 ± 189 1892 ± 151* 1677 ± 223* 1315 ± 279 1402 ± 254 1665 ± 157* 1410 ± 163 1480 ± 270 1434 ± 246

F 1262 ± 152 1356 ± 174 1774 ± 170* 1554 ± 235* 1369 ± 234 1323 ± 245 1590 ± 162* 1309 ± 153 1354 ± 232 1325 ± 227

WBC (×103)/µL M 9.42 ± 1.34 10.32 ± 1.51 12.09 ± 1.51* 11.49 ± 2.76* 9.54 ± 1.74 9.74 ± 1.87 12.97 ± 1.54* 9.89 ± 1.47 9.51 ± 1.78 9.79 ± 1.74

F 7.23 ± 0.87 8.56 ± 1.85 10.29 ± 0.70* 9.94 ± 0.87* 7.49 ± 0.90 7.41 ± 0.67 9.36 ± 0.86* 8.19 ± 1.68 7.47 ± 0.98 7.49 ± 0.63

Lymphocyte % M 80.25 ± 4.21 83.25 ± 3.29 85.63 ± 5.36 82.44 ± 3.76 82.24 ± 4.29 80.29 ± 3.10 80.44 ± 4.26 81.47 ± 3.11 82.28 ± 4.21 80.23 ± 3.15

F 82.16 ± 3.43 85.14 ± 4.67 88.82 ± 5.49 83.12 ± 3.56 84.15 ± 3.76 82.17 ± 3.44 81.98 ± 3.87 83.39 ± 4.78 84.35 ± 3.73 82.15 ± 3.56

Monocyte M 0.20 ± 0.02 0.22 ± 0.06 0.21 ± 0.02 0.19 ± 0.03 0.18 ± 0.01 0.20 ± 0.01 0.23 ± 0.02 0.22 ± 0.08 0.19 ± 0.02 0.21 ± 0.02

F 0.18 ± 0.01 0.19 ± 0.03 0.18 ± 0.01 0.16 ± 0.04 0.15 ± 0.07 0.18 ± 0.06 0.20 ± 0.01 0.20 ± 0.04 0.18 ± 0.05 0.17 ± 0.04

Neutrophil % M 11.3 ± 1.43 10.5 ± 1.65 19.6 ± 2.87* 15.21 ± 1.56* 10.9 ± 2.22 11.4 ± 2.98 14.78 ± 1.67* 10.78 ± 1.58 9.59 ± 2.28 11.24 ± 2.78

F 8.29 ± 2.30 7.97 ± 1.69 17.2 ± 1.36* 12.96 ± 3.44* 8.46 ± 1.35 8.04 ± 1.43 11.19 ± 2.55* 8.54 ± 2.55 7.88 ± 1.31 7.88 ± 1.31

F 1.27 ± 0.05 1.64 ± 0.09 1.44 ± 0.06 1.25 ± 0.08 1.16 ± 0.02 1.26 ± 0.03 1.32 ± 0.02 1.47 ± 0.07 1.16 ± 0.01 1.21 ± 0.04

Eosinophil % M 2.21 ± 0.21 2.34 ± 0.29 2.03 ± 0.34 2.34 ± 0.34 2.34 ± 0.26 2.29 ± 0.54 2.27 ± 0.17 2.30 ± 0.21 2.29 ± 0.29 2.27 ± 0.49

F 1.98 ± 0.68 2.10 ± 0.77 1.76 ± 0.54 1.99 ± 0.67 1.99 ± 0.62 1.84 ± 0.59 2.07 ± 0.49 1.88 ± 0.63 1.97 ± 0.54 1.80 ± 0.43

Results are expressed as mean ± SD.

*p < 0.05 was considered significantly different as compared with the controls.
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TABLE 4 Serum clinical chemistry of rats sacrificed after 28-days repeated oral dose toxicity evaluation.

Parameter Sex Biochemical Data

Withametelin Daturaolone

Normal Vehicle 5 2.5 1.25 0.75 10 5 2.5 1.25

ALT U/L M 29.31 ± 3.42 28.72 ± 2.91 39.91 ± 3.41* 35.14 ± 3.4* 30.36 ± 3.21 31.26 ± 2.56 34.89 ± 3.45* 30.14 ± 2.94 30.43 ± 3.23 29.30 ± 2.59

F 22.52 ± 3.93 21.23 ± 2.18 32.26 ± 2.54* 29.87 ± 3.9* 31.51 ± 4.56 28.20 ± 4.21 27.97 ± 5.23* 25.67 ± 3.36 31.53 ± 4.65 28.65 ± 4.22

AST U/L M 123.43 ± 3.98 133.52 ± 5.23 143.07 ± 4.21* 147.92 ± 7.24* 120.20 ± 4.67 125.87 ± 4.87 132.13 ± 5.67 125.87 ± 5.21 120.53 ± 4.83 125.54 ± 4.85

F 110.97 ± 5.21 121.43 ± 6.42 135.45 ± 3.22* 139.53 ± 6.35* 107.57 ± 6.21 114.65 ± 4.86 120.78 ± 8.96 127.72 ± 5.55 107.63 ± 6.81 114.23 ± 4.82

ALP U/L M 226.08 ± 10.23 237.98 ± 15.23 201.57 ± 15.68* 190.86 ± 13.74* 220.10 ± 12.46 222.71 ± 12.30 238.76 ± 13.38 240.92 ± 10.30 220.67 ± 12.93 222.62 ± 12.35

F 150.97 ± 15.21 166.82 ± 8.77 133.93 ± 19.41* 141.83 ± 10.83* 155.71 ± 16.82 154.87 ± 16.71 170.87 ± 14.30 151.87 ± 6.21 155.87 ± 16.57 154.12 ± 16.76

Bilirubin mg/mL M 3.82 ± 0.76 3.23 ± 1.23 3.56 ± 0.81 3.54 ± 0.79 3.15 ± 0.53 3.17 ± 0.62 4.80 ± 0.53* 3.68 ± 0.43 3.27 ± 0.47 3.45 ± 0.60

F 2.43 ± 0.58 2.74 ± 0.93 2.63 ± 1.12 2.78 ± 0.91 2.56 ± 0.71 2.64 ± 0.54 3.58 ± 0.43* 2.73 ± 0.26 2.59 ± 0.54 2.34 ± 0.51

Albumin mg/dL M 3.96 ± 0.94 3.87 ± 0.76 3.90 ± 0.78 3.99 ± 0.53 3.78 ± 0.48 3.99 ± 0.70 3.88 ± 0.62 3.68 ± 0.76 3.82 ± 0.51 3.67 ± 0.72

F 4.17 ± 0.68 4.23 ± 0.54 3.61 ± 0.51 3.92 ± 0.78 3.80 ± 0.62 4.23 ± 0.39 4.37 ± 0.63 4.14 ± 0.52 3.78 ± 0.59 4.74 ± 0.33

Urea mg/dL M 29.23 ± 1.78 31.70 ± 2.79 28.46 ± 1.48 39.87 ± 2.30 28.44 ± 3.34 30.44 ± 3.22 30.65 ± 3.67 29.89 ± 2.87 28.48 ± 3.40 30.83 ± 3.25

F 30.26 ± 2.84 29.74 ± 4.32 30.78 ± 5.75 28.03 ± 3.34 29.30 ± 4.43 29.73 ± 3.21 32.11 ± 1.47 32.76 ± 3.62 29.28 ± 4.36 29.82 ± 3.22

BUN mg/dL M 14.44 ± 1.19 15.23 ± 2.39 14.22 ± 2.19 15.25 ± 2.49 14.11 ± 1.18 15.23 ± 2.14 15.87 ± 2.30 16.12 ± 1.53 14.17 ± 1.21 15.54 ± 2.15

F 15.17 ± 1.20 14.28 ± 2.30 13.47 ± 2.34 14.92 ± 1.37 14.25 ± 2.34 15.45 ± 3.33 16.24 ± 2.94 14.78 ± 1.67 14.32 ± 2.41 15.25 ± 3.32

Creatinine mg/dL M 0.83 ± 0.13 0.89 ± 0.16 0.61 ± 0.57* 0.87 ± 0.19 0.82 ± 0.10 0.80 ± 0.14 1.93 ± 0.21* 0.90 ± 0.31 0.85 ± 0.09 0.57 ± 0.16

F 0.81 ± 0.24 0.86 ± 0.27 0.57 ± 0.34* 0.86 ± 0.27 0.80 ± 0.16 0.79 ± 0.14 1.75 ± 0.30* 0.88 ± 0.07 0.82 ± 0.15 0.28 ± 0.17

Protein mg/dL M 6.97 ± 0.51 6.74 ± 0.54 6.99 ± 0.76 6.12 ± 0.64 7.19 ± 0.76 6.95 ± 0.75 6.72 ± 0.87 6.75 ± 0.32 7.24 ± 0.71 6.34 ± 0.71

F 6.73 ± 0.52 6.64 ± 0.49 6.34 ± 0.54 6.42 ± 0.46 6.89 ± 0.43 6.72 ± 0.86 6.79 ± 0.25 6.82 ± 0.24 6.94 ± 0.45 6.83 ± 0.83

Glucose mg/dL M 82.78 ± 10.25 85.34 ± 9.54 68.49 ± 8.27* 73.29 ± 5.49* 86.19 ± 8.36 84.29 ± 11.49 65.93 ± 6.92* 81.78 ± 9.63 86.54 ± 8.46 84.25 ± 11.42

F 94.56 ± 12.68 99.46 ± 10.89 75.24 ± 8.47* 83.72 ± 6.37* 91.24 ± 11.24 96.58 ± 9.34 78.48 ± 9.65* 92.54 ± 9.42 91.38 ± 11.12 96.63 ± 9.36

Cholesterol mMol/L M 74.90 ± 4.91 77.64 ± 2.49 68.47 ± 2.31* 71.88 ± 3.43* 73.79 ± 6.24 75.55 ± 4.17 76.81 ± 4.86 80.32 ± 3.49 73.82 ± 6.66 75.28 ± 4.13

F 55.81 ± 3.67 59.76 ± 4.59 49.18 ± 2.72* 51.37 ± 2.99* 57.86 ± 3.08 58.79 ± 3.52 63.44 ± 3.84 61.78 ± 4.38 57.89 ± 3.11 58.72 ± 3.55

Triglycerides mMol/L M 90.29 ± 4.29 92.36 ± 5.19 83.46 ± 5.16* 81.79 ± 3.47* 89.24 ± 3.57 91.81 ± 6.76 96.19 ± 4.98 92.41 ± 3.81 89.62 ± 3.63 91.61 ± 6.71

F 72.39 ± 5.18 77.31 ± 4.48 65.48 ± 7.64* 68.59 ± 6.64* 75.91 ± 6.49 74.22 ± 4.39 77.90 ± 5.92 74.21 ± 5.84 75.84 ± 6.50 74.48 ± 4.38

TSH ng/mL M 4.82 ± 0.24 4.79 ± 0.29 3.14 ± 0.11* 3.88 ± 0.71* 4.70 ± 0.51 4.84 ± 0.43 4.58 ± 0.46 4.93 ± 0.25 4.69 ± 0.52 4.37 ± 0.41

F 4.61 ± 0.34 4.66 ± 0.75 3.39 ± 0.26* 4.09 ± 0.64* 4.58 ± 0.25 4.65 ± 0.53 4.42 ± 0.37 4.54 ± 0.34 4.63 ± 0.26 4.52 ± 0.56

T3 ng/mL M 1.75 ± 0.09 1.79 ± 0.24 1.88 ± 0.43* 1.80 ± 0.72* 1.73 ± 0.41 1.76 ± 0.53 1.73 ± 0.04 1.55 ± 0.28 1.69 ± 0.45 1.68 ± 0.51

F 1.69 ± 0.10 1.74 ± 0.35 1.79 ± 0.58* 1.77 ± 0.57* 1.70 ± 0.23 1.61 ± 0.47 1.80 ± 0.16 1.59 ± 0.30 1.60 ± 0.26 1.63 ± 0.48

T4 ng/mL M 60.47 ± 3.47 61.30 ± 4.76 81.24 ± 4.39* 75.73 ± 6.97* 64.19 ± 2.16 62.29 ± 4.13 65.53 ± 2.88 57.40 ± 3.76 57.38 ± 2.14 62.31 ± 4.12

F 58.76 ± 2.64 63.67 ± 4.87 78.61 ± 5.37* 73.49 ± 6.84* 65.29 ± 3.42 60.94 ± 4.62 67.87 ± 3.52 54.63 ± 6.23 60.73 ± 3.49 60.48 ± 4.67

Results are expressed as mean ± SD.

*p < 0.05 was considered significantly different as compared with the controls.
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Treatment-related changes in rats liver and kidney and somemore

pronounced positive effects on testis (male) were also observed by H &

E histology analyses in the group of daturaolone treated (10mg/kg) as

compared to the control group. No gender differential toxic affect was

seen. In the kidney, the glomerular space of the kidney was distended

and the epithelial cells around the tube were degenerated. In rats with

high dose (10mg/kg), the kidneys showed mild tubular kidney

nephrosis characterized by increased cell proliferation, degenerated

epithelial cells with the adsorption of pink proteinaceous material in

the lumen of compressed proximal tubules (Figure 5). In addition, we

found a mild tubular renal necrosis, vacuolar cytoplasm and pyknotic

nuclei separated from the tubular lumen base membrane. The treated

group of daturaolone (10mg/kg) testes showed very few interstitial

spaces between the seminiferous tubules and a decrease in the size of the

lumen. At lower doses (1.25 and 0.75mg/kg), a slight increase

compared to normal seminiferous tubes with germ epithelium that

containing germ cells were found proliferating at different stages at

higher pacewere observedwhichmight signify its aphrodisiac character.

In the liver, increase in sinusoidal space, mild inflammatory cell

infiltration, edema and sinusoidal congestion were observed in

10mg/kg groups in comparison to control. There were no

significant adverse toxic effects observed at high dose on any other

systemic organs of rats either male or female. Despite its lipophilic

nature, no toxic effects were seen on the brain and tissues with normal

neurocytes having well-defined nuclei in brain cortex were observed

when compared to control.

4 Discussion

It is desirable to determine toxic end points at the beginning of the

development of new molecules. Although secondary metabolites are

mainly used for their biological benefits, their toxicity may limit their

usage. Acute toxicity assessment fixed dose procedure (OECD

guideline 420) at 5, 50, and 300mg/kg with only the sighting

study was performed. After years of controversy and discussion,

the LD50 test was finally abolished at the end of 2002. Three

substitute animal tests, the Fixed Dose Procedure, the Acute Toxic

Class Method and the Up and Down procedures have been set up to

significantly improve the welfare of animals (Botham, 2004). The

method of fixed doses used in our study originates from a method

proposed by the British Society of Toxicology (1984). As a final point,

a reduction in the number of animals used for acute toxic testing and,

if possible, avoiding fatalities are the final objective. Instead of using

lethality, it is based on a clear toxic signal observed at a certain fixed

dose level that is valid at the termination point in the European

Economic Community (EEC) acute toxicity classification system

(Lipnick et al., 1995).

In acute studies, no treatment related changes by daturaolone at

all doses were observed while weight loss, abnormal posture,

abnormal gait, diarrhoea and lethargy were observed in

300 mg/kg withametelin group as compared to control

group. Changes in weight clearly showed some damage caused

by testmaterial (Liu et al., 2016). This weight declinemight be due to

the reduction in the use of food which was also observed in 28 days

repeated dose study, indicating that withametelin might have

adverse effects on the reduction of appetite. This was also due to

mild diarrhea observed in first few days of a single dose, which was

accompanied by lethargy. Withametelin was characterized as GHS

category 4 drugwith evident toxicity at 300 mg/kgwhile daturaolone

as GHS category 5 or unclassified compound which might show

toxicity at 2000 mg/kg in acute toxicity assessment. Weight

differences are influenced by several factors such as growth

hormone and somatostatin changes in hormone status as seen in

sexual steroid secretion which influence maturation patterns and

subsequential changes in neurotransmitters affecting food

consumption. Furthermore, the rat environment and type of

treatment can also be stressful for rat, resulting in weight

changes (Zainul Azlan et al., 2020). Changes in weight are

considered to be indicators of adverse reactions caused by

chemical components. In the subacute toxicity, body weight gain,

food andwater consumptionwere normal in the daturaolone groups

but significantly reduced in high dose (5 mg/kg withametelin) males

and females. Meanwhile, during the treatment period, food

consumption in both genders was significantly reduced during

the treatment period. Insufficient nutrition may contribute to

weight loss. However, a significant reduction in weight in high

doses may be partly due to a reduction in food consumption (Li

et al., 2022). In repeated dose-toxicity studies, dose-dependent

transient salivation was also observed in groups treated with

withametelin. The salivation affects two different dopamine

receptors i.e., dopamine receptor (D1) and an invertebrate-

specific D1-like dopamine receptor (D1L) (Li et al., 2018).

D1 receptors act on the epithelial cells of the salivary glands

acini for inward fluid transport. D1L modulates each acinus to

excrete saliva from acini to the saliva ducts. It is likely that this is due

to the action of myoepithelial cells and valves to pump/gate.

Withametelin has the ability to dock with dopamine receptors

(Baig et al., 2020) but checking the specific interaction with

D1 receptors is proposed. Abnormal gait in last week was also

seen with piloerection in rats given withametelin (5 and 2.5 mg/kg).

Studies on withametelin has been associated with brain in our

previous work ameliorating oxidative stress in brain and spinal

cord (Khan et al., 2021b; 2021a). High doses of isolated compounds

can be toxic due to their potential to react causing prooxidative

effects or damaging beneficial ROS concentrations that normally

exist under physiological conditions and are necessary for optimal

cell function (Bouayed and Bohn, 2010). Aggressive antioxidative

stress undermines the angiogenesis of endothelial cells in the brain

and the functions of blood brain barrier (Mentor and Fisher, 2017).

The automatic gait process is mediated by the brain stem to the

spinal cord (Takakusaki, 2017). Daily dosing of 5 mg/kg might have

cause detrimental effect on cerebral cortex causing abnormal gait but

histopathological analysis suggested otherwise.

The hematopoietic system is one of the most vulnerable organs

to the effects of hazardous substances and plays a significant role in
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both pathological and normal situations. The blood profile gives

important details on how the body responds to stress and injury. As

a result, a considerable amount of harmful substances are first

exposed to blood cells. When findings from animal research are

extrapolated (Shakya et al., 2020), changes in the hemotopoietic

system have a better prognostic value for human toxicity. Unlike

water or vehicle-treated rats, hematopoietic parameters were

modified with withametelin and daturaolone treatment, which

could prove their dangerous effect on the hematopoietic system.

We observed significant decrease in daturaolone (10 mg/kg) and

withametelin (5 and 2.5 mg/kg) treated RBC parameters suggesting

possible indication of normocytic and microcytic anemia,

respectively. A significant increase in platelets in the high dosed

groups of withametelin only is contrary to previous findings where

withametelin increased coagulation time via single oral

administration (Baig et al., 2020). Thus, secondary

thrombocytosis is the cause of this rise in platelet count. Both

substances caused neutrophilic leukocytosis, as evidenced by an

increase in haematological markers and a neutrophil infiltration of

the liver by histology neutrophils. There are not many neutrophils

that live in the liver, although they frequently patrol the sinusoids of

the liver. They are the primary phagocyte types in charge of

pathogen clearance and are capable of being quickly recruited

into the liver after acute liver damage. However, overly active

neutrophils may harm the liver. Neutrophils are therefore seen as

a double-edged sword in acute liver inflammation (Tang et al.,

2021).

ALT and AST were disturbed significantly by high dose

withametelin while only ALT levels were changed by

daturaolone which might have resulted in altered

permeability of the hepatocellular membrane causing a

release of these soluble cytosolic enzymes. Enzymes

escape out from the hepatocytes causing elevation in the

blood. ALP is considered to be a cholestasis inducer enzyme

of hepatobiliary origin used widely to detect abnormal bile

flow and has minimal activity in normal liver tissues. The

ALP value in rats is reduced by food consumption and body

weight reduction or frequent exposure to toxicological

doses which might have lead to a decline in value

(Ramaiah, 2007). Therefore, it is inconclusive to predict

whether lowered ALP levels by withametelin were due to

decreased food consumption or cholestasis has occurred.

Low hemoglobin levels in daturaolone (10 mg/kg) might be

due to abnormally high bilirubin. Bilirubin is generated

from the stepwise catalytic degradation of hemoglobin by

heme oxygenase and biliverdin reductase (Chung et al.,

2019). This strengthens our previous hypothesis of

anemia by withametelin. Withametelin and daturaolone

also lowered glucose levels. Daturaolone is known to

inhibit α-glucosidase (Bawazeer et al., 2020b) while

withametelin inhibits both α-amylase and α-glucosidase
enzymes (unpublished data). Natural components

promote antioxidant defense and suppress the

production of proinflammatory cytokines, producing

TABLE 5 Relative organ weight values of different organs of withametelin and daturaolone after necropsy.

Parameter Sex Relative organ weight per 100 g body weight

Withametelin (mg/kg) Daturaolone (mg/kg)

Normal Vehicle 5 2.5 1.25 0.75 10 5 2.5 1.25

Brain M 0.45 ± 0.03 0.46 ± 0.02 0.45 ± 0.03 0.47 ± 0.05 0.46 ± 0.02 0.48 ± 0.03 0.46 ± 0.04 0.48 ± 0.04 0.47 ± 0.03 0.47 ± 0.04

F 0.67 ± 0.04 0.69 ± 0.03 0.66 ± 0.07 0.69 ± 0.07 0.68 ± 0.04 0.69 ± 0.05 0.67 ± 0.06 0.68 ± 0.04 0.67 ± 0.03 0.68 ± 0.03

Kidney M 0.68 ± 0.02 0.69 ± 0.03 0.68 ± 0.02 0.65 ± 0.02 0.67 ± 0.03 0.70 ± 0.08 0.68 ± 0.04 0.67 ± 0.03 0.68 ± 0.04 0.70 ± 0.07

F 0.66 ± 0.03 0.66 ± 0.03 0.65 ± 0.03 0.68 ± 0.04 0.67 ± 0.03 0.66 ± 0.04 0.68 ± 0.03 0.66 ± 0.05 0.66 ± 0.05 0.68 ± 0.02

Heart M 0.27 ± 0.02 0.28 ± 0.04 0.26 ± 0.02 0.29 ± 0.05 0.29 ± 0.04 0.30 ± 0.04 0.27 ± 0.02 0.28 ± 0.02 0.28 ± 0.02 0.29 ± 0.01

F 0.28 ± 0.02 0.30 ± 0.03 0.27 ± 0.02 0.31 ± 0.08 0.31 ± 0.03 0.30 ± 0.03 0.28 ± 0.01 0.32 ± 0.03 0.32 ± 0.04 0.31 ± 0.02

Liver M 2.97 ± 0.41 3.23 ± 0.02 3.31 ± 0.41 3.27 ± 0.46 3.33 ± 0.02 3.24 ± 0.02 3.30 ± 0.43 3.20 ± 0.42 3.27 ± 0.05 3.19 ± 0.03

F 2.73 ± 0.22 3.15 ± 0.06 3.09 ± 0.25 3.23 ± 0.32 3.25 ± 0.08 3.18 ± 0.05 3.12 ± 0.22 3.26 ± 0.31 3.15 ± 0.04 3.23 ± 0.02

Lungs M 0.33 ± 0.09 0.31 ± 0.05 0.34 ± 0.09 0.32 ± 0.03 0.32 ± 0.07 0.33 ± 0.05 0.35 ± 0.07 0.34 ± 0.02 0.33 ± 0.03 0.35 ± 0.04

F 0.41 ± 0.02 0.39 ± 0.05 0.42 ± 0.03 0.44 ± 0.05 0.40 ± 0.05 0.38 ± 0.08 0.41 ± 0.04 0.43 ± 0.04 0.41 ± 0.06 0.42 ± 0.07

Spleen M 0.16 ± 0.01 0.18 ± 0.02 0.16 ± 0.05 0.18 ± 0.05 0.17 ± 0.02 0.16 ± 0.02 0.17 ± 0.06 0.19 ± 0.03 0.18 ± 0.03 0.17 ± 0.03

F 0.17 ± 0.01 0.17 ± 0.03 0.18 ± 0.04 0.19 ± 0.03 0.17 ± 0.06 0.17 ± 0.04 0.19 ± 0.07 0.18 ± 0.02 0.18 ± 0.05 0.18 ± 0.02

Testis M 0.98 ± 0.04 0.96 ± 0.02 0.96 ± 0.05 0.99 ± 0.05 0.98 ± 0.04 0.98 ± 0.02 0.96 ± 0.04 0.98 ± 0.06 0.99 ± 0.02 0.95 ± 0.03

Ovary F 0.83 ± 0.05 0.84 ± 0.04 0.86 ± 0.06 0.84 ± 0.03 0.83 ± 0.06 0.84 ± 0.07 0.85 ± 0.03 0.86 ± 0.04 0.85 ± 0.05 0.85 ± 0.05

Uterus F 0.26 ± 0.03 0.25 ± 0.05 0.27 ± 0.04 0.28 ± 0.04 0.26 ± 0.06 0.25 ± 0.04 0.28 ± 0.02 0.27 ± 0.05 0.26 ± 0.05 0.27 ± 0.03

Results are expressed as mean ± SD.

*p < 0.05 was considered significantly different as compared with the controls.
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biological activity by improving antioxidant defence

mechanisms. Low-cellular stressor dosages of chemicals

lead to an adaptive response that increases the

antioxidant capacity of cells (Rong et al., 2020).

Hyperthyroidism noted in withametelin (5 and 2.5 mg/kg)

groups might be associated with reduction in serum creatinine

caused by reduction in overall muscle mass (Iglesias et al., 2017).

The decrease in cholesterol and triglycerides observed could be due

to increased LDL receptor expression in hepatocytes, increased

activity of liver enzymes that reduce lipids, resulting in a

reduction in low-density lipoprotein levels by hyperthyroidism.

Thyroid hormones also increase expression of A1 apolipoprotein,

the main component of high density lipoprotein (Malik and

Hodgson, 2002). Histopathological changes in the testicles may

also be caused by hyperthyroidism, which delays the

development of the Leydig cells and has a negative impact on

sperm formation. Other effects secondary to thyrotoxicity such as

decrease in total bodywater and exchangeable potassium, increase in

cardiac output and increase in systolic blood pressure needs detailed

investigation and validation.

FIGURE 4
Effect of withametelin on the histology of organs. In the kidneys (B2 and B3), a mild infiltration of mononuclear inflammatory cells around
tubules and the degeneration of epithelial cells, renal glomerular capsule space distention, interstitial swelling and congestion, and Pink
proteinacious material at 5 mg/kg withametelin (B3) were seen. Tested in the treatment group with withametelin (5 mg/kg) (D2) showed an increase
in the interstitial space between the seminiferous tubes, an increase in the lumen size and spermatogenesis stages showed mild sloughing. In
the liver, there was an increase in the sinusoidal space, a slight infiltration of inflammatory cells, swelling, and sinusoidal congestion in 5 (C2) and 2.5
(C3) mg/kg groups in comparison to control was observed. No histological changes were seen in heart. A-D represents, heart kidney, liver and testes
respectively. 1-5 represents different dose groups i.e., normal or vehicle, 5, 2.5, 1.25, and 0.75 mg/kg. CCN; Cardiac cell nucleus, CT, Cardiac tissue;
FN, Fibroblast nucleus; BC, Bowman’s Capsule; DCT, Distal convoluted tubules; PCT, Proximal convoluted tubules; PP, Pink proteinaceous material;
DRT, Damaged renal tubule; BD, Biliary duct; HC, Hepatocytes; SN, Sinusoids; CV, Central vein; IFC, Inflammatory cells; SC, Spermatocytes; SZ,
Spermatozoa; ST, Spermatids; L, Lumen.
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5 Conclusion

In summary, GHS classification model characterize

withametelin as category 4 and daturaolone as category

5 compound in acute toxicity studies. After the 28-days

repeated oral dose subacute toxicity study, NOAEL of

withametelin is 1.25 mg/kg and of daturaolone is 5 mg/kg.

Weight loss, hyperthyroidism, high platelets, neutrophils,

ALT and AST in high dose (5 and 2.5 mg/kg) withametelin

groups was prominently observed. Abnormal biochemical

changes mainly in ALT levels and glucose indices were seen

in high dose (10 mg/kg) daturaolone groups. Sex specific

testicular histological changes were also observed by both

compounds. Long term studies with more behavioral,

biochemical, histopathological and hormonal parameters

are proposed to strengthen the findings.

FIGURE 5
Effect of daturaolone on the histology of organs. Kidney histopathology (B2) showed mild tubular kidney nephrosis, cell proliferation,
degenerated epithelial cells, adsorption of pink proteinaceous material in the lumen of compressed proximal tubules. Mild tubular renal necrosis and
vacuolar cytoplasm from the tubular lumen basemembrane. Testes (D2) showed very few interstitial spaces between the seminiferous tubules and a
decrease in the size of the lumen. In D3 and D4, a slight increase compared to normal seminiferous tubes with germ epithelium that contain
germ cells were found proliferating at different stages at higher pace were observed which might signify aphrodisiac character. In the liver (C2),
increase in sinusoidal space, mild inflammatory cell infiltration, edema and sinusoidal congestion were observed in comparison to control (C1) No
histological changes were seen in heart. A-D represents heart, kidney, liver and testes respectively. 1-5 represents different dose groups i.e., normal
or vehicle, 10, 5, 2.5 and 1.25 mg/kg. CCN; Cardiac cell nucleus, CT, Cardiac tissue; FN, Fibroblast nucleus; BC, Bowman’s Capsule; DCT, Distal
convoluted tubules; PCT, Proximal convoluted tubules; PP, Pink proteinaceous material; DRT, Damaged renal tubule; BD, Biliary duct; HC,
Hepatocytes; SN, Sinusoids; CV, Central vein; IFC, Inflammatory cells; SC, Spermatocytes; SZ, Spermatozoa; ST, Spermatids; L, Lumen.
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The protopine alkaloids are widely distributed within the opium poppy family

and have a wide range of pharmacological effects. MPTA is a product of the

protopine total alkaloids extracted from the Macleaya cordata (Willd.) R. Br.

Previously, we reported good anti-inflammatory activity of MPTA as well as oral

acute and sub-chronic toxicity studies in rats. In order to perform a systematic

toxicological safety assessment of MPTA, oral acute toxicity, genotoxicity (bone

marrow cell chromosome aberration test, sperm abnormality test, bone

marrow cell micronucleus test, and rat teratogenicity test), and chronic

toxicity in mice were performed in this study. In the oral acute toxicity test,

the LD50 in ICR mice was 481.99 mg/kg, with 95% confidence limits ranging

from 404.27 to 574.70 mg/kg. All threemutagenicity tests tested negative in the

range of 60.25–241.00 mg/kg. The results of the teratogenicity test in rats

showed no reproductive or embryonic developmental toxicity at only

7.53 mg/kg, which can be considered as a no observed effect level (NOEL)

for the teratogenicity test. Therefore, MPTA is safe for use at the doses tested,

but attention should be paid to the potential risk to pregnant animals and the

safety evaluation and toxicity mechanisms in target animals should be further

investigated.

KEYWORDS

Macleaya cordata (willd.) R. Br., protopine alkaloids, acute toxicity, chronic toxicity,
mutagenicity, teratogenicity, reproductive toxicity, embryonic developmental toxicity

Introduction

Protopine alkaloids (PAs), represented by protopine (PRO) and allocryptopine (ALL),

are a class of berberine ring-opening compounds containing carbonyl groups, which are

widely distributed within the poppy family, such as Macleaya cordata (Willd.) R. Br.,

Hypecoum erectum L., Eomecon chionantha Hance, and Corydalisyanhusuo W.T. Wang,
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which is often used in traditional Chinese medicine (Cai et al.,

2020; Lu et al., 2020; Xu et al., 2021; Yuan et al., 2021). There is

abundant evidence that PRO is one of the material bases for the

traditional effects of Corydalisyanhusuo W.T. Wang, namely

promoting the flow of qi and blood and relieving pain. PRO

and ALL were also considered to be quality markers for Yuanhu

Zhitong tablets, an herbal formula containing Corydalisyanhusuo

W.T. Wang (Li et al., 2018). Modern pharmacological studies

have shown that PRO has anti-platelet agglutination and

antithrombotic effects, and inhibits both phospholipase and

thromboxane synthase (Shiomoto et al., 1990, 1991; Saeed

et al., 1997); PRO can exert analgesic effects by modulating

dopamine receptor D2 (DRD2) mRNA expression and

inhibiting voltage-gated sodium channels (Xu et al., 2021;

Zhang et al., 2021); PRO and ALL have also been reported to

have potential anti-inflammatory, anti-cancer, antioxidant and

anti-arrhythmic activities (Fu et al., 2016; Alam et al., 2019;

Nigdelioglu Dolanbay et al., 2021; Yuan et al., 2021). Previously,

we reported that protopine total alkaloids (MPTA), isolated from

the acidic waste stream used for the extraction of the

benzophenanthridine alkaloids in Macleaya cordata (M.

cordata), showed good inhibitory effects on carrageenan and

xylene-induced inflammatory edema in rats (Dong et al., 2022b).

We have also experimented with the use of MPTA in laying hens

to improve intestinal health and egg quality (Liu et al., 2022).

Although PAs exhibit good pharmacological activity, little

information on their toxicology has been reported. To date, only

one study has reported oral acute toxicity results in mice for PRO

isolated fromM. cordata (Hu et al., 2021). In that study, PROwas

considered to be the most toxic compound inM. cordata, with an

oral LD50 of 313.10 mg/kg in mice. Our laboratory previously

conducted oral acute toxicity and 90-days subchronic toxicity

studies of MPTA in SD rats. The oral LD50 of MPTA for rats was

481.99 mg/kg, and at the dose tested, MPTA showed no

significant subchronic toxicity, with a no observed effect level

(NOEL) considered to be 96.40 mg/kg/day (Dong et al., 2022a).

Other than that, other toxicological information is still unclear.

Therefore, in order to systematically understand the safety of

MPTA and to describe the potential systemic and genotoxic risks

of MPTA under long-term exposure, this study conducted oral

acute toxicity tests in mice, chronic toxicity tests in rats and

standardized genotoxicological studies on MPTA with reference

to the Chinese Regulations for the Registration of Veterinary

Drugs and the Compendium of Technical Guidelines for

Veterinary Drug Research to provide support and guidance

for further clinical studies on MPTA.

Materials and methods

Reagents and test drugs

MPTA (PRO ≥35%, and ALL ≥15%) was supplied by Hunan

MICOLTA Biological Resources Co. Cyclophosphamide (CTX)

was purchased from Tianjin Chemical Reagent Company

(Tianjin, China). Other reagents were purchased from Aladdin

(Shanghai, China) and Sinopharm Chemical Reagent Co., Ltd

(Shanghai, China).

Animals

Sprague Dawley (SD) rats and Institute of Cancer Research

(ICR) mice were purchased from Beijing Vital River Laboratory

Animal Technology Co., Ltd (Beijing, China). The animals were

housed in a standard GLP-compliant environment (room

temperature: 22–24°C; relative humidity: 55 ± 10%, 12-h

artificial light/dark cycle) and given a standard maintenance

diet and clean drinking water. All test animals were examined

for general physical condition and environmental

acclimatization for 7 days. Mice were fasted for 8 h prior to

gavage administration of MPTA, but were allowed to drink

freely. All animal experiments were approved by the Animal

Ethics Committee of China Agricultural University

(WTPJ20120022) and strictly followed American Veterinary

Medical Association. During the test, test animals with

obvious toxicity symptoms or near death were euthanized

promptly.

Experimental design and methods

Oral acute toxicity test in mice

This part of the test was conducted according to the

guidelines for acute toxicity (LD50 determination) of

TABLE 1 Oral acute toxicity of MPTA to mice (n = 10).

Dose group (mg/kg) Number of animals Number of deaths Mortality rate (%) Survival rate (%)

1000.00 10 10 100 0

666.67 10 8 80 20

444.44 10 4 40 60

296.30 10 1 10 90

197.53 10 0 0 100
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veterinary drugs issued by the Ministry of Agriculture and Rural

Affairs of the People’s Republic of China (MARA, PRC)

(Ministry of Agriculture and Rural Affairs of PRC, 2009d).

Based on the results of the pre-experiments, the doses were

determined as 1000.00, 666.67, 444.44, 296.30 and 197.53 mg/kg.

Fifty ICR mice, weighing 18–22 g, were randomly divided into

five groups of 10 mice each, with five males and five females in

each group. Mice were gavaged with 0.2 ml of suspension per

10 g body weight (i.g). General status observations, signs of

intoxication and mortality were monitored and recorded at

30 min, 1, 2, 4 and 8 h after drug administration. The animals

were observed twice a day for 7 days. All animals that died during

the observation period were subjected to necropsy.

Sperm abnormality test in mice

The sperm aberration test refers to the guidelines for sperm

abnormality tests in mice of veterinary drugs of MARA, PRC

(Ministry of Agriculture and Rural Affairs of PRC, 2009c). Fifty

male ICR mice (25–35 g) were randomly divided into five groups

of 10 mice each. The assigned mice were administered MPTA at

60.25 mg/kg, 120.50 mg/kg, and 241.00 mg/kg for five

consecutive days, respectively. Distilled water and CTX

(40 mg/kg) were administered to the negative control and

positive control groups, respectively. On day 35 after the first

dose, five mice were randomly selected and executed in each test

group. Selected mice were removed twice from the epididymis

and smears of sperm specimens were made in a standard

procedure that could be used for observation (Wang et al.,

2015). Sperm morphology was examined under a microscope,

and normal and various types of abnormal sperms under the

same field of view were counted and recorded (Anwar et al.,

2022).

Mouse bone marrow cell micronucleus
test

The micronucleus test was designed using the guidelines for

bonemarrow cell micronucleus test in mice of veterinary drugs of

MARA, PRC (Ministry of Agriculture and Rural Affairs of PRC,

2009a). One hundred ICRmice (25–30 g) were randomly divided

into five groups of 20 mice each, with 10 males and 10 females in

each group. The doses administered to each group of mice were

60.25 mg/kg, 120.50 mg/kg and 241.00 mg/kg, respectively, and

two doses were administered, with the second dose administered

24 h after the first dose. Mice in the negative control group were

administrated the same volume of distilled water, and the

positive control group was administrated 40 mg/kg CTX. The

mice were executed 6 h after the second gavage, and the femur

was removed from both sides of each mouse, the muscle was

shaved off, the surface blood was wiped off with filter paper, andT
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both ends of the femur were cut off. The bone marrow cavity was

then flushed several times with about 0.5 ml of fetal bovine serum

using a 1 ml syringe equipped with a No. Six needle, and the bone

marrow flush solution was mixed to make smears. Smears were

fixed in methanol for 15 min, and stained with Giemsa dye for

15 min and observed under oil microscope for normochromatic

erythrocyte (NCE) and polychromatic erythrocytes (PCE).

Count the number of PCEs containing micronuclei in

1000 PCEs and count the ratio of PCE to NCE in 200 cells.

Mouse bone marrow cell chromosome
aberration test

The chromosome aberration test was conducted in

accordance with the guidelines for bone marrow cell

chromosome aberration test in mice of veterinary drugs of

MARA, PRC (Ministry of Agriculture and Rural Affairs of

PRC, 2009e). Eighty ICR mice (25–30 g) were randomly

divided into five groups of 16 mice each, half being females

and the other half being males. Three dose groups (60.25 mg/kg,

120.50 mg/kg and 241.00 mg/kg) were set up and administered

three times at 24 h intervals. CTX (40 mg/kg) was used as a

positive control and distilled water as a negative control. Twenty-

4 hours after the last dose, five mice from each group were

randomly selected for humane execution. 4 h before execution,

the animals were injected intraperitoneally with 0.04% colchicine

(4 mg/kg). Using 5 ml of 2.2% sodium citrate solution, bone

marrow from the femur was washed into a 10 ml centrifuge tube.

The bone marrow was suspended by pipetting, then centrifuged

at 1000 r/min for 10 min, and the supernatant was discarded to

collect the precipitated bone marrow cells. Bone marrow cells

were fixed using methanol: acetic acid (3:1), and stained with

Giemsa solution for 15 min 100 metaphase cells were observed in

each animal, and cells with abnormal chromosome structure and

number were observed and recorded.

Traditional teratogenicity test in rats

The teratogenicity test followed the guidelines for classical

teratogenicity tests in rats of veterinary drugs of MARA, PRC

(Ministry of Agriculture and Rural Affairs of PRC, 2009b). Eighty

uncrossed young females (220–250 g) and 40 sexually mature

males (250–300 g) of SD rats were used for teratogenicity tests.

Based on the acute toxicity results, three dose groups of

FIGURE 1
Effect ofMPTA on bonemarrowmicronucleus test inmice (n = 20, females = 10,males = 10) (A) Effect of MPTA on PCE/NCE values; (B) Effect of
MPTA on PCE micronucleus rate. Data are compared with negative controls, and * indicates significant differences (p < 0.05).

FIGURE 2
Effect of MPTA on the rate of chromosomal aberrations in
mouse bonemarrow cells (n = 16, females = 8,males = 8). Data are
compared with negative controls, and * indicates significant
differences (p < 0.05).

FIGURE 3
Effect of MPTA on body weight gain in pregnant rats.
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7.53 mg/kg, 30.12 mg/kg and 120.50 mg/kg, and a negative

control group (distilled water) were set up with 20 female and

10 male rats in each group. Two female and one male rats were

assigned to each cage for mating. Mating success was determined

by checking whether sperm could be observed in the vaginal

smear of female rats, and the day was taken as day 0 of pregnancy,

and continued until 12 pregnant rats were reached in each

group. Mated female rats were housed individually in

transparent polycarbonate cages and were allowed to feed and

drink freely. All pregnant rats were administered by gavage once

daily from day 7 to day 16 of gestation. Pregnant rats were

weighed on days 0, 7, 12, 16 and 20 of conception, and observed

daily for general behavior, intoxication and death, and in case of

death, post-mortem examinations were performed. All pregnant

rats were executed at day 20 of gestation, ovaries and uterus were

removed and examined for the number of corpus luteum,

number of absorbed fetuses, number of stillbirths, number of

live fetuses, male to female ratio in live fetuses, position of the live

fetuses in the uterus and weight of ovaries, uterus and uterus

attached to the fetus (including amniotic fluid). Afterwards, the

weight, body length and tail length of the live fetuses were

measured and the live fetuses were examined for cosmetic

deformities.

Half of the live fetuses from each litter were fixed by

ethanol for 2–3 weeks. The fixed specimens were rinsed in

running water and put into potassium hydroxide solution

transparently for 72 h, and then put into alizarin red S staining

solution (2%, pH = 4.2) for staining for 48 h, and shaken

lightly 1–2 times a day. After the skull was stained red, the fetal

mouse specimens were removed and placed in two different

concentrations of glycerol-potassium hydroxide solution

transparently, and removed after all the skeletal specimens

were stained red and the soft tissue was discolored. The fetal

specimens were observed under a transmission light source

using a stereomicroscope, and the number of sternums,

incomplete ossification, rib and limb bone abnormalities,

TABLE 3 Effect of MPTA on reproductive function in rats (n = 12).

Groups Ovary weight
(g)

Uterus weight
(g)

Number of
corpus luteum

Average number
of nidation

Average number
of live
fetuses

120.50 mg/kg 0.13 ± 0.02 5.77 ± 0.59 13.92 ± 2.35 14.00 ± 1.21 3.67 ± 2.99

30.12 mg/kg 0.14 ± 0.02 5.46 ± 0.68 13.67 ± 1.30 13.17 ± 1.27 11.08 ± 2.19

7.53 mg/kg 0.14 ± 0.02 6.13 ± 0.85 14.92 ± 1.44 13.67 ± 1.56 13.42 ± 1.68

Negative control 0.14 ± 0.02 5.57 ± 0.35 14.00 ± 1.41 13.25 ± 1.86 13.58 ± 1.62

Note: Data are compared with negative controls, and * indicates significant differences (p < 0.05).

TABLE 4 Effect of MPTA on the survival rate of rat embryos (n = 12).

Groups Number of
nidation

Number of
live fetuses
(\/_)

Embryo absorption
rate (%)

Fetal death
rate (%)

Fetal survival
rate (%)

120.50 mg/kg 168 21/23 73.81* (124/168) 0 (0/168) 26.19* (44/168)

30.12 mg/kg 158 72/61 15.82* (25/158) 0 (0/158) 84.18* (133/158)

7.53 mg/kg 161 75/82 1.83 (3/164) 0 (3/164) 98.17 (161/164)

Negative control 163 84/75 2.52 (4/159) 0 (0/159) 97.55 (159/163)

Note: Data are compared with negative controls, and * indicates significant differences (p < 0.05).

TABLE 5 Effect of MPTA on the development of rat embryos (n = 12).

Groups Placenta weight (g) Fetal rat weight (g) Fetal rat body length
(cm)

Fetal rat tail length
(cm)

120.50 mg/kg 0.39 ± 0.13* 2.81 ± 0.89* 2.81 ± 0.89* 1.05 ± 0.33

30.12 mg/kg 0.50 ± 0.01 3.51 ± 0.07* 3.29 ± 0.13* 1.21 ± 0.04

7.53 mg/kg 0.52 ± 0.01 3.60 ± 0.05 3.52 ± 0.06 1.21 ± 0.02

Negative control 0.50 ± 0.03 3.64 ± 0.13 3.57 ± 0.09 1.22 ± 0.01

Note: Data are compared with negative controls, and * indicates significant differences (p < 0.05).
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and spinal development (fusion or longitudinal cleft) were

examined and recorded in each test group. The other half of

the live fetus was placed in Bouin’s fixative solution and the

fetal viscera were examined after 2 weeks of fixation, and the

size, shape and relative position of the organs in different

sections of the fetal rat were observed and recorded for

abnormalities (Anwar et al., 2021a; 2021b).

Chronic toxicity test in rats

Two hundred SD rats (70–90 g) were randomly divided

into four groups including three dose groups (48.20 mg/kg,

9.64 mg/kg and 1.93 mg/kg) and one negative control group

(no addition). MPTA was added to the diets at each dose [daily

dietary intake of rats was calculated as 8% (1–90 days) and 6%

(91–180 days) of body weight, respectively)] and given to the

test rats via ad libitum feeding. During the feeding test, the

behavior, mental status, food and water intake, toxicity and

death of the rats were observed and recorded daily. The body

weight, food intake and water intake of all rats were measured

every 5 days.

On days 45, 90, 135 and 180 of the experiment, 10 rats in

each group (five males and five females) were randomly

selected and anesthetized by intraperitoneal injection of

urethane (ethyl carbamate). Blood samples were obtained

by cardiac puncture for further hematological examinations

such as red blood cell count (RBC), white blood cell count

(WBC), platelet count (PLT) and hemoglobin (HGB), as well

as alanine aminotransferase (ALT), aspartate

aminotransferase (AST), total protein (TP), albumin (ALB),

creatinine (CR), blood urea nitrogen (BUN), glucose (GLU)

and total cholesterol (TCH). The rats were dissected for

suspicious histological lesions, and the major organs (heart,

liver, spleen, lungs, kidneys, gastrointestines, testes and

ovaries) were weighed and the corresponding organ

coefficients were calculated. Organ coefficient = organ

weight/body weight. At the end of the test,

histopathological examinations were performed on the

major organs of rats in the 48.20 mg/kg and control

groups, as well as on suspicious lesions observed during

gross autopsy, and on rats in the lower dose group if

toxicity-related lesions were found.

Statistical analysis

Appropriate statistical analysis of the data was performed

using SPSS 26.0 (International Business Machines

Corporation, Armonk, USA) with t-test and one-way

ANOVA for body weight, feed intake, water intake,

hematology, and clinical chemistry results; Percentages

were tested using two tests. Image production wasT
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performed by GraphPad Prism 9.0.0 (GraphPad Software, San

Diego, USA). p-values less than 0.05 were considered

statistically different.

Results

Acute toxicity in mice

In acute toxicity tests, death in ICR mice occurred 8–24 h

after administration (Table 1), and clinical signs of toxicity

were slowed movement and sedentary. Gross autopsy of the

dead mice did not reveal any significant pathological changes

in the major organs. The oral acute toxicity LD50 of MPTA in

mice was calculated to be 481.99 mg/kg (95% confidence

interval 404.24–574.70 mg/kg) based on the modified

Kärber’s method (Mantel, 1967).

Sperm abnormality test in mice

In the sperm aberration test, the positive drug, CTX,

significantly increased the number of aberrations and the

aberration rate of mouse sperm (p < 0.01), in which the

proportion of amorphous sperm increased and the proportion of

banana-shaped, double-tailed sperm decreased. Compared with the

negative control group, MPTA at 120.50 mg/kg increased the

number of no-hook sperm; all three dose groups of MPTA and

CTX decreased the number of banana-shaped sperm; except for

CTXwhich significantly increased the number of amorphous sperm,

none of the MPTA treatment groups were significantly different;

241.00 mg/kg, 120.50 mg/kg MPTA and CTX also reduced the

number of double-tailed sperm; except for that, only 60.25 mg/kg

MPTA increased the number of double-headed sperm.MPTA in the

tested range (60.25–241.00 mg/kg) did not cause significant

differences (p > 0.05) in the total sperm abnormality rate in mice

FIGURE 4
Effect of MPTA on skeletal deformities in fetal rats (A)Normal skull; (B) delayed skull ossification; (C) normal occipital bone; (D) delayed occipital
ossification.
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FIGURE 5
Effects of feeding MPTA for 180 days on feeding, drinking, body weight and weight gain of rats (A) Effect of MPTA on feed intake of female rats;
(B) Effect of MPTA on feed intake of male rats; (C) Effect of MPTA on water intake of female rats; (D) Effect of MPTA on water intake of male rats; (E)
Effect of MPTA on body weight of female rats; (F) Effect of MPTA on body weight of male rats; (G) Effect of MPTA on weight gain of female rats; (H)
Effect of MPTA on weight gain of female rats.
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compared to the negative control group, although the different

treatment groups had different effects on the type of sperm

abnormalities. The results showed that MPTA at doses ranging

from 60.25–241.00 mg/kg did not cause sperm malformations in

mice (Table 2).

Mouse bone marrow cell micronucleus
test

The results of the micronucleus test of MPTA in mouse

bone marrow cells are shown in Figure 1. The rate of PCE

micronucleus in bone marrow cells of female and male mice in

the positive control group was significantly higher than that of

the corresponding sex in the negative control group (p < 0.01).

In contrast, the PCE micronucleus rate in both sexes in each

dose group of MPTA was not significantly different from that

of the negative control group (p > 0.05). And the PCE/NCE

values also showed the same trend. The results showed that

there was no effect on the micronucleus rate of bone marrow

cells in the dose range of 60.25–241.00 mg/kg in both males

and females.

Mouse bone marrow cell chromosome
aberration test

As shown in Figure 2, the chromosomal aberration rates of

female and male mice cells in each dose group of MPTA

(60.25–241.00 mg/kg) were not significant (p > 0.05) and

significantly lower (p < 0.01) than those of the positive

control group. The results showed that chromosomal

aberrations were not significantly induced in the dose range of

60.25–241.00 mg/kg.

Traditional teratogenicity test in rats

During the test period, the pregnant rats in the three MPTA

dose groups (7.53 mg/kg, 30.12 mg/kg and 120.50 mg/kg) and

TABLE 7 Effect of MPTA on hematological parameters.

Groups Hematology parameters

HGB (g/L) RBC (M/mm3) WBC (th/mm3) PLT (th/mm3)

F M F M F M F M

45 days

48.20 mg/kg 152.03 ± 7.56 155.80 ± 7.90 7.18 ± 0.58 7.77 ± 0.34 8.11 ± 0.54 11.88 ± 1.32 472.80 ± 65.66 464.00 ± 84.32

9.64 mg/kg 157.80 ± 8.11 154.11 ± 11.01 7.85 ± 0.51 7.41 ± 0.38 8.41 ± 0.62 12.02 ± 1.90 444.00 ± 60.98 435.00 ± 44.89

1.93 mg/kg 164.34 ± 13.48 153.00 ± 5.69 7.56 ± 0.61 7.57 ± 0.35 7.89 ± 0.28 12.97 ± 1.79 435.60 ± 70.52 452.60 ± 54.55

Control 156.40 ± 9.79 150.12 ± 8.52 7.29 ± 0.47 7.23 ± 0.49 8.32 ± 0.61 12.85 ± 0.86 468.50 ± 68.72 454.60 ± 60.88

90 days

48.20 mg/kg 149.80 ± 7.73 150.20 ± 12.45 7.18 ± 0.58 7.92 ± 0.32 8.11 ± 0.56 9.50 ± 0.64 473.20 ± 65.96 403.40 ± 53.81

9.64 mg/kg 149.90 ± 9.42 151.42 ± 11.70 7.45 ± 0.47 7.86 ± 0.38 7.58 ± 0.85 9.76 ± 1.16 377.20 ± 59.87 379.80 ± 69.00

1.93 mg/kg 154.20 ± 8.45 150.60 ± 8.62 7.45 ± 0.49 7.89 ± 0.37 7.56 ± 0.52 10.22 ± 0.82 400.00 ± 52.51 376.00 ± 56.98

Control 147.40 ± 10.09 153.42 ± 10.18 7.31 ± 0.52 7.66 ± 0.52 7.10 ± 0.47 9.84 ± 0.58 373.00 ± 66.02 361.80 ± 60.45

135 days

48.20 mg/kg 149.60 ± 7.76 157.35 ± 6.24 7.24 ± 0.57 7.77 ± 0.32 8.15 ± 0.57 8.36 ± 0.85 472.00 ± 66.21 461.60 ± 85.46

9.64 mg/kg 155.40 ± 7.61 156.31 ± 21.75 7.47 ± 0.61 7.43 ± 0.43 8.47 ± 0.67 8.04 ± 0.79 448.20 ± 61.47 439.60 ± 42.19

1.93 mg/kg 156.98 ± 12.58 156.80 ± 6.94 7.63 ± 0.59 7.53 ± 0.47 7.97 ± 0.28 8.59 ± 0.43 440.60 ± 71.21 456.40 ± 54.80

Control 154.20 ± 10.09 154.72 ± 7.77 7.25 ± 0.49 7.19 ± 0.49 8.28 ± 0.62 7.97 ± 0.86 469.40 ± 69.51 459.60 ± 58.08

180 days

48.20 mg/kg 149.60 ± 7.76 149.80 ± 7.57 7.24 ± 0.57 8.31 ± 0.75 8.15 ± 0.57 7.97 ± 0.45 472.00 ± 66.21 403.00 ± 54.86

9.64 mg/kg 149.70 ± 8.47 153.22 ± 11.86 7.48 ± 0.48 7.79 ± 0.37 7.76 ± 0.50 7.94 ± 1.14 377.00 ± 58.89 381.60 ± 68.05

1.93 mg/kg 154.00 ± 9.40 150.80 ± 9.24 7.51 ± 0.51 7.81 ± 0.37 7.60 ± 0.54 8.23 ± 0.82 399.80 ± 53.80 376.20 ± 57.30

Control 147.60 ± 9.31 153.62 ± 11.24 7.24 ± 0.49 7.58 ± 0.50 7.42 ± 0.51 7.94 ± 0.58 373.20 ± 64.11 362.00 ± 59.96

Note: F is female, M is male.
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TABLE 8 Effect of MPTA on clinical chemistry indices in rats.

Groups Clinical chemistry parameters

ALB (mmol/L) ALT (U/L) AST (U/L) BUN (mmol/L) TCH (mmol/L) CR (μmol/L) GLU (mmol/L) TP (G/L)

F M F M F M F M F M F M F M F M

45 days

48.20 mg/kg
27.44 ± 5.37 32.56 ± 5.28 37.75 ± 4.38 32.60 ± 5.15 192.77 ± 18.76 178.92 ± 17.68 7.83 ± 1.00 9.01 ± 0.31 1.40 ± 0.39 1.61 ± 0.37 83.54 ± 11.14 87.77 ± 15.20 8.07 ± 0.70 8.67 ± 0.79 65.71 ± 8.10 75.93 ± 4.58

9.64 mg/kg
28.51 ± 6.51 33.51 ± 6.52 29.84 ± 8.03 31.84 ± 8.84 192.72 ± 19.94 178.80 ± 20.33 8.76 ± 0.72 9.88 ± 0.95 1.21 ± 0.47 1.59 ± 0.43 76.59 ± 6.00 81.64 ± 4.65 8.03 ± 0.96 8.56 ± 0.83 61.67 ± 4.09 75.27 ± 4.27

1.93 mg/kg
30.64 ± 2.23 34.05 ± 5.24 29.99 ± 4.06 31.66 ± 7.81 191.23 ± 20.52 181.28 ± 15.48 8.34 ± 0.95 9.57 ± 0.69 1.39 ± 0.34 1.68 ± 0.30 75.87 ± 6.44 80.88 ± 5.87 8.43 ± 0.42 8.57 ± 1.06 62.55 ± 4.41 76.18 ± 3.74

Control 30.96 ± 2.39 33.52 ± 6.38 28.55 ± 3.39 31.88 ± 6.04 193.88 ± 19.13 183.61 ± 20.95 8.22 ± 0.66 8.74 ± 0.82 1.48 ± 0.48 1.71 ± 0.37 75.95 ± 5.88 79.79 ± 1.94 8.27 ± 1.07 8.65 ± 0.68 62.68 ± 3.18 76.03 ± 4.52

90 days

48.20 mg/kg
30.07 ± 3.82 36.92 ± 2.41 34.77 ± 3.16 46.42 ± 11.09 177.05 ± 25.49 180.96 ± 25.46 6.63 ± 1.10 7.23 ± 0.79 1.11 ± 0.39 1.19 ± 0.62 74.17 ± 4.55 84.32 ± 4.12 8.15 ± 0.76 8.29 ± 0.57 68.00 ± 5.33 72.80 ± 6.27

9.64 mg/kg
31.30 ± 5.08 40.98 ± 5.11 32.90 ± 5.09 37.93 ± 4.97 177.22 ± 25.55 181.17 ± 25.30 6.15 ± 0.90 7.06 ± 0.62 1.43 ± 0.45 1.47 ± 0.38 72.63 ± 5.19 82.71 ± 5.74 8.22 ± 0.76 8.62 ± 0.73 68.64 ± 6.26 73.64 ± 5.03

1.93 mg/kg
31.33 ± 5.06 40.05 ± 4.23 32.73 ± 5.10 38.53 ± 3.87 177.03 ± 25.26 185.27 ± 21.58 6.22 ± 0.57 6.98 ± 0.85 1.46 ± 0.38 1.70 ± 0.49 73.28 ± 6.40 80.93 ± 3.87 8.20 ± 0.96 8.56 ± 0.67 68.08 ± 4.79 75.66 ± 4.45

Control 31.38 ± 5.03 40.93 ± 5.13 32.03 ± 2.75 37.70 ± 5.62 168.19 ± 25.32 181.08 ± 25.38 7.71 ± 0.75 7.33 ± 0.68 1.43 ± 0.42 1.52 ± 0.38 92.13 ± 6.09 83.23 ± 5.34 6.53 ± 1.10 8.55 ± 0.83 68.08 ± 4.79 73.04 ± 5.09

135 days

48.20 mg/kg
36.42 ± 6.43 39.68 ± 6.31 35.79 ± 8.67 42.03 ± 8.29 153.13 ± 19.70 171.38 ± 19.66 6.74 ± 0.48 6.85 ± 0.96 1.28 ± 0.57 2.45 ± 0.19 85.63 ± 6.58 93.58 ± 5.11 7.31 ± 0.82 8.36 ± 0.62 70.05 ± 3.49 83.07 ± 4.45

9.64 mg/kg
36.51 ± 6.63 39.62 ± 6.44 35.89 ± 8.61 41.96 ± 8.59 153.32 ± 15.47 171.33 ± 19.44 6.85 ± 0.86 6.85 ± 0.86 1.35 ± 0.44 2.43 ± 0.30 84.93 ± 5.79 93.68 ± 5.47 7.30 ± 0.72 8.48 ± 0.57 70.30 ± 2.72 83.11 ± 4.23

1.93 mg/kg
36.64 ± 6.63 41.63 ± 2.20 35.93 ± 9.01 42.49 ± 8.18 153.27 ± 19.70 179.26 ± 15.06 6.94 ± 0.52 6.94 ± 0.52 1.34 ± 0.55 2.36 ± 0.40 85.08 ± 7.21 93.83 ± 5.11 7.27 ± 0.49 8.01 ± 0.75 70.67 ± 4.74 80.87 ± 6.26

Control 36.39 ± 4.04 39.55 ± 6.31 32.03 ± 2.75 43.12 ± 9.15 157.39 ± 14.87 171.28 ± 19.58 7.03 ± 0.75 7.03 ± 0.75 1.42 ± 0.57 2.25 ± 0.17 83.36 ± 4.55 94.23 ± 4.63 7.30 ± 0.75 8.32 ± 0.79 70.95 ± 3.95 82.55 ± 4.20

180 days

48.20 mg/kg
40.90 ± 5.15 34.42 ± 5.05 38.00 ± 5.21 33.80 ± 5.23 168.20 ± 25.54 186.85 ± 25.55 7.34 ± 0.69 7.48 ± 0.66 1.93 ± 0.49 1.85 ± 0.51 90.68 ± 5.17 80.93 ± 5.44 6.70 ± 0.83 7.27 ± 0.71 77.68 ± 5.35 71.50 ± 5.44

9.64 mg/kg
40.90 ± 5.05 33.05 ± 4.41 37.90 ± 5.16 35.63 ± 3.47 168.30 ± 25.76 188.46 ± 29.22 7.42 ± 0.93 7.29 ± 0.92 1.90 ± 0.71 1.78 ± 0.63 90.66 ± 4.51 82.00 ± 6.17 6.59 ± 1.13 7.43 ± 1.10 77.68 ± 5.53 69.71 ± 2.64

1.93 mg/kg
39.68 ± 3.90 30.89 ± 3.08 33.08 ± 4.97 35.84 ± 3.1 166.95 ± 23.38 175.95 ± 9.99 7.33 ± 0.55 7.00 ± 0.39 1.74 ± 0.62 1.82 ± 0.51 88.83 ± 1.59 79.43 ± 4.06 6.76 ± 0.73 7.45 ± 0.39 75.56 ± 3.79 70.16 ± 5.51

Control 40.75 ± 4.98 34.45 ± 5.01 37.10 ± 5.14 33.93 ± 4.87 168.19 ± 25.10 160.55 ± 20.69 7.71 ± 0.75 7.43 ± 0.71 1.71 ± 0.44 1.78 ± 0.42 92.13 ± 6.09 34.56 ± 5.10 6.53 ± 1.10 7.22 ± 0.80 76.24 ± 3.69 71.66 ± 5.44

Note: F is female, M is male.
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TABLE 9 Effect of MPTA on organ coefficients in rats.

Groups Organ coefficient (%)

Liver Kidney Spleen Stomach and
intestines

Lung Heart Testicles Ovaries

F M F M F M F M F M F M

48.20 mg/kg 3.52 ± 0.25 2.58 ± 0.15 0.69 ± 0.05 0.60 ± 0.03 0.20 ± 0.02 0.16 ± 0.00 9.38 ± 0.99 7.28 ± 0.33 0.54 ± 0.05 0.47 ± 0.04 0.38 ± 0.01 0.32 ± 0.02 0.59 ± 0.03 0.04 ± 0.01

9.64 mg/kg 3.79 ± 0.18 2.47 ± 0.12 0.74 ± 0.04 0.57 ± 0.03 0.20 ± 0.01 0.15 ± 0.01 9.36 ± 0.67 6.94 ± 0.31 0.53 ± 0.05 0.44 ± 0.04 0.35 ± 0.02 0.32 ± 0.01 0.55 ± 0.04 0.04 ± 0.00

1.93 mg/kg 3.80 ± 0.23 2.51 ± 0.17 0.74 ± 0.05 0.58 ± 0.05 0.20 ± 0.01 0.16 ± 0.01 9.36 ± 0.58 7.05 ± 0.63 0.54 ± 0.07 0.46 ± 0.02 0.39 ± 0.03 0.33 ± 0.02 0.57 ± 0.02 0.04 ± 0.00

Control 3.50 ± 0.36 2.45 ± 0.14 0.68 ± 0.06 0.56 ± 0.04 0.19 ± 0.02 0.15 ± 0.01 8.85 ± 0.48 6.90 ± 0.48 0.50 ± 0.03 0.43 ± 0.04 0.37 ± 0.02 0.32 ± 0.02 0.56 ± 0.04 0.04 ± 0.00

Note: F is female, M is male. Organ coefficient = (organ weight/body weight) × 100%.
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showed significantly delayed weight gain (p < 0.05), while the

7.53 mg/kg group showed no significant difference (p > 0.05)

(Figure 3). The results showed a lack of maternal toxicity in

pregnant rats only at 7.53 mg/kg. After execution of the pregnant

rats on day 20 of gestation, the indicators related to reproductive

function such as ovarian weight, uterine weight, number of

corpus luteum, mean fertility rate and mean fetal survival rate

in the abdomen of pregnant rats in each test group are shown in

Table 3. Further examination of embryos revealed that no

stillbirths occurred in any of the four groups, but the embryo

absorption rate was significantly higher in the 120.50 mg/kg and

30.12 mg/kg groups compared to the negative control group (p <
0.05), and the fetal survival rate was significantly lower (p < 0.05)

(Table 4). In addition, the placental weight, fetal rat weight and

fetal rat body length in the abdomen of pregnant rats were

significantly lower (p < 0.05) in both 120.50 mg/kg and

30.12 mg/kg groups compared to the negative control group

(Table 5), which showed that there were some effects of

MPTA on rat fetal development at doses of 120.50 mg/kg-

30.12 mg/kg.

Table 6 shows the statistical results of MPTA on fetal

malformations in appearance, skeletal malformations and

visceral malformations in rats. No external and internal

malformations were observed in the MPTA dose groups and

the negative control group. Retarded ossification (mainly in the

skull and occipital bones) was observed in all four groups

(Figure 4), with the percentage of fetal rats with retarded

ossification in the negative control group within the normal

historical control range of the laboratory. By statistical analysis,

MPTA induced a higher rate of malformed fetuses and maternal

malformations at a dose of 120.50 mg/kg (p < 0.05). There was no

significant effect of 7.53–30.12 mg/kg on the occurrence of

teratogenicity and maternal malformation rate. Therefore,

MPTA at doses of 7.53–30.12 mg/kg had no teratogenic effect

on the appearance, bones and viscera of fetal rats. In conclusion,

MPTA did not affect the feeding, drinking and weight gain of

pregnant SD rats at a dose of 7.53 mg/kg, and had no significant

effects on the reproductive function, embryonic survival and

growth, and the appearance, skeletal and visceral malformations

of the fetuses of pregnant rats. Therefore, the NOEL of theMPTA

teratogenic test can be considered as 7.53 mg/kg.

Chronic toxicity test in rats

During the test period (180 days), animals in the three

dose groups (48.20 mg/kg, 9.64 mg/kg and 1.93 mg/kg) and

the negative control group of MPTA did not show any

abnormal behavior. The feed intake, water consumption,

body weight and weight gain of the animals in each test

group are shown in Figures 5A–H. There were no significant

differences in feed intake, water consumption, body weight

and weight gain between the three dose groups of MPTA and

the negative control group during the test period (p > 0.05).

The hematological results of HGB, WBC, RBC, and PLT for

each test group at days 45, 90, 135, and 180 of the trial are

shown in Table 7. The results of clinical chemistry such as

ALT, AST, BUN, CR, GLU, TP, ALB and TCH are shown in

Table 8. The hematological and clinical chemistry of the rats

in each dose group were not significantly affected from the

negative control group (p > 0.05). Throughout the test

period, no animals showed poisoning and death, and gross

autopsy of surviving animals showed no abnormal lesions,

and the organ coefficients of rats in each test group were not

significantly different from those of the negative control

group (Table 9). Further histopathological examination of

the rats in the 48.20 mg/kg group and the negative control

group showed no significant pathological changes in the

major organs of the heart, liver, kidney, spleen, lung,

kidney, etc. in both groups as seen in Figure 6. In

conclusion, MPTA had no significant effects on feeding,

drinking and weight gain of rats in the dose range of

1.93–48.20 mg/kg, and no significant effects on

hematological, clinical chemistry and histopathological

examinations, and did not show chronic toxicity.

Therefore, the NOEL of 180-days chronic toxicity test in

rats can be considered as 48.20 mg/kg.

Discussion

PAs have been widely used due to their good

pharmacological activity (Xiao et al., 2007; Bae et al.,

2012; Sreenivasmurthy et al., 2022), but scientific

evaluation studies on their toxicity and side effects are

lacking. A complete and systematic safety evaluation is

essential for the safety of clinical drug use. Except for the

previous oral acute toxicity and 90-days repeated dosing

toxicity studies of MPTA in rats (Dong et al., 2022a), no

further risk assessment of MPTA has been reported. In this

study, oral acute toxicity test in mice, in vivo genotoxicity

test, teratogenicity test in rats and chronic toxicity test were

conducted to further evaluate the possible toxicity risk of

MPTA during use and to provide data support for

subsequent residue evaluation.

The oral LD50 of MPTA was 481.99 mg/kg in rats (Dong

et al., 2022a), and since the dose selection for the in vivo

genotoxicity test carried out in this study was based on mice,

the oral acute toxicity of MPTA to ICR mice was carried out,

and coincidentally, the LD50 in mice was also 481.99 mg/kg,

and according to the chemical toxicity classification criteria,

MPTA is According to the chemical toxicity classification,

MPTA is of moderate toxicity (51–500 mg/kg). The previously

reported effective dose of 5.08 mg/kg for MPTA to exert anti-

inflammatory effects is considered to have a manageable safety

distance, although no clear safety range has been obtained.
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MPTA has good properties for use as a potential anti-

inflammatory agent, but a large number of toxicities and

adverse effects have been reported for nonsteroidal anti-

inflammatory drugs (NSAIDs) in clinical practice, such as

irritation of the gastrointestinal mucosa (Melarange et al.,

1994), biochemical abnormalities due to mild liver damage

(Portmann et al., 1975; Ali et al., 2011), hematopoietic

dysfunction (Canada and Burka, 1968; Wiesen et al.,

2009), interstitial nephritis due to prolonged oral

administration (Lucas et al., 2019; Klomjit and Ungprasert,

2022), bleeding in delivery (aspirin) (Hastie et al., 2021) and

fetal malformations (indomethacin) (Klein et al., 1981;

Sangem et al., 2008). Therefore, this study focused on the

long-term toxicity, genotoxicity and toxicity to reproductive

development of MPTA. Hematological tests are often used to

assess the physiological and pathological status of the body.

Parameters such as WBC, RBC, HGB and PLT can reflect the

inflammatory status of the body and the effect of drugs on the

hematopoietic system. In chronic toxicity tests, MPTA at the

doses tested (48.20–1.93 mg/kg) did not produce significant

effects on hematological parameters in rats. The effects on

liver and kidney are often reflected by clinical chemistry, as

liver injury due to the drug often causes concomitant

increases in ALT and AST, while kidney injury also causes

increases in serum parameters such as BUN and CR. In this

test, MPTA did not have a significant effect on clinical

chemistry parameters in the rats at the doses tested. The

organ coefficients can be used to initially locate the toxic

target organs of the drug, and there were no significant

differences between the dose groups of MPTA and the

control group in this study. Histopathological examination

is considered the “gold standard” for disease/toxic injury

diagnosis (Karadag Soylu, 2020), and in further

histopathological examination, the highest dose of

48.20 mg/kg MPTA did not cause significant toxic lesions

in major organs susceptible to NSAIDs, such as liver, kidney,

and intestine. Therefore, it can be concluded that MPTA lacks

the risk of chronic toxicity.

Genotoxicity studies are an important part of drug entry

into clinical trials and marketing, and are closely related to

other studies, especially carcinogenicity and reproductive

toxicity (Ellinger-Ziegelbauer et al., 2009). In the three in

vivo genetic mutation tests (sperm abnormality test,

micronucleus test and chromosomal aberration test)

conducted in this study, all test results were negative at the

doses tested (60.25–241.00 mg/kg) and therefore MPTA was

not considered genotoxic. In the next teratogenic test in rats,

we found that body weight gain was inhibited in females at the

tested doses of 30.12 mg/kg and 120.50 mg/kg and that

embryonic uptake and fetal malformation rates were

increased compared to the negative control group. In

another in vitro study, California poppy extracts containing

PRO showed no inhibitory effect in placental cells (BeWo b30)

and the comet assay did not show genotoxic potential.

However, as data on the pharmacokinetic profile of PRO

are lacking, it cannot be demonstrated that the

concentrations tested in vitro can achieve sufficient in vivo

effects (Spiess et al., 2022b). In addition, it has been shown

that an increase in 5-Hydroxytryptamine leads to an

inhibition of weight gain in pregnant mice and reduces

maternal estrogen and progesterone levels leading to early

fetal developmental disorders (Han et al., 2022). It is possible

that the potential embryonic developmental toxicity of MPTA

also affects the levels of estrogen in rats. The results of another

study also showed that PRO can be transferred from the

mother to the fetal circuit and reach homeostasis through

the placental barrier (Spiess et al., 2022a). This also provides a

partial explanation for the potential embryotoxicity risk of

PRO, but the cause of embryotoxicity due to MPTA and its

safety for target animals should still be further investigated.

It is worth noting that MPTA is a mixture and its

toxicity results can only be representative of the test

substance itself, as the toxic effects of the mixture

depend on the composition of the substances in the

mixture, the proportions, and the interactions between

the compounds (independent, synergistic, additive, or

antagonistic) (Bart et al., 2022). Therefore, the main

active substance in MPTA should be further tested when

used alone.

Conclusion

The oral LD50 of MPTA was 480 mg/kg. In a test of long-

term repeated dosing, no signs of potential toxicity were

shown at different doses. It lacks mutagenicity, but there

may be reproductive toxicity or embryonic developmental

toxicity at dosage levels above 7.53 mg/kg. This study

suggests that MPTA could be used for further drug

development studies. Detailed in-depth studies will

continue afterwards to address the teratogenicity results.
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In many developing countries, medicinal plants have long been used for

therapeutic purposes due to their low cost and toxicity. This study evaluated

the safety and anti-arthritic potential of Alternanthera bettzickiana ethanolic

extract (ABEE). Acute oral toxicity (OECD 425) was tested in the safety

evaluation. A limit test was used to identify the LD50 value. For an acute oral

toxicity study a dose of 2000mg/kg of ABEE was given orally to the treatment

group, and the control group received distilled water at a rate of 10 ml/kg.

Biochemical, hematological, and histopathological analyses were performed

after 14 days. A formaldehyde 2% w/v solution was injected via i.p. to rats of all

groups to prepare the arthritic model. Five groups were divided into control

(D.H2O), standard (Diclofenac), and three groups receiving the plant extract at

dose levels of 125 mg/kg, 250mg/kg, and 500mg/kg respectively. Treatment

was continued for 10 days. Paw diameter and hematological and biochemical

variables were quantified. ELISA was performed for the estimation of

inflammatory cytokines. In the acute oral toxicity study, no mortality or

morbidity were observed, so the LD50 of this plant was greater than

2000mg/kg. ABEE decreased the paw diameter with the restoration of

hematological and biochemical changes. SOD and CAT levels were

increased while decreasing the MDA, NO, TNF-α, and IL-6 levels in arthritic

rats. It is concluded that the use of A. bettzickiana has low toxicity, and it can be

used for the treatment of arthritis.

KEYWORDS

rheumatoid arthritis, Alternanthera bettzickiana, acute oral toxicity, ELISA, C-reactive
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1 Introduction

The traditional use of herbal medicines was common before

the evolution of synthetic and semisynthetic medicines and

remains common (Giaid et al., 1993; Rahman and Gulshana,

2014; Jain et al., 2021). Many populations in developing countries

depend upon herbal remedies because they are accessible and

highly trusted therapy. Their use is increasing due to their

availability, efficacy, and patient acceptability (Patil and

Gaikwad, 2010; Benzie and Wachtel-Galor, 2011). These

therapies possess natural potentials that help in competing

disorders, such as arthritis, renal and hepatic disorders, and

obesity (Kunle et al., 2012). Herbal preparations are taken by

approximately 12% of the population in the United States in 1993

(Eisenberg et al., 1993; Eisenberg et al., 1998). It is generally

thought that herbal therapies do not show side effects, in contrast

to synthetic medications (Latha et al., 2010; Li and Wang, 2021).

The efficacies of herbal plants are rarely tested, despite of

their significant use (Calixto, 2000; Unuofin et al., 2018). The

safety of herbal remedies has become a prime focus of researchers

examining herbal remedies (Chen et al., 2006). It is important to

standardize the herbal preparations utilized in the treatment of

various disorders (Hunter, 2008; Unuofin et al., 2018). Plants

possessing biological activity should show less toxicity due to

long-term use. However, many traditional remedies used in

traditional medicines have shown toxic effects (Ertekin et al.,

2005; Koduru et al., 2006). Paracelsus, the father of toxicology,

said that all substances are poisons, but it is the dose that

differentiates between treatment and poison (Hunter, 2008).

Many medicines are produced from herbal remedies. Many of

these preparations depend upon the use of agents in folkloric

medicines. Rheumatoid arthritis is a systemic inflammatory

autoimmune disease with no cure. It is marked by the

consistent swelling of the synovial joints, which gives rise to

bone and cartilage erosion. The objective of therapy is to alleviate

joint damage, conserve function, and avert disability. RA can

cause irreversible joint destruction in untreated patients within

2 years (Lee et al., 2021). Moreover, initial joint destruction in

patients with recent onset could be associated with later disability

(Maillefert et al., 2004). Ultimately, several organs may be

affected. The main targets of disease are joints but it can

affect other systems of body. Alternanthera bettzickiana

belongs to the Amaranthaceae family. Amaranthaceae includes

nearly 65 genera and more than 900 species. The family is widely

distributed across tropical regions. Plants in this family are used

for ornamental purposes, like A. salixifolius, Celosia cristata,

Iresine herbtsii, etc., and some are edible and used as

vegetables, such as A. hybridus, A. spinosus, A. tricolor, A.

viridis, etc. (Rahman and Gulshana, 2014). A. bettzickiana has

been cultivated in many places across the world and is native to

South America. It is also called the border plant, the red calico,

and the Baptist plant. Locally in Pakistan, it is also called nanthra.
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It is frequently utilized as a bordering plant, with a food and

ornamental use. Its leaves can be green, red, or both. Its leaves are

used as vegetable and spinach. Its leaves are also cooked with

vegetables and served with rice (Pamila and Karpagam, 2017a). It

possesses wound healing, soft laxative, blood purifying,

galactagogue, and fever-reducing properties. Traditionally, it is

used for reducing gastrointestinal discomfort and the

prophylaxis of dementia and in the treatment of arthritis in

Thailand (Álvarez, 2009; Maneenoon et al., 2015). It also possess

anti-Alzheimer’s, antimicrobial, diuretic, hemolytic, cytotoxic,

anti-inflammatory, and mutagenic activities (Barksby et al., 2007;

Phusricom et al., 2013; Vidhya et al., 2015; Akhtar et al., 2017;

Pamila and Karpagam, 2017a). This study was carried out to

assess the acute toxicity and anti-arthritic activity of A.

bettzickiana using a formaldehyde-induced arthritis model.

2 Materials and methods

2.1 Collection

The aerial parts of the plant were collected from Punjab in

March 2019. Plant identification and authentication was

performed by Dr. Mansoor, Department of Botany, University

of Agriculture Faisalabad (UAF), and voucher no. 520-1-13 was

issued for a crude sample of UAF herbarium.

2.2 Preparation of extract

Microwave extraction technology was used for the

preparation of the extract. The extraction procedure involves

three cycles after setting the microwave to 9,000 W. In the first

cycle, 750 ml ethanol is used, while in the other two cycles, 500 ml

ethanol was added to 100 g powder in three beakers. Beakers

were placed into the microwave oven and cooked for 2 min. The

microwave oven door remained open for a period of 30 s. This

procedure was repeated five times. The same process was

repeated for other cycles. The extract was filtered by muslin

cloth and then by whatman filter paper to obtain filtrate. The

filtrate from every cycle was collected, and the solvent was

evaporated at 40°C. The extract was kept in amber colored

bottles (Shah et al., 2017).

2.3 Animal husbandry

Following the OECD guideline 425, nonpregnant female

Wistar rats weighing 130 ± 30 g and aged 9–10 weeks were

randomly taken. Rats were housed under standard conditions

for 5 days to acclimatize them. The animal house was kept at 22 ±

3°C with 30–70% relative humidity. The light and dark cycle was

12 h long. The rats were given a standard laboratory diet with tap

water.

2.4 Approval from animal’s ethics
committee

The study was carried out after taking permission from

animal’s ethics committee, Govt. College University Faisalabad

with Ref. No. GCUF/ERC/2143.

2.5 Acute oral toxicity study (OECD 425)

The rats were housed under standard conditions in the

animal house of Govt. College University Faisalabad (GCUF)

for 5 days to acclimatize them with new environment. The limit

test dose of 2000 mg/kg dose was given. Rats were fasted 3–4 h

before dosing but provided with water. Dosing was given to single

rats on the basis of weight. Rats were strictly monitored for initial

30 min and then for 4 hours. Food was given 1–2 h after dosing.

Four rats were given the same dose orally after survival of first rat.

The same procedure was adopted for control group of five rats.

The control group was administered distilled water. Both groups

were observed for the toxic effects for first 6 h and then for a

duration of 14 days. The surviving rats were noticed for any toxic

reaction. The weight of animals was recorded as well. After

14 days rats were again weighed and blood was accumulated

via cardiac puncture under chloroform anesthesia. The serum

was isolated for carrying out biochemical and hematological

analysis. Vital organs (liver, heart, and kidney) were removed

from slaughtered rats after cervical dislocation. The weight of

these organs was recorded. The organs were preserved in 10%

formaldehyde solution and were implanted in paraffin wax

(Saleem et al., 2017).

2.5.1 Hematological and biochemical analysis
Blood from both treated and vehicle control rats was

collected in EDTA-containing tubes for hematological

analysis. Hemoglobin (Hb), total RBC, white blood cells

(WBC) count, platelets, mean corpuscular volume (MCV),

packed cell volume (PVC), monocytes (M), neutrophils (N),

mean corpuscular hemoglobin (MCH), eosinophils (E), mean

corpuscular hemoglobin concentration (MCHC), and

lymphocytes (L) were determined using Mythic CBC analyzer.

Serum was separated for biochemical analysis. Cholesterol,

triglycerides, low density lipoprotein (LDL), high density

lipoprotein (HDL), very low density lipoprotein (VLDL),

bilirubin, alanine aminotransferase (ALT), aspartate

aminotransferase (AST), alkaline phosphatase, urea, blood

urea nitrogen, creatinine, uric acid, proteins, albumin,

globulin, A/G ratio, rheumatoid factor (RF), and C-reactive
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protein (CRP) were measured using Tecno 786 bio chemistry

analyzer (Anwar et al., 2021b).

2.5.2 Histopathological analysis
Vital organs separated from slaughtered rats were fixed in

formalin (10%) and then implanted in paraffin wax. Sections

were slashed at 5 mm and stained with hematoxylin and eosin.

Histopathological modifications were studied under a

photomicroscope (Anwar et al., 2021a).

2.6 In vivo assessment of anti-arthritic
potential by formaldehyde-induced
arthritis

Wistar albino rats weighing 150–180 g were used. Rats were

divided into five groups of five rats each. Group 1 (disease control

group): rats were injected with formaldehyde solution on the first

and third day of experiment. Group 2 (Diclofenac sodium

treated): rats were injected with formaldehyde solution, as in

group 1, and administered diclofenac sodium daily at a dose of

10 mg/kg for 10 days. Groups 3–5 (ABEE treated) rats received

formaldehyde solution as in group 1 and were administered

ABEE at a dose of 250, 500, 1,000 mg/kg, respectively, for

10 days. All treatments were dissolved in distilled water and

given orally; 30 min after drug administration, arthritis was

developed by a sub-plantar injection of 0.1 ml of 2% w/v

formaldehyde solution on days 1 and 3 of the experiment

(Uttra et al., 2019). Arthritis was assessed by measuring mean

increase in paw diameter by Vernier caliper for 10 days. The

percentage inhibition of edema was calculated utilizing the

following formula:

% inhibition � Vc − Vt
Vt

*100 (1)

where Vc is the paw diameter of disease control and Vt is the

paw diameter of treated.

2.6.1 Arthritis evaluation by hematological and
biochemical parameters

The rats were slaughtered under chloroform anesthesia after

10 days of study, and blood was collected via cardiac puncture.

The hematological factors (red blood cells, hemoglobin, white

blood cells, erythrocyte sedimentation rate, and platelet count)

were measured by Mythic CBC analyzer while biochemical

variables (alanine aminotransferase, alkaline phosphatase,

aspartate aminotransferase, creatinine, rheumatoid factor,

C-reactive protein, and urea) were determined with Tecno

786 bio chemistry analyzer. Next, animals were sacrificed by

painless procedure by cervical dislocation under anesthesia

(Saleem et al., 2020a).

2.6.2 Enzyme linked immunosorbent assay
ELISA was performed to determine the concentrations of

tumor necrosis factor and interleukin 6 in serum using kit

protocols (Elabscience, Catalog Number E-EL-R0019 and

E-EL-R0015) (Cheng et al., 2015).

2.6.3 Determination of oxidative stress
biomarkers

The serum concentration of nitric oxide was measured using

Nitric Oxide ELISA kit (Elabscience, Catalog number E-BC-

K036). Microplate ELISA Reader (BI, United States, 800TS-UV)

was used to measure the absorbance. Serum levels of superoxide

dismutase (Elabscience, Catalog number E-BC-K020), catalase

(Elabscience, Catalog number E-BC-K106), and

malondialdehyde (Elabscience, Catalog number E-EL-0060)

were determined after the study ended (Saleem et al., 2020b).

2.7 Statistical analysis

The results were presented as means ± SEMs (n = 5), and the

statistical significance was analyzed by two-way ANOVA,

followed by Bonferroni’s posttest, and applied by Graph Pad

Prism 5 software. p ≤ 0.05 was considered to indicate statistical

significance.

3 Results

3.1 Acute oral toxicity study

3.1.1 Body weight and behavioral changes
The administration of ABEE showed no mortality

throughout the study. Experimental animals were

TABLE 1 Effect of ABEE (at limit dose 2000 mg/kg p.o.) and vehicle treatment on body weight of rats in acute toxicity study.

Groups Body weight on 1st day
(g)

Body weight on 14th day
(g)

Control group (Distilled water) 141.94 ± 2.24 145 ± 3.80ns

Treatment group (ABEE 2000 mg/kg) 132 ± 6.27 138 ± 2.91ns

Values are presented as means ± SEMs (n = 5) and analyzed with two-way ANOVA followed by a Bonferroni posttest. ns, nonsignificant as compared to disease control. ABEE,

Alternanthera bettzickiana ethanolic extract.
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observed for 14 days with special consideration. The body

weights of vehicle control and ABEE-treated rats were

increased, as shown in Table 1. Slight behavioral changes

were recorded in treated rats, such as convulsions, and

tremor was recorded in ABEE treated rats after during

initial 3 h. Any effect on the fur of the treated animals

were elevated for 2 h after dosing. Somatomotor activity

was decreased during experimental period. The respiratory

rate was also increased in extract treated rats for one and half

hour after dosing then it became normal. Itching was

observed during first week of study in both groups. Other

behavioral features were normal compared with vehicle

control rats (Table 2).

3.1.2 Organ-to-body weight index
Organ-to-body weight index was determined and is

presented in Table 3; it showed no remarkable changes among

the groups. No lesions were observed on isolated organs, such as

the liver, heart, or kidney, of the treated animals.

3.1.3 Effect of ABEE on hematological and
biochemical variables in acute oral toxicity study

The hematological and biochemical profiles of rats treated

with ABEE are shown in Tables 4 and 5. No significant change

was observed for hemoglobin, RBCS, ESR and TLC, neutrophils,

eosinophils, lymphocytes, or monocytes, in contrast to vehicle

control group. It should also be noted that there were no

TABLE 2 Behavioral pattern of rats treated with ABEE (2000 mg/kg p.o.) during acute toxicity study.

Parameters Observations of vehicle control and ABEE-treated group

30 min 4 h 24 h 48 h 7 days 14 days

VCG ABTG VCG ABTG VCG ABTG VCG ABTG VCG ABTG VCG ABTG

Eyes N N N N N N N N N N N N

Respiration N ↑ N N N N N N N N N N

Itching P P P P P P P P P P NF NF

Sleep N N N N N N N N N N N N

Fur N E N N N N N N N N N N

Urination N N N N N N N N N N N N

Gait N SI N SI N SI N SI N N N N

Convulsion/tremor NF P NF P NF P NF P NF NF NF NF

Somatomotor activity N MD N MD N MD N MD N MD N N

Salivation N N N N N N N N N N N N

Coma NF NF NF NF NF NF NF NF NF NF NF NF

Feces consistency N N N N N N N N N N N N

Mucous membrane N N N N N N N N N N N N

Mortality NF NF NF NF NF NF NF NF NF NF NF NF

CG, control group; ABTG, Alternanthera bettzickiana treated group; N, normal; E, elevated; P, present; SI, slightly elevated; ↑, increased; MD, moderately decreased; NF, not found.

TABLE 3 Effect of ABEE (at limit dose 2000 mg/kg p.o.) and vehicle treatment onweight of organs and organ-to-body weight indices in acute toxicity
study.

Groups Heart Kidney Liver

Weight of organs (g)

Control group (distilled water) 0.67 ± 0.01 0.51 ± 0.03 4.16 ± 0.02

Treatment group (ABEE 2000 mg/kg) 0.58 ± 0.01ns 0.49 ± 0.01ns 4.20 ± 0.13ns

Organ-to-body weight indices

Control group (distilled water) 0.462 ± 0.027 0.351 ± 0.017 2.868 ± 0.029

Treatment group (ABEE 2000 mg/kg) 0.420 ± 0.025 ns 0.355 ± 0.010 ns 3.043 ± 0.010 ns

Values are presented as means ± SEMs (n = 5) and analyzed by two-way ANOVA followed by a Bonferroni posttest. ns, nonsignificant as compared to disease control. ABEE,Alternanthera

bettzickiana ethanolic extract; organ-to-body weight index = (organ weight ×100)/body weight.
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significant alterations in HCT, MCHC, MCH, or MCV in

comparison to vehicle control rats. The platelet count was

raised significantly in the treatment group (p < 0.001) when

compared with the vehicle control group. It was noted that rats

showed no significant changes in LDL, VLDL, cholesterol, HDL,

or triglycerides values of the treatment group relative to the

TABLE 4 Effect of ABEE (at limit dose 2000 mg/kg p.o.) on hematologic variables in acute toxicity study.

Parameters Units Control group Treatment group (2000 mg/kg)

Hemoglobin g/dL 15.2 ± 1.14 16.8 ± 0.86ns

TLC *109/L 6.3 ± 0.76 7.3 ± 0.57ns

ESR mm/1st h 6 ± 1.1.4 7.4 ± 0.71ns

RBC *1012/L 6.57 ± 0.67 7.14 ± 0.93ns

HCT (PCV) % 37.2 ± 1.33 36.6 ± 0.94ns

MCV Fl 62.8 ± 0.64 58.3 ± 2.91ns

MCH Pg 25.4 ± 2.70 26.4 ± 0.49ns

MCHC % 53.2 ± 2.28 48.2 ± 0.60ns

Platelets *109/L 937 ± 11.7 1,437 ± 8.95***

Neutrophils % 4 ± 0.35 5 ± 0.35ns

Lymphocytes % 90 ± 9.06 93 ± 5.59ns

Monocytes % 5 ± 0.35 2 ± 0.48ns

Eosinophils % 1 ± 0.22 2 ± 0.48ns

RF IU/mL 23.6 ± 1.34 19.62 ± 0.97ns

CRP mg/L 3.70 ± 0.65 2.80 ± 0.58ns

Values are presented as means ± SEMs (n = 5) and analyzed by two-way ANOVA followed by a Bonferroni posttest. ns, nonsignificant, ***p < 0.001 as compared to disease control. ABEE,

Alternanthera bettzickiana ethanolic extract.

TABLE 5 Effect of ABEE (at limit dose 2000 mg/kg p.o.) on biochemical variables in an acute toxicity study.

Parameters Units Control group Treatment group (2000 mg/kg)

Lipid profile

Cholesterol mg/dL 81 ± 1.70 74 ± 3.25ns

Triglycerides mg/dL 97 ± 4.49 86 ± 5.40ns

High density lipoprotein mg/dL 24 ± 4.52 23 ± 2.12ns

Low density lipoprotein mg/dL 73 ± 6.21 66 ± 4.95ns

Very low density lipoprotein mg/dL 19 ± 2.28 17 ± 2.02ns

Liver function test

Bilirubin mg/dL 0.37 ± 0.01 0.34 ± 0.01ns

AST U/L 63 ± 6.51 57 ± 6.51ns

ALT U/L 52 ± 6.96 48 ± 3.42ns

Alkaline phosphatase U/L 216 ± 8.34 143 ± 6.58***

Albumin g/L 3.30 ± 0.02 2.90 ± 0.03ns

Globulin g/L 2.9 ± 0.02 2.4 ± 0.02ns

Proteins g/L 6.20 ± 0.53 5.30 ± 0.60***

A/G ratio g/L 1.1 ± 0.007 1.20 ± 0.01ns

Renal function test

Urea mg/dL 18 ± 2.02 16 ± 2.02ns

BUN mg/dL 10 ± 1.14 9 ± 0.70ns

Creatinine mg/dL 0.56 ± 0.02 0.41 ± 0.01ns

Uric acid mg/dL 3.20 ± 0.44 2.90 ± 0.03ns

Values are presented as means ± SEMs (n = 5) and analyzed by two-way ANOVA followed by a Bonferroni posttest. ns, nonsignificant, ***p < 0.001, as compared to disease control. ABEE,

Alternanthera bettzickiana ethanolic extract.
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vehicle control group values (Table 5). The levels of aspartate

aminotransferase (AST), alanine aminotransferase (ALT),

proteins, globulin, albumin, A/G ratio were altered

nonsignificantly in the treatment group in contrast to vehicle

control rats. Nonsignificant variation was recorded in the urea,

blood urea nitrogen, creatinine, uric acid, and total bilirubin

levels of treatment rats when compared with vehicle control rats

(Table 5). Alkaline phosphatase and protein levels were

decreased significantly in the treatment group relative to the

vehicle control group.

3.1.4 Histopathological assessment in acute oral
toxicity study

Histopathological assessment showed no structural changes in

the kidney, liver, or heart tissue of ABEE-treated rats.

Histopathological assessment showed that ABEE did not lead to

FIGURE 1
Histopathological assessment of kidney, liver, and heart of the control group (C) and the treatment group (T) at 40 × and 10 ×magnification. G:
glomerulus; US: urinary space; BV: blood vessel; pct: proximal convoluted tubules; dct: distal convoluted tubules; CD: collecting duct; C:
congestion; H: hepatocytes; CV: central vein; HS: hepatic sinusoid; HA: hepatic artery; PT: portal triad; CN: central nuclei; MF: myocardial fibrils.

TABLE 6 Effects of ABEE on paw diameter of formaldehyde-induced arthritic rats.

Treatment groups Paw diameter

Day 0 Day 2 Day 4 Day 6 Day 8 Day 10

Disease control 3.83 ± 0.32 5.84 ± 0.55 7.86 ± 0.539 9.97 ± 0.316 10.51 ± 0.628 12.98 ± 0.412

Standard drug diclofenac
(10 mg/kg)

3.44 ±
0.184ns

4.95 ± 0.270ns

(15.23%)
5.91 ± 0.283**
(24.80%)

5.42 ± 0.212***
(45.63%)

4.34 ± 0.298***
(58.70%)

3.79 ± 0.201***
(70.80%)

ABEE 250 m/kg 3.74 ±
0.292ns

5.54 ±
0.595ns (5.13%)

6.83 ± 0.430ns

(13.10%)
6.41 ± 0.607***
(35.70%)

5.72 ± 0.354***
(45.57%)

5.63 ± 0.336***
(56.62%)

ABEE 500 mg/kg 3.69 ±
0.116ns

5.19 ± 0.20ns

(11.13%)
6.26 ± 0.519*
(20.35%)

5.93 ± 0.604***
(40.52%)

4.94 ± 0.185***
(52.99%)

4.51 ± 0.212***
(65.25%)

ABEE 1000 mg/kg 3.69 ±
0.311ns

4.58 ± 0.58ns

(21.57%)
5.47 ± 0.342***
(30.40%)

4.64 ± 0.381***
(53.46%)

3.85 ± 0.430***
(63.36%)

3.62 ± 0.130***
(72.11%)

Results are presented as means ± SEMs (n = 5) and analyzed by two-way ANOVA followed by a Bonferroni posttest. ns, nonsignificant, ***p < 0.001, as compared to disease control. ABEE,

Alternanthera bettzickiana ethanolic extract.
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any side effects on physiological features, and the architecture of the

vehicle control and acute toxicity groupswas found to be similar, with

only slight congestion being recorded in the kidney tissues of

treatment rats (Figure 1). The overall histopathological assessment

of kidney liver and heart sections of ABEE-treated rats showed no

remarkable variation in contrast to vehicle control group, which

means that the plant was safe at a 2000mg/kg dose.

3.2 Effect of Alternanthera bettzickiana
ethanolic extract in formaldehyde-
induced arthritis in Wistar rats

3.2.1 Effect on paw diameter
Table 6 sums up the effects of ABEE (250, 500, 1,000 mg/kg) and

diclofenac sodium (10mg/kg) in formaldehyde-induced arthritis.

Formaldehyde injection showed a swelling of left hind paw of all

rats on thefirst and third days. The increase in paw inflammationwas

recorded for 4 days, and then it was found attenuating in treated rats

in a concentration dependent manner. ABEE at a 1,000 mg/kg dose

exhibited maximum inhibitory effect (72.11%) on paw diameter,

while 500 and 250mg/kg extract revealed a 65.25% and 56.62%

reduction in paw diameter respectively. Diclofenac sodium

(10 mg/kg) rats showed 70.80% decrease (p < 0.001) in paw

diameter at day 10. These results indicated that ABEE at

1,000 mg/k exhibited a peak effect, and the outcomes were

prominent relative to the standard drug diclofenac sodium.

3.2.2 Effect on hematological and biochemical
variables

The blood and serum parameters of animals administered

with ABEE and diclofenac sodium are shown in Table 7.

TABLE 7 Effects Of ABEE on hematological and biochemical variables of formaldehyde-induced arthritic rats.

Parameters Disease control Standard (10 mg/kg) ABEE (250 mg/kg) ABEE (500 m/kg) ABEE (1,000 mg/kg)

Hb 4.59 ± 0.43 15.23 ± 1.03*** 10.51 ± 1.84* 12.31 ± 1.41** 16.10 ± 1.07***

ESR 17 ± 1.07 8.00 ± 1.41** 14 ± 2.12ns 11 ± 1.41* 7 ± 1.17***

RBCs 4.58 ± 0.48 10.91 ± 0.55*** 5.99 ± 0.58ns 9.88 ± 1.14** 11.78 ± 1.30***

WBCs 19.63 ± 1.68 10.38 ± 1.04*** 18.6 ± 0.88ns 13.59 ± 1.41** 7.57 ± 0.34***

Platelets 1958 ± 19.14 972.80 ± 8.06*** 1,343 ± 17.82*** 1,153 ± 11.60*** 851 ± 5.00***

AST 78.75 ± 3.68 47.90 ± 3.70*** 75.90 ± 4.56ns 59.78 ± 0.44** 31.60 ± 2.30***

ALP 254 ± 8.78 105.23 ± 3.80*** 253.65 ± 6.51ns 200.56 ± 17.40** 98.38 ± 4.11***

ALT 48 ± 5.59 25 ± 1.58*** 37 ± 1.14ns 30 ± 1.61** 17 ± 1.84***

Urea 42.80 ± 1.51 17 ± 1.41*** 32 ± 1.41*** 21 ± 0.74*** 15 ± 1.84***

Creatinine 4.3 ± 0.277 2.40 ± 0.44** 3.60 ± 0.114ns 2.50 ± 0.412** 1.8 ± 0.326***

CRP 21.3 ± 2.70 12.78 ± 1.30* 16.51 ± 1.58ns 10.53 ± 1.84** 7.54 ± 1.84***

RF 22 ± 1.19 10 ± 1.70*** 15.04 ± 1.01** 13 ± 0.65*** 9 ± 2.00***

Results are presented as means ± SEMs (n = 5) and analyzed by one-way ANOVA followed by a Bonferroni posttest. ns, nonsignificant; ***p < 0.001; **p < 0.01; *p < 0.05 as compared to

disease control. Hb, hemoglobin; ESR, erythrocyte sedimentation rate; RBCs, red blood cells; WBCs, white blood cells; AST, aspartate aminotransferase; ALP, alkaline phosphatase; ALT,

alanine aminotransferase; CRP, C-reactive protein; RF, rheumatoid factor; BUN, blood urea nitrogen; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ABEE, Alternanthera

bettzickiana ethanolic extract.

FIGURE 2
Effect of Alternanthera bettzickiana ethanolic extract on inflammatory mediators (A) TNF-α and (B) IL-6 in formaldehyde-induced arthritis.
Results are presented as means ± SEMs (n = 5) and analyzed by one-way ANOVA followed by a Bonferroni posttest. ns, nonsignificant; ***p < 0.001;
**p < 0.01 as compared to disease control. ABEE, Alternanthera bettzickiana ethanolic extract.
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Changes in these parameters were evaluated after 10 days of

formaldehyde induction in rats of various groups.

Hematological and biochemical variables, such as elevation

in ALP, AST, ALT, platelets, WBCs count, creatinine, CRP,

urea, and RF, in addition to reduction in RBCs and

hemoglobin, were observed in disease control

group. Similarly, administration with ABEE and standard

drug diclofenac sodium significantly (p < 0.001) averted

abnormal modifications of hematological variables in

treatment groups altered by the formaldehyde injection.

Furthermore, ALP, ALT, and AST levels noticeably

increased in disease control rats and significantly

decreased in animals treated with 500 and 1,000 mg/kg

ABEE, while 250 mg/kg dose of extract exhibited

nonsignificant decrease in ALP, ALT, and AST levels in

treatment group relative to the disease control

group. Similarly, the standard drug diclofenac sodium also

significantly decreased ALP, ALT, and AST levels in treated

group, by contrast to disease control group. Moreover, the

noticeably increased creatinine and urea concentrations in

disease control animals were significantly decreased with

ABEE and standard drugs in treatment rats. Additionally

increased serum values of CRP and RF were observed in

disease control animals, while administration with ABEE and

standard drug diclofenac sodium significantly decreased CRP

and RF levels in treatment groups. These results indicated

that ABEE at 1,000 mg/k exhibited peak effects, and outcomes

were prominent as compared to standard drug diclofenac

sodium.

3.2.3 Effect on serum levels of TNF-α and IL-6:
ELISA study

An elevated level of TNF-α (p < 0.001) was noticed in disease

control rats (517.59 ± 8.355 pg/ml), although the elevation was

significantly decreased by administration of ABEE at

1,000 mg/kg (273.45 ± 2.30 pg/ml), 500 mg/kg (490.00 ±

1.70 pg/ml) and diclofenac sodium (285.79 ± 2.91 pg/ml)

when compared with disease control rats (Figure 2A). An

abnormally increased level of IL-6 was noted in the serum of

the disease control group (649.91 ± 4.52 pg/ml). This elevated

level was significantly (p < 0.001) decreased by ABEE at

1,000 mg/kg (363.50 ± 2.31 pg/ml), 500 mg/kg (457.53 ±

5.70 pg/ml), and diclofenac sodium (377.91 ± 2.98 pg/ml)

(Figure 2B). The most effective dose of plant extract, which,

exhibited the highest decrease in serum concentration of TNF-α
and IL-6, was 1,000 mg/kg.

3.2.4 Effect on oxidative stress biomarkers
The outcomes of oxidative stress exhibited that SOD (3.93 ±

0.447 U/mL) and CAT concentrations in serum (59.31 ± 2.47 U/

L) were significantly reduced (p < 0.001) in disease control

animals. However diclofenac sodium (10 mg/kg), 500 and

1,000 mg/kg concentration of plant extract increased (p <
0.001) the serum concentrations of SOD and CAT in

adjuvant-injected groups, as shown in Figure 3A,B

respectively. MDA (592.53 ± 12.26 ng/ml) and NO

concentrations in serum (279.81 ± 8.518 μmol/L) were also

remarkably elevated (p < 0.001) in disease control animals.

MDA and NO concentrations were significantly reduced by

FIGURE 3
Effect of Alternanthera bettzickiana ethanolic extract on oxidative stress biomarkers (A) SOD, superoxide dismutase, (B) catalase, (C) MDA,
malondialdehyde, and (D)NO, nitric oxide in formaldehyde induced arthritis. Results are presented asmean ± SEM (n= 5) and analyzed with one-way
ANOVA followed by a Bonferroni posttest. ***p < 0.001; **p < 0.01; * p < 0.05; ns, nonsignificant as compared to disease control. ABEE, Alternanthera
bettzickiana ethanolic extract.
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diclofenac sodium and plant extract in adjuvant-injected groups

as shown in Figure 3C,D respectively.

4 Discussion

Plants have been utilized for the treatment of various

disorders for a very long time (Ridtitid et al., 2008). Therapy

with medicinal plants is acquiring popularity because WHO

supports their proper ethno-medicinal use and calls for the

safety assessment of herbal therapy (Daswani et al., 2006;

Ogbonnia et al., 2010; Vaghasiya et al., 2011). Who highlights

the validation of safe usage of herbal medicines by conducting

different toxicity studies? No mortality was found, although

some alterations in behavior, such as a decrease in

somatomotor activity, elevated respiratory rate, tremor,

and itching were noted in acute toxicity group (Table 1). It

was noted that water and food intake were normal during the

study period, and body weight changes were found to be

nonsignificant, which indicates normal protein, lipid, and

carbohydrate metabolism inside the body (Zhang et al.,

2022). These nutrients are important for performing

various physiological functions in human body (Stevens

and Mylecraine, 1994; Saleem et al., 2017).

The liver, lungs, kidney, spleen, and heart are major human

organs and are important targets sites of any metabolic toxin

agent. The metabolic reactions initiated by toxic substances

mostly target the heart, kidney, and liver (Vaghasiya et al.,

2011). When rats were slaughtered after 14 days, no lesions

were observed on macroscopic assessment of liver, heart, and

kidney in contrast to vehicle control group. Statistically, no

significant alterations were observed in organ-to-body weight

index in rats of acute toxicity group in comparison to control

group. Substances are classified into five groups on the basis of

LD50 values following globally harmonized classification system

(Saleem et al., 2017). ABEE can be placed in group 5 because it

falls in a lower-toxicity category (LD50 > 2000 mg/kg).

Animal health is assessed by various variables, such as serum

biomarker assessment. Liver damage induced by any toxic

substance could cause increased total proteins and increased

AST and ALT levels (Ozer et al., 2008; Ramaiah, 2011).

Statistically nonsignificant increases in globulin, total proteins,

and ALT levels were noticed in acute toxicity study.

Hepatocellular injury enhances membrane permeability and

causes a discharge of aminotransferases in blood (Ali et al.,

2008; Ogunlana et al., 2013). ALP is a marker of biliary tract

blockage (Manjunatha et al., 2005). In this study, ALP value was

significantly reduced (Table 3), which shows hepatoprotective

activity of plant (Saleem et al., 2016). Hyperlipidemias are due to

other factors like therapies, diet, and disorders, such as tumors,

diabetes, hypothyroidism, or nephrosis (Hou et al., 2022).

Decreased values of triglycerides, cholesterol, high density

lipoprotein, low density lipoprotein, and very low density

lipoprotein (Table 3) were observed in acute toxicity group

(Saleem et al., 2017; Zhang et al., 2022).

Histopathological assessment is a benchmark for assessing

pathological signs exhibited in simultaneous study in which the

architecture of organs of treated rats was normal, toxicological

signs were not present, and matches with vehicle rats

architecture, showing harmless findings of ABEE with

LD50 value more than 2000 mg/kg. Toxic substances are

metabolically changed into harmless substances in the liver,

which is the principal area for metabolism (Harizal et al.,

2010; Li et al., 2022). At initial phase signs in hepatocytes are

not understandable because of suitability of liver to revive the

injurious tissues (Salawu et al., 2009). Histopathological

assessment of vital organs did not show any inflammation

and degeneration, and only slight congestion was observed in

kidney tissues of acute toxicity group. The absence of lesions in

liver, kidney, and heart indicate the safety level of plants in

experimental animals. The results exhibit that overall no noxious

signs were observed during the study period and LD50 was

greater than 2000 mg/kg (Saleem et al., 2017).

Formaldehyde-induced arthritis is an appropriate method of

assessing the anti-proliferative potential and evaluate anti-

arthritic agents. Formaldehyde induces arthritis by breaking

down proteins at the site of injection, which produces an

immune response against the degraded substances (Nair et al.,

2012). Arthritic action of formaldehyde consists of two phases. In

the initial phase, substance P is released, while in the late phase

bradykinin, histamine, serotonin, and prostaglandin are released,

which results in marked permeability and vasodilation (Bischoff,

2008). These mediators are responsible for hyperalgesia by

stimulating nerve terminals and pain receptors. Hence,

hypersensitivity is evoked at the injection site (Desai Nilesh

et al., 2012). It has been revealed that CNS acting drugs

hinder both phases uniformly, but peripherally acting drugs

hamper the late phase (Uttra and Hasan, 2017).

In the present study, the inhibition of paw edema is due to the

potential of A. bettzickiana to prevent protein denaturation. It

may be due to a decrease in the release of inflammatory

mediators. The impediment of both phases of inflammation

shows that A. bettzickiana acts on CNS. Formaldehyde

induces an arthritic model that resembles human arthritis,

thus allowing for the evaluation of the anti-arthritic activity of

test substance. Formaldehyde injection develops localized

inflammation.

TNF-α and IL-6 promote joint damage, bone erosion, and

cell death in the inflamed joints (Zheng et al., 2014). The

increased formation of TNF-α leads to increase in the

expression of IL-6 and IL-1β, which in turn produce the

degrading enzymes responsible for osteoclast differentiation,

thus stimulating the development of arthritic erosion and

vasodilation in the edematous area (Cheng, 2015; Sano, 2011).

IL-6 causes bone resorptions and autoantibody production

(Alvarez, 2009). Any substance that blocks the production of
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IL-6 and TNF-α causes a significant revolution in the

management of rheumatoid arthritis (Nair et al., 2012).

Reactive oxygen species (ROS) are formed as a consequence

of metabolism and different environmental factors, such as

cigarette smoke or air pollutants. ROS are produced at low

concentrations in all tissues. In general, different antioxidant

systems regulate this formation. High concentration or

insufficient removal of ROS leads to oxidative stress (Gambhir

et al., 1997). ROS are active and can harm cell structures, such as

proteins, nucleic acids, lipids, and carbohydrates. They can

change their functions. The disturbance in balance between

oxidants and antioxidants is called oxidative stress. The

control of redox state is important for cell proliferation and

cell viability. The antioxidant system is of two types. This

includes enzymatic and nonenzymatic antioxidants that are

effective in neutralizing damaging effects of ROS (Birben,

2012), although in disease conditions, the antioxidant system

can be overcome. Oxidative stress comes up with many disease

conditions, such as cancer atherosclerosis, diabetes, asthma, and

hypertension. The main enzymatic antioxidants are GSH-px,

catalase, and SOD. SOD plays crucial role in free radical defense

(Kumar et al., 2016). Glutathione peroxidase and catalase inhibit

the accumulation of H2O2 by changing it into water and oxygen.

Decomposition of lipids produces many products including

malondialdehyde (Halliwell, 1991; Baskol et al., 2005). Lipid

peroxidation is a well-accepted mechanism of cell damage and

it indicates oxidative stress in tissues and is an indicator of lipid

peroxidation. Increased levels of MDA are reported in the plasma

of rheumatoid arthritis patients (Karatas et al., 2003; Taysi et al.,

2002). Nitric oxide is an endogenously formed molecule that

possesses important functions in cell signaling and participates in

different physiological processes. Radical species that cause

oxidative activity in an inflamed joint include reactive oxygen

and nitrogen species. These mediate cartilage damage (Ali et al.,

2008). NO performs different functions in inflamed areas, such as

apoptosis, signal transduction, and mitochondrial function

(Phillips et al., 2010). Elevated concentrations of NO in

synovial fluid and serum have been reported in rheumatoid

arthritis (Ersoy ET., 2010). The current study explains the

promising effect of ABEE in formaldehyde-induced arthritis.

The results of current study showed that ABEE at dose of

1,000 mg/kg deceased edematous reactions suggesting that

constituents ofA. bettzickiana target biphasic reactions (Table 6).

The outcomes of a previous study showed that ABEE

decreased oxidative stress and mRNA expression of pro-

inflammatory biomarkers (NF-kB, IL-6, TNF-α, IL-1β, and

COX-2), although it increased mRNA expression of

immunoregulatory cytokines (IL-4, I-kB, and IL-10). These

mechanisms could be accountable for the anti-inflammatory

and the anti-arthritic potential of plants. The anti-

inflammatory potential of ABEE may be due to the existence

of many phytochemicals, such as n-hexadecanoic acid, linoleic

acid, phytol, vitamin E, Ar-turmerone, squalene, and farnesol,

which possess anti-inflammatory activity (Pamila and

Karpagam, 2017b; Manan et al., 2020).

5 Conclusion

This study concluded that Alternanthera bettzickiana

ethanolic extract has low toxicity, as even a 2 g/kg dose did not

showed any mortality or morbidity, and no difference was

observed in biochemical and hematological parameters in

comparison to the control group. Outcomes also proposed that

the oral administration of ABEE in arthritic animals remarkably

decreased paw thickness and inhibited abnormal changes in

hematological and biochemical variables. Alternanthera

bettzickiana may be used as an optimal therapy for the

treatment of rheumatoid arthritis.
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Aim and objectives: This study aimed to establish a pharmacological basis for

evaluating the effects of bergapten (5-methoxypsoralen) in gastrointestinal

diseases and assessment of its toxicological profile.

Methods: The pharmacokinetic profile was evaluated using the SwissADME

tool. AUTODOCK and PyRx were used for evaluating the binding affinities. The

obtained results were further investigated for a post-dock analysis using

Discovery Studio Visualizer 2016. The Desmond software package was used

to conduct molecular dynamic simulations of best bound poses. Bergaptenwas

further investigated for antidiarrheal, anti-secretory, charcoal meal transit time,

anti-ulcer, anti-H. pylori activity.

Results: Bergapten at a dose of 50, 100, and 200mg/kg was proved effective in

reducing diarrheal secretions, intestinal secretions, and distance moved by

charcoal meal. Bergapten at the aforementioned doses acts as a

gastroprotective agent in the ethanol-induced ulcer model that can be

attributed to its effectiveness against H. pylori. Bergapten shows

concentration-dependent relaxation of both spontaneous and K+ (80 mM)-

induced contractions in the isolated rabbit jejunum model; the Ca2+

concentration–response curves (CRCs) were shifted to the right showing

potentiating effect similar to papaverine. For molecular investigation, the H+/

K+ ATPase inhibitory assay indicated inhibition of the pump comparable to

omeprazole. Oxidative stress markers GST, GSH, and catalase showed

increased expression, whereas the expression of LPO (lipid peroxidation) was

reduced. Histopathological examination indicated marked improvement in

cellular morphology. ELISA and western blot confirmed the reduction in
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inflammatory mediator expression. RT-PCR reduced the mRNA expression

level of H+/K+ ATPase, confirming inhibition of the pump. The toxicological

profile of bergapten was evaluated by an acute toxicity assay and evaluated for

behavioral analysis, and the vital organs were used to analyze biochemical,

hematological, and histopathological examination.

Conclusion: Bergapten at the tested doses proved to be an antioxidant, anti-

inflammatory, anti-ulcer, and antidiarrheal agent and relatively safe in acute

toxicity assay.

KEYWORDS

bergapten, gastroprotective, anti-ulcer, H/K ATPase, calcium channel blocking, acute
toxicity, molecular simulations

1 Introduction

More than 8 million people worldwide die from

gastrointestinal conditions each year, which include

gastrointestinal malignancies, gastroesophageal reflux disease,

Helicobacter pylori infection, peptic ulcer disease,

inflammatory bowel disease, celiac disease, and functional

gastrointestinal dysfunction (Milivojevic and Milosavljevic,

2020). The prevalence of GI diseases has an increasing trend

owing to the environmental factors including lifestyle, hygiene,

and infection exposures (Ohama et al., 2007). Multiple GI

disorders including inflammatory bowel disease, gastric ulcers,

Helicobacter pylori (H. pylori) infections, colorectal cancers,

diarrhea, constipation, and gastroesophageal reflux disease are

most prevailing globally. According to surveys performed by the

World Gastroenterology Organization, H. pylori infection is

most common in the adult population and has shown median

prevalence in about 50% of the world population. WHO data for

recent global disease burden reports diarrheal diseases to be

among the top 10 causes of death globally. Diarrheal diseases

account for approximately 1.4 million deaths worldwide in 2016.

Colorectal cancer is the fourth leading cause of cancer related

death, accounting for over 4,900 deaths in 2014 (Jones et al.,

2017). Although treatment options are available, the

consequences and mortalities are still a problem because of

poor treatment adherence of the patients usually due to

multidrug dosing regimens.

The gastrointestinal tract shows contractile motions along with

secretions throughout the tract; hence, any alteration in these may

cause increased or decreased GI motility and contractions, which

may further cause certain conditions such as diarrhea, constipation,

abdominal cramping, and indigestion. Intestinal motility, on the

other hand, may be affected by underlying disease conditions or

certain medications (Hasler et al., 2010). While some ailments such

as ulcers are associated with the imbalance in protective and

aggravating factors in GIT, many bacterial infections also cause

this imbalance and contribute toward breaching of themucus lining.

Therefore, strenuous antibiotic therapy is often recommended that

causes patient non-compliance (Nyssen et al., 2021). Moreover

psychological health, overall health condition, and dietary factors

that influence intestinal content can also affect sensory signaling

and, hence, motility in the gastrointestinal tract (Hasler et al., 2010).

The imbalance in aggressive and protective aspects leads to increase

in acid secretions from gastroparietal cells causing ulcers. Other

aspects such as gastrin, histamine, muscarinic, and prostaglandin-E2

signaling may also affect H+/K+ ATPase, which is involved in the

release of H+ ions causing an acidic environment (Mishra, 2016).

Therefore, H+/K+ ATPase is a promising target while treating ulcers.

Calcium channel blockers, on the other hand, also proved

therapeutically beneficial in ulcers and other GI motility ailments

by increasing microcirculation, gastric function, and GI motility by

affecting signaling pathways (Fomina, 2020; Khakimov, 2021).

Medicinal science so far has not been able to produce any

efficient remedial drug in contrast to gastrointestinal disorders

which can completely eradicate the disease, and current

treatment options provide temporary relief of symptoms (Irvine

et al., 2006).

Secondary metabolites from nature, predominantly plants, are

still a research hotspot because of their promising novel scaffolds

against chronic diseases (Muhammad et al., 2021a; Memariani et al.,

2021; Majid et al., 2022). Medicinal plants are used traditionally as a

source of complementary and alternative medicine in

gastrointestinal disorders (Bahmani et al., 2014). Medicinal plants

and their isolated compounds account for approximately 30% of all

pharmaceuticals, becoming globally important in recent years (Khan

et al., 2019; Muhammad et al., 2021b; Ul Hassan et al., 2021).

Additionally, herbal treatments have demonstrated good long-term

economic potential to cure problems of the gastrointestinal system.

Bergapten (5-methoxypsoralen) is a furanocoumarin that is

commonly found in lemon, grapefruit, fig, Cnidii Fructus, and

many medicinal plants (Liang et al., 2021). It acts as an

antioxidant, anti-insect, analgesic, anti-inflammatory,

anticoagulant, and anticancer agent (Yu et al., 2016). Plants from

the Apiaceae and Rutaceae family contain furanocoumarins as

major phytoconstituents and have proved their potential in

several GI disorders. Medicinal plants from these families contain

bergapten as one of main constituents, therefore leading to basis for

selection of this compound to evaluate scientifically for
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gastrointestinal disorders (Abbaskhan et al., 2011; Vera Saltos et al.,

2013). Recent studies proved bergapten to have antidiabetic

properties, and due to its ability to cross the blood–brain barrier,

it is expected to be a useful therapeutic agent in certain brain

ailments such as diabetes-associated Alzheimer’s, epilepsy, and

depression (Liang et al., 2021). Bergapten was also found to have

good binding affinity and potential to act as protease inhibitor

against SARS-CoV-2 during in silico analysis (Chidambaram et al.,

2020). Through in vivo and in silico evaluation of bergapten, it could

be formulated into a suitable dosage form. In this study, we have

initially tested bergapten through in silico studies using a docking

analysis and molecular dynamic simulation studies against selected

favorable target proteins involved in GI ailments.

The aim of this study was to assess the potential capability of

bergapten as a therapeutic agent in several GI diseases. Assuming

that bergapten modulates the expression of proteins in the GI

tract, it was evaluated for its effectiveness including anti-

spasmodic, anti-motility, gastrointestinal transient time, anti-

ulcer potential, calcium channel blocking, anti-H. pylori, H+/K+

ATPase activity, histopathological examination,

immunohistochemistry, ELISA, western blotting assay, RT-

PCR, and computational analysis including molecular

simulation studies. Importantly, the gastroprotective role of

bergapten in gastric ulcers and its regulation at the molecular

and organ/tissue damage level is examined focusing on H+/K+

ATPase and calcium channel blocking activity. In silico and

proteomic approaches aid in understanding the biochemical

mechanism and, as a result, may untangle the complicated

signaling network that affects cellular function such as

apoptosis and inflammation.

2 Materials and methods

2.1 Chemicals

Castor oil was bought from a company in Pakistan called

Karachi Chemical Industries. All the other ingredients came from

Sigma Chemicals Co. in St. Louis, Missouri, United States; they were

as follows: acetylcholine, activated charcoal, bergapten, ethanol,

loperamide, verapamil, papaverine, atropine, and omeprazole.

2.2 Animals

The studies were conducted according to the “Principles of

Laboratory Animal Care” and the rules of the Research and

Ethics Committee of the Riphah Institute of Pharmaceutical

Sciences (RIPS) (Ref. no. REC/RIPS/2019/021). Sprague

Dawley rats (190–240 g) of either gender, rabbits (1.0–2.0 kg),

and Balb/c mice were used in the study (20–25 g). At an animal

house at RIPS, Islamabad, all the animals were kept in a

controlled environment.

2.3 Computational studies

Reference pharmaceuticals’ three-dimensional structures were

created in 2016 using the Discovery Studio Visualizer by adding

polar hydrogen atoms; then, they were turned into a PDB file.

Papaverine, phenylephrine, pirenzepine, atropine, domperidone,

calmidazolium, verapamil, and ranitidine were some of the most

commonly used drugs for docking. The RCSB Protein Data Bank

was used to choose and get targets related to gut physiology.

Calmodulin, dopaminergic D2, adrenergic 1 receptor,

histaminergic H2, muscarinic M1, mu-opioid, phosphodiesterase

enzyme, and H+/K+ ATPase with their PDB IDs 1CTR, 6CM4,

P35348, P25021, 5CXV, 6DDE, 6DDE, and 1T3S, respectively, were

chosen. DSV was used to clean up the structures. PyRx was used to

dock molecules (Faheem et al., 2021; Shams ul Hassan et al., 2021).

2.4 SwissADME

SwissADME is an online method to access the ADME

(Absorption, Distribution, Metabolism, and Excretion), that is,

the pharmacokinetic profile including drug likeliness,

physicochemical, lipophilicity, solubility properties, and medicinal

chemistry (Faheem et al., 2021; Shams ul Hassan et al., 2022).

2.5 Molecular dynamics simulation

The probable binding interactions of the target protein H+/K+

ATPase and voltage-dependent calcium channel (VDCC) were

predicted using a docking analysis. Later, molecular docking

simulation of H+/K+ ATPase–bergapten and VDCC–bergapten

complexes were conducted using the Desmond software package

of SCHRÖDINGER 2020-3 version. The aforementioned

complexes were placed in a molecular simulation in an

orthorhombic box that was automatically created and

supplemented by 55,180 and 13,403 for the complexes H+/K
+ATPase-bergapten and VDCC-bergapten, respectively.

Utilizing liquid simulations with optimized potential, the

model is further enhanced (OPLS5). NaCl was added to make

the solution isotonic and to neutralize the system’s complexes

(Na = 52.06 mM and Cl = 50.74 mM). Counter ions were injected

to provide an electrically stable environment. Temperature and

pressure were maintained at 300 K using a Nose–Hoover

thermostat and 1.01325 bars using

Martyna–Tobias–Klienbarostate, respectively. The MD

simulation total time was 100 ns. The Eswald method was

used for calculating electrostatic interactions. The simulation

interaction diagram tool in the Desmond package was used to

evaluate interaction behavior between the ligand and protein.

Structural optimization of ligand was performed using the

density functional theory method. The Desmond software

gives results in the form of RMSD for the protein and

Frontiers in Pharmacology frontiersin.org03

Aslam et al. 10.3389/fphar.2022.1005154

217

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1005154


RMSF for the residue. These are then used to evaluate the

results further (Ali et al., 2022; Hassan et al., 2022).

2.6 Castor oil-induced diarrhea

This protocol was conducted as previously described by

Ansari et al. (2019). Balb/c mice were randomly allocated to

five groups for bergapten and fasted for 24 h (08:00–08:00),

before experimentation. Animals were kept in separate cages

and distributed in equal groups lining the floor of cage with

absorbent paper. After an hour, negative control mice were

administered 10 ml/kg of castor oil orally (P.O.). Mice in the

positive control group were given loperamide hydrochloride

at a dose of 2 mg/kg of body weight. Following the

administration of bergapten at dosages of 50 and

100 mg/kg, diarrhea was induced by administering castor

oil (10 ml/kg) orally. Animals were placed in separate cages

lined with white paper. Each animal was monitored for a

whole period of 4 hours in order to ascertain the time of the

commencement of diarrhea and the presence or absence of

diarrheal droppings. The percentage of diarrheal protection

was evaluated according to the Sisay et al. (2017).

2.7 Assessment of intestinal fluid
accumulation

Intestinal fluid accumulation was determined using the

method described by Ansari et al. (2019). An enteropooling

assay was used to evaluate the accumulation of intestinal fluid.

Mice fasting for 24 h (08:00–08:00) were removed and kept into

six designated cages, each holding five mice. Group I and II were

administered with normal saline (10 ml/kg) and castor oil

(10 ml/kg, p.o.), respectively. In addition, 1 h prior to

induction with castor oil (10 ml/kg, p.o.), bergapten at doses

of 50, 100, and 200 mg/kg was given intraperitoneally to Group

III, IV, and V, respectively. Standard drug atropine at dose

10 mg/kg was given to VI group. Mice were sacrificed after

30 min, intestine was removed and weighed. The results were

articulated as (Pi/Pm) x 1000, where Pi is the weight (g) of the

intestine and Pm is the weight of the animal.

2.8 Charcoal meal transit time

The inhibitory activity of the propulsion of a charcoal meal in

rats was estimated utilizing bergapten. The rats were fasted for

24 h, but had a free access to water. The test groups received the

doses of bergapten at 50, 100, and 200 mg/kg body weight doses;

the positive control group received atropine sulfate (0.1 mg/kg,

i.p.), while the negative control group received normal saline

(10 ml/kg, p.o.). All groups were treated with a period marker

25 mg/kg (10% activated charcoal suspension in 5% gum acacia)

1 hour after pretreatment. After all treatments, animals were

sacrificed. The small intestine was excised, and then the distance

traveled by charcoal meal 1 ml of marker through the organ was

expressed as a percentage of the length of the small intestine

according to the following expression (Ansari et al., 2021):

Peristaltic index(PI%) � (Distance moved by charcoal meal
/total length of intestine)(cm) × 100.

For further evaluation of % inhibition, the peristaltic index

is used.

% inhibition = (PIC-PIT)/PIC X 100,

where PIC = peristaltic index of control and PIT = peristaltic

index of test group.

2.9 Effect of bergapten on the motility of
isolated tissue preparations

Before experimentation, the rabbits were fasted for 24 h

(08:00–08:00), although they were given free access to water. It

was around 10–12 cm after cervical dislocation that the

jejunum was separated and cleansed with Tyrode’s solution.

Before administering the medication, 2 cm of jejunum was

suspended in Tyrode’s solution. Later, 30 min of

acclimatization in a controlled environment with 95%

oxygen and 5% carbon dioxide (carbogen) supply enabled

the jejunal section to adapt to the new environment. They

were recorded by connecting the force displacement

transducer (model FDT-33) through the bridge amplifier

and power Lab 4/25 data recording equipment to a

computer running the lab data acquisition and analysis

application on the computer. Each preparation was

stabilized with a concentration of ACh (0.3 M) (AD

Instrument, Sydney Australia). The percent change in

jejunal contractions was examined at various levels of

bergapten concentration (Rehman et al., 2011; Rehman

et al., 2012). High K+(80 mM) depolarizes the preparations

for smooth muscle contractions by opening voltage-

dependent Ca2+ channels, which results in extracellular

Ca2+ influx and has a contractile effect. Substances that

inhibit the high K+-induced contraction are thought to

block Ca2+ influx through L-type Ca2+ channels. After the

generated contraction had initially plateaued (often within

7–10 min), test dosages were increased cumulatively to

produce concentration-dependent inhibitory responses. The

tissue was allowed to stabilize in regular Tyrode’s solution

before being switched to Ca2+ free Tyrode’s solution

containing EDTA (0.1 mM) for 30 min. This was carried

out to validate the test substance’s Ca2+ antagonist effect.

Additionally, tissue was put in a Tyrode’s solution that

contained K+ but no Ca2+. The control

concentration–response curves (CRCs) of Ca2+ were
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produced after a 30-min incubation period. The tissue was

pretreated with test dose for 1 h after it was established that

the control Ca2+ CRCs were super-imposable (often after two

cycles). To detect the Ca2+ antagonist effect, the CRCs of Ca2+

were reconstructed in the presence of various concentrations

of the test substance (Khan and Gilani, 2009).

2.10 Anti-Helicobactor pylori activity

The resistant strains of H. pylori clinical isolates were

obtained from PINSTECH (Pakistan Institute of Nuclear

Science and Technology, Islamabad, Pakistan).

Identification assays including morphology, gram staining,

urease test, and catalase tests were performed for checking

microaerophilic growth (at 37°C) (Ullah et al., 2019). The disc

diffusion method was used to analyze an antibacterial effect of

bergapten, measuring the zone of inhibition in mm using 5 mg

of bergapten per disc. The obtained H. pylori clinical isolate SJ

2013 108 cfu/ml was resistant to antibiotics such as

amoxicillin, clarithromycin, and metronidazole. These

isolates were inoculated on Columbia blood agar (CM

0331B, Oxoid, UK) enriched with 5% defibrinated sheep

blood. Discs impregnated were applied and incubated at

37°C for 72 h under microaerophilic conditions using the

Campylobacter gas generation kit (BR 0056A, Oxoid,

United Kingdom). After completion of incubation of 72 h,

the diameter around each disc was measured to access the

zones of inhibition. The microdilution method with brain

heart infusion (BHI) broth was used to access minimum

inhibitory concentration (MIC) for bergapten. Serial

dilution by two folds in BHI broth with serum was used,

and final concentrations of extracts were 0.625–5.0 mg/ml.

The concentration at which with no visual growth or turbidity

was observed was considered as MIC.

2.11 Ethanol-induced ulcer assay

The rats of either sex that weighed between 250 and 280 g

were randomly divided into groups and kept for a 24-h fast. As a

negative control, Group 1 was given 10 ml/kg of normal saline

and Group 2 received omeprazole 20 mg/kg as a standard drug.

Groups 3, 4, and 5 were given 50, 100, and 200 mg/kg of

bergapten, respectively. In order to induce stomach ulcers in

all of the animals, 1 ml/100 g of absolute ethanol (100%) was

administered intraperitoneally after an hour of treatment.

Animals were sacrificed 1 hour after consuming ethanol.

Stomachs were removed and washed with normal saline, and

each lesion was calculated according to the protocol previous

studied by Noor et al. (2017) and Li et al. (2022). For further

proteomic analysis, the gastric tissues were reserved in a bio-

freezer (−80°C).

2.12 H+/K+ ATPase inhibitory assay

The inhibitory effect of bergapten on rat gastric H+/K+ ATPase

inhibitory effect was accessed using a commercially available

colorimetric H+/K+ ATPase activity assay screening kit (catalog

No. E-BC-K122-S, Elabscience USA). A bio-freezer (−80°C) was

used to retain the treated stomach tissues before they were

homogenised at 15,000 using the Silent Crusher M. (Heidolph).

After centrifugation at 3500 rpm for 10 min, the homogenate was

finally separated. We used a spectrophotometric assay (660 nm) to

check for the release of inorganic phosphate from the collected

supernatant after it had been collected (He et al., 2018). In addition,

1 µmol of inorganic phosphorus released by ATP hydrolysis by

ATPase of 1 mg of tissue protein per hour is defined as 1 ATPase

activity and expressed as µmol Pi/mg prot/hour.

2.13 Determination of oxidative stress
markers

The supernatant collected after homogenization and

centrifugation, respectively, of isolated rat gastric tissue at

1500 rpm for 30 min, the level of glutathione (GSH), glutathione-

S-transferase (GST), catalase, and lipid peroxidation (LPO) was

examined in the supernatant. The oxidation of GSH and DTNP

(2,2′-Dithiobis (5-nitropyridine)) produces 2-nitro-5-thiobenzoic

acid, which is a yellow end product. To access the levels of GSH

after oxidizing GSH and DTNP, a microplate reader was used to

measure absorbance at 412 nm and expressed as μmole/mg of

protein. Formation of CDNB (2,4-dinitrochlorobenzene)

conjugate is used to access GST levels. Conjugate formation is

measured by absorbance at 340 nm using the extinction

coefficient of the product formed and is expressed as μmoles of

CDNB conjugate/min/mg of proteins. Catalase activity is measured

in moles H2O2/min/mg of protein by measuring the degradation of

H2O2 and using microplate reader to measure absorbance at

240 nm. LPO (lipid peroxidation) values are measured in TBARS

(thiobarbituric acid reactive substances) nmoles/min/mg protein.

The end product of LPO is malondialdehyde, which is measured

using a microplate reader and absorbance at 532 nm (Qazi et al.,

2022). For SOD (superoxide dismutase), an assay was performed

according to Dengiz et al. (2007). Superoxide radicals generated by

xanthine and xanthine oxidase and reaction with nitro blue

tetrazolium produces formazan dye. Superoxide dismutase

Primers Tm Sequence (59–39)

Rat_BetaActin_Forward 60.5°C CCCGCGAGTACAACCTTCT

Rat_BetaActin_Reverse 59.5°C CGTCATCCATGGCGAACT

H+/K+ ATPase forward 52.3°C TATGAATTGTACTCAGTGGA

H+/K+ ATPase reverse 53.9°C TGGTCTGGTACTTCTGCT
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activity was estimated by inhibition of the aforementioned reaction

and inhibition determined at 560 nm and expressed asmillimole per

minute per milligram tissue (mmol/min/mg/tissue).

2.14 Morphology analysis, histopathology,
and H&E staining

A total of five rats were used in each group for morphological

examination. For fixation of the stomach tissues, 4%

paraformaldehyde is used, and until further analysis, tissues

are implanted and fixed in paraffin. The fixed tissues were

then sectioned using a rotary microtome at 5 μm. These were

stained with hematoxylin and eosin (H&E) and observed under

an optical microscope, and photos were taken according to

Ansari et al. (2021) and Liu et al. (2022a).

2.15 Proteomics of stomach tissues by
using enzyme-linked immunosorbent
assay

Tumor necrosis factor alpha (TNF-α), prostaglandin-E2 (PGE2),
and interleukin-8 (IL-8) were detected according to the

manufacturer’s instructions. The stomach tissues (n = 3) stored

in the bio-freezer (−80°C) were homogenize at 15 rpm × 1000 using

Silent Crusher M (Heidolph) and later centrifuged (at 1350 × g for

1 h) for collection of supernatants. It was then analyzed for

quantification of TNF-α (Catalog No: E-EL-R0019), PGE2

(Catalog No: E-EL-0034), and IL-8 (Catalog No: EKF57830)

using an Elabscience Rat ELISA kit (Liu Z. et al., 2022b).

2.16 Western blot analysis

To determine the expression of inflammatory mediators

involved in progression of ulcer, a western blot analysis was

used. Sample proteins (n = 3) from each experimental group were

prepared with the addition of laemmli buffer, vortexed, and

incubated at a temperature of 96°C for 10 min. These were

then placed in ice for 10 min after incubation and again

vortexed. After preparation of gel protein samples were loaded

in polyacrylamide gels separated by SDS/PAGE. The negative

charge on SDS is used for protein denaturation, and

polyacrylamide allows the movement of protein at altered

speed based on their charge. After separation of proteins, they

were shifted to polyvinylidene fluoride (PVDF) membrane for

the trans blot process. A 5% skimmed milk solution was prepared

in TBST (Tris-buffered saline with Tween) buffer and used for

washing and blocking membranes for non-specific binding.

Primary antibodies including phosphorylated nuclear factor

kappa β (SC-271908 Santa Cruz Biotechnology, Dallas, TX,

United States), tumor necrosis factor α (SC-52B83 Santa Cruz

Biotechnology, Dallas, TX, United States), and COX-2 (SC-

514489 Santa Cruz Biotechnology, Dallas, TX, United States)

were applied on membranes and were incubated for 16 h at 4°C.

Membranes were washed in TBST buffer for 10 min, and anti-

mouse secondary antibody was applied for 3–4 h at room

temperature. By interacting and binding with the primary

antibody, the secondary antibody detects target protein. The

PVDF membrane was then again washed in TBST, and proteins

on the PVDF membrane were transferred to X-ray sheet. Band

density was measured and standardized to β-actin (Noman et al.,

2022).

2.17 Reverse transcription-polymerase
chain reaction analysis

Following the manufacturer’s instructions, the TRIzol

technique was used to extract total ribonucleic acid (RNA)

after homogenization of gastric tissues (n = 3), and cDNA

was synthesized by reverse transcriptase enzyme using 1–2 µg

of total RNA. cDNAwas then amplified by real-time PCR using a

thermocycler. Beta-actin expression levels were used to

normalize mRNA expression. For real-time quantitative PCR,

the relative gene expression was determined by using the 2Δ̂Δ−CT

method (Ali et al., 2022). Primers sequences for β-actin and H+/

K+ ATPase are as follows:

FIGURE 1
(A) represents root mean square deviation (RMSD) for protein
4UX2 shown in blue and RMSD of bergapten shown in red. (B)
RMSD for protein 1T3S shown in blue and RMSD of bergapten
shown in red using the Desmond software package.
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2.18 Toxicity studies

In total, two groups of female rats (n = 5) were obtained.

One was control group and the other treatment group. In this

study, we used non-pregnant, nulliparous female rats to test

acute toxicity of bergapten. One animal at a time was fasted

overnight and administered with 2000 mg/kg of bergapten in

accordance with OECD standards 425 (Saleem et al., 2017;

Song and Wu., 2022). The rat was observed for 24 h, and if it

survived, the other rats in the therapy group were given the

same treatment; writhing, salivation, twitching, convulsions,

loss of fur, and stress were among the symptoms seen. These

symptoms were observed for 48 h, followed by 14 days of

daily monitoring. As soon as the animals had been

anaesthetized and their essential organs removed, blood

was drawn from their hearts by cardiac puncture. For

example, these blood samples were used to determine the

moist weight of their organs and to compile antioxidant

profiles and tests to determine how well their livers and

kidneys functioned.

2.18.1 Biochemical analysis of the toxicity study
Biochemical markers such as lipid profile (cholesterol,

triglyceride, low-density lipoprotein (LDL), very-low-

density lipoprotein (VLDL), and high-density lipoprotein

(HDL)), renal function tests (urea, uric acid, and

creatinine), liver function tests (alanine aminotransferase

(ALT), bilirubin, aspartate aminotransferase (AST), and

alkaline phosphate (ALP)), and total protein were estimated

using a Randox kit.

FIGURE 2
A time-based depiction of the multiple interactions and contacts including hydrogen, hydrophobic, ionic bonds, and water bridges between
bergapten vs. 4UX2 and 1T3S are presented in (A1,A2), respectively. The total number of specific interactions between the protein and the ligand is
shown in the top panel. The interacting residues with the ligand are shown in the bottom panel. Some residues formmore than one specific contact
with the ligand, and these are indicated by deeper hue of Orange, according to the scale to the right of the plot. (B1,B2) exhibit protein
interactions between 4UX2 and bergapten and 1T3S and bergapten, respectively. These interactions are categorized as hydrogen bonds,
hydrophobic, ionic, and water bridges.

Frontiers in Pharmacology frontiersin.org07

Aslam et al. 10.3389/fphar.2022.1005154

221

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1005154


2.18.2 Hematological analysis of the toxicity
study

EDTA tubes were used to collect blood samples from control

and treated animal. HumaLyzer was used to access the

hematological parameters such as complete blood count

(CBC), hemoglobin (Hb) levels, red blood cell count, white

blood cell count, platelet count, packed cell volume (PCV),

mean corpuscular volume (MCV), mean corpuscular

hemoglobin (MCH), neutrophils, lymphocytes, monocytes,

and eosinophils (Lei et al., 2022).

2.18.3 Histopathological analysis of the toxicity
study

The animals subjected to toxicity study were sacrificed

and fixed in 10% formalin and embedded in paraffin wax.

H&E (hematoxylin and eosin) staining was used to stain on

paraffin embedded organ sections and slides were prepared

and observed under a light microscope for further

investigation.

2.19 Statistical analysis

Data were expressed as mean ± SEM (n = 5) and median

effective concentrations (EC50) having 95% confidence intervals.

A statistical analysis of the results was carried out using one-way

ANOVA followed by post hoc Tukey’s test. Non-linear regression

using GraphPad program (GraphPad, SanDiego, CA,

United States) was used to analyze the concentration–response

curves.

3 Results

3.1 Docking study

Energy levels and H-bonds determine docking assessment.

Bergapten’s binding affinities to protein receptors vary.

Supplementary Table S1 provides atomic energy values (kcal/

mol) and residues implicated in H-bonding, pi-pi bonding, and

other hydrophobic interactions of bergapten and reference.

Supplementary Figures S1–S11 illustrate bergapten’s 2D

interactions with typical medicines.

TABLE 1 Effect of bergapten and loperamide against castor oil-induced diarrhea in mice.

Treatment (mg/kg) No. of wet
feces

Total no. of
feces

Average
weight of
wet
feces (gm)

Average
weight of
total
feces (gm)

% inhibition of
defecation

%
WWFO

%
WTFO

Saline (10 ml/kg) + castor oil
(10 ml/kg)

8.0 ± 0.3 8.2 ± 0.02 0.46 ± 0.03 0.5 ± 0.01 0 0 0

Bergapten (50 mg/kg) + castor
oil (10 ml/kg)

4.8 ± 0.3 6.7 ± 0.2 0.31 ± 0.05 0.42 ± 0.01 40.0*** 67.39 81.7

Bergapten (100 mg/kg) + castor
oil (10 ml/kg)

0 ± 0.0 1.6 ± 0.19 0 ± 0.0 0.25 ± 0.03 100*** 0 19.51

Loperamide (2 mg/kg) + castor
oil (10 ml/kg)

0 ± 0.0 2.2 ± 0.2 0 ± 0.0 0.11 ± 0.03 100*** 0 22

Values are expressed as mean ± SEM n = 5. One-way analysis of variance (ANOVA) followed by post hoc Tukey’s test, ***p < 0.001 vs. castor oil group.

FIGURE 3
Inhibitory effect of bergapten and atropine on castor
oil–induced fluid accumulation in mice. The anti-secretory effect
is expressed as Pi/Pm x 1000 (g), where Pi is the weight of the small
intestine and Pm is the weight of mouse. Results are
expressed as mean ± SEM, n = 5. One-way analysis of variance
with post hoc Tukey’s test. ###p < 0.001 vs. saline group, **p <
0.01 vs. castor oil group, ***p < 0.001 vs. castor oil group.
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3.1.1 Targets information
The total residues, protein chains, number of atoms,

charge, and heavy atoms on the protein target H+/K+

ATPase (4UX2) and voltage-gated L-type calcium channel

(1T3S) assessed during simulation are presented in

Supplementary Figures S12A, S13A. The RMSF in Å A° was

2.5 for 4UX2 and 5.5 for 1T3S indicated in Supplementary

Figures S12B, S13B. In Supplementary Figures S12C, S13C, for

4UX2 and 1T3S, red represents alpha helices and blue beta

strands.

3.1.2 Ligand information
In Supplementary Figure S14A, the root mean square

deviation (RMSD), extendedness of the ligand as measured by

the radius of gyration (rGyr), number of internal H-bonds within

the ligand, molecular surface area (MolSA) calculation with 1.4 A°

probe radius, solvent accessible surface area of the ligand (SASA),

and polar surface area (PSA), which is contributed only by the

oxygen and nitrogen atoms Supplementary Figure S14B shows

Bergapten’s structure, atom count, atomic mass, charge,

molecular formula, fragments, and rotatable bonds.

TABLE 2 Effect of bergapten and atropine on charcoal meal transit time in rats.

Treatment Mean length of intestine
(cm)

Distance moved by
charcoal (cm)

Peristaltic
index (PI) %

% inhibition

Saline (10 ml/kg) 94 0 0 0

charcoal (25 mg/kg) 92.6 90 96.9### 0

Bergapten (50 mg/kg) + charcoal (25 mg/kg) 81.2 54.2 66.74 31.26*

Bergapten (100 mg/kg) + charcoal (25 mg/kg) 81.2 50.8 59.3 38.92***

Bergapten (200 mg/kg) + charcoal (25 mg/kg) 91.8 48.2 55.33 43.01***

Atropine (0.1 mg/kg, i.p.) + charcoal (25 mg/kg) 90.8 16.4 18.06 81.40***

Values are expressed as mean ± SEM (n = 5). One-way analysis of variance (ANOVA) followed by post hoc Tukey’s test.###p < 0.001 vs. saline group, *p < 0.05, ***p < 0.001 vs. charcoal

group.

FIGURE 4
Concentration-dependent inhibitory effect on spontaneous
and K+ (80 mM)-induced contractions of (A) bergapten, (B)
papaverine, and (C) verapamil in isolated tissue preparations. The
result expressed as mean ± SEM, n = 3–5.

FIGURE 5
Effect of bergapten on concentration–response curves of
Ca2+ in the absence and presence of increasing concentrations of
(A) bergapten, (B) papaverine, and (C) verapamil in isolated rabbit
jejunum preparations. The values shown are mean ± SEM,
n = 3–4.
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3.2 SwissADME

Pharmacokinetic profile including drug likeliness,

physicochemical, lipophilicity, and solubility properties are

described in Supplementary Table S2.

3.3 Molecular dynamic simulations

Using the Desmond software package, molecular dynamic

simulation was performed. The physiological environment was

provided to the complexes and were run for 100 ns. RMSF of

the atomic positions for bergapten on 4UX2 is shown in

Supplementary Figures S15A and bergapten on IT3S is shown in

Supplementary Figure S15B. Root mean square deviation (RMSD)

of interaction between 4UX2 and IT3S with bergapten is shown in

Figures 1A,B, respectively. Small deviation in RMSD shows stable

binding. Interactions of bergaptenwith different amino acid residues

on 4UX2 and 1T3S are displayed in Figures 2A1,A2, respectively.

Some residues form more than one specific contact with the ligand,

which is depicted as darker shade of orange. Other interactions

including H-bonds, hydrophobic, ionic, and water bridges between

bergapten vs. 4UX2 and 1T3S are represented in Figures 2B1,B2,

respectively.

TABLE 3 Protective effect of bergapten and omeprazole against ethanol-induced gastric ulcers in rats.

Treatment Ulcer index % inhibition

Saline 10 ml/kg 0 ± 0.0 −

Ethanol (1 ml/100 g) 10.0 ± 0.3### 0

Bergapten (50 mg/kg) + ethanol (1 ml/100 g) 8.0 ± 0.13** 20

Bergapten (100 mg/kg) + ethanol (1 ml/100 g) 4.4 ± 0.21*** 56

Bergapten (200 mg/kg) + ethanol (1 ml/100 g) 2.6 ± 0.3*** 74

Omeprazole (20 mg/kg) + ethanol (1 ml/100 g) 1.4 ± 0.14*** 86

Values are expressed as mean ± SEM n = 5. One-way analysis of variance ANOVA, followed by post hoc Tukey’s test###p < 0.001 vs. saline group, **p < 0.01, ***p < 0.001 vs. ethanol group.

FIGURE 6
Gross-appearance of gastric mucosa in rat: (A) pre-treated with saline, 10 mL/kg, (B) Severe injuries are seen, as ethanol (1 mL/100 g) produced
excessive hemorrhagic necrosis of gastric-mucosa (C–E) pretreated with bergapten at doses of 100, 150, and 200 mg/kg and (F) pretreated with
omeprazole (20 mg/kg). The injuries reduce with increase of doses and omeprazole compare with ethanol treated group. At 200 mg/kg, bergapten
showed most efficacious gastro- protective action.
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3.4 Effect of bergapten on castor oil-
induced diarrhea

In contrast to the saline-treated negative control group, which

showed no protection against castor oil-induced diarrhea, bergapten

had a dose-dependent protective effect (50–100 mg/kg) in mice. To

prevent diarrhea, bergapten offered 40%protection at 50 mg/kg, and

100% protection at 100 mg/kg (p < 0.05 vs. the saline group).

Loperamide, a well-known antidiarrheal, prevented diarrhea in

positive control shown in Table 1 (p < 0.001 vs. castor oil).

3.5 Effect of bergapten on intestinal fluid
accumulation

When mice were given castor oil, which caused their

intestines to fill up with fluid, 50–200 mg/kg of bergapten

stopped the fluid from leaking out. Intestinal fluid buildup in

the saline group was 86.5 1.2 (mean SEM, n = 5), but in the castor

oil group, it was 124.16 1.96 (###p < 0.001 vs. saline group). The

amount of fluid buildup caused by castor oil was cut by bergapten

at doses of 50, 100, and 200 mg/kg (**p < 0.01 vs. castor oil

group), 95.84 1.5 (***p < 0.001 vs. castor oil group), and 75.98

0.91 (***p < 0.001 vs. castor oil group). Figure 3 shows that

10 mg/kg of atropine decreased the amount of fluid in the gut to

72.71 1.2 (***p < 0.001 vs. the castor oil group).

3.6 Effect on charcoal meal transit time

A dose-dependent delay in the passage of the charcoal meal

through the small intestine is caused by bergapten. The saline

group covered a distance of 94 cm. Bergapten at doses of 50, 100,

and 200 mg/kg inhibited the transit of charcoal meal by 31.26%,

38.92%, and 43.01%, respectively (***p < 0.001 vs. charcoal

group). The inhibitory effect of atropine (0.1 mg/kg) is 81.40%

(***p < 0.001 vs. charcoal group) Table 2.

3.7 Effect of bergapten on spontaneous,
K+-induced contractions and CCB effect

Figure 4 shows how bergapten, papaverine, and verapamil

stop spontaneous and K+ (80 mM)-induced contractions, with

EC50 values of 0.0026 mg/ml (1.69–2.82, n = 4) and

0.0139 mg/ml (1.68–18.9, n = 4), respectively. Figure 4A

shows that both natural contractions and contractions

caused by K+ (80 mM) were stopped by bergapten.

Papaverine displayed non-specific inhibition in Figure 4B,

with EC50 values of 0.4 μM (0.2–0.8, n = 4) for spontaneous

contractions and 0.6 (0.3–1.3, n = 4) for high K+ trigger

contractions. Verapamil had an EC50 of 0.04 M (0.03–0.06,

n = 4) against spontaneous contractions and 0.12 M

(0.10–0.20, n = 3) against K+-induced contractions

(Figure 4C). Figure 5 demonstrates that when it was

evaluated for calcium channel interaction, it shifted Ca2+

CRCs to the right, such as in papaverine and verapamil.

3.8 Effect on H. pylori

The zone of inhibition and MIC values were assessed against

H. pylori isolate, which showed potent sensitivity by disc

diffusion method for bergapten. It showed zone of inhibition

of 30 ± 0.22 mm against isolate. The MIC value of 1.25 mg/ml

was obtained (Supplementary Figure S16).

3.9 Effect on ethanol-induced ulcer

Bergapten, at doses ranging from 100 to 200 mg/kg, showed

anti-ulcer activity in a dose-dependent manner. At dosages of 50,

100, and 200 mg/kg, bergapten induced inhibition that was,

respectively, 20 percent, 56 percent, and 74 percent (**p <
0.01, ***p < 0.001 vs. the saline group). An inhibitory impact

of 86 percent was achieved with 20 mg/kg of omeprazole

FIGURE 7
Effect of bergapten and omeprazole on decreasing rat gastric
H+/K+ ATPase activity in the ethanol-induced gastric ulcer model.
The data values are expressed as mean ± SEM (n = 3). One-way
analysis of variance with post hoc Tukey’s test. ###p <
0.001 vs. saline group, ***p < 0.001 vs. ethanol group.

Frontiers in Pharmacology frontiersin.org11

Aslam et al. 10.3389/fphar.2022.1005154

225

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1005154


(Table 3). The macroscopical examination revealed the presence

of the rats’ stomach mucosa (Figure 6).

3.10 Effect on H+/K+ ATPase activity

The ethanol-induced group demonstrated significant

increase in H+/K+ ATPase activity proving the release of acids

in the stomach (###p < 0.001 versus saline group). The treatment

groups including bergapten (200 mg/kg) and omeprazole

(20 mg/kg) significantly reduced the pump activity (***p <
0.001 versus ethanol group) shown in Figure 7.

3.11 Effect on oxidative stress markers

In ethanol-induced ulcer stomach tissues, the activity of GST,

GSH, and catalase was dramatically decreased, while LPO was

elevated (###p < 0.001 in comparison to the saline group), which is

a clear indication of oxidative stress. However, the levels of GST

(***p < 0.001 in comparison to the ethanol group), GSH (**p <

0.01, ***p < 0.001 in comparison to the ethanol group), and

catalase (***p < 0.001 in comparison to the ethanol group) were

significantly increased in the treatment groups that included

bergapten (200 mg/kg) and omeprazole (20 mg/kg). Figure 8

shows that there was a substantial reduction in LPO levels

across the treatment groups (***p < 0.001 in comparison to

the ethanol group). Superoxide dismutase activity indicated

significant increase in SOD activity in the bergapten-treated

group (***p < 0.001 in comparison to the ethanol group) as

compared to reduced activity in the ethanol group. This effect

was similar to that produced by standard drug omeprazole

(***p < 0.001 in comparison to the ethanol group).

3.12 Histopathological analysis

Hematoxylin and eosin (H&E) staining was performed in

order to distinguish among necrotic cells from intact one after

administration of ethanol in stomach for further examination

of gastroprotective effect of bergapten, as shown in Figure 9.

In the stomach’s most vulnerable regions, ethanol causes

FIGURE 8
Effect of bergapten (200 mg/kg) and omeprazole groups against (A) glutathione-S-transferase (GST), (B) glutathione (GSH), (C) catalase, (D)
lipid peroxidation (LPO), and (E) superoxide dismutase (SOD) in the ethanol-induced gastric ulcer model. The data are expressed asmean ± SEM (n =
3), and analyzed by one-way ANOVA with post hoc Tukey’s test. ###p < 0.001 vs. saline group, ***p < 0.001, **p < 0.01 vs. ethanol group.
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significant cellular alterations, whereas bergapten treatment

lessens the damage. In comparison to the ethanol-treated

group, a significant difference was seen in the control

group. The injured region exhibits changed mucosal cell

size and shape and aberrant color staining. Control

animals’ histology preparations indicated no alterations.

Bergapten-treated groups had more viable cells than

ethanol-treated ones.

3.13 Effect on TNF-α, PGE2, and IL-8
expression

Figure 10 depicts the effect of bergapten on TNF-α, PGE2, and
IL-8 in the stomach of an ethanol-induced ulcer model. Bergapten

substantially reduced the expression of TNF-α, PGE2, and IL-8 in

both treatment groups as compared to the ethanol control group,

according to a one-way ANOVA and post hoc Tukey’s test. The

results show a considerable difference between the treated group and

the disease group. The degree of inflammatory mediator release

from tissue in bergapten at doses of 100 and 200 mg/kg was

considerably lower at higher doses. In contrast, bergapten has

more pronounced effect with respect to omeprazole.

3.14 Western blot analysis

Western blot analysis (gastric tissues) confirmed that COX-2,

TNF, and p-NFƙB levels were increased in the ethanol-treated group

(###p < 0.001 versus saline group), but bergapten (200 mg/kg)- and

omeprazole (20 mg/kg)-treated groups showed decreased

expression levels as compared to the negative control group

(***p < 0.001 vs. ethanol group) Figures 11, 12.

3.15 Quantification of mRNA levels

RT-PCR determined the fold expression of H+/K+ ATPase in

the ethanol-induced gastric ulcer model (Figure 13). The ethanol

(1 ml/100)-administered group indicate increased expression of

H+/K+ ATPase mRNA levels (###p < 0.001 versus saline group).

Bergapten (200 mg/kg) caused a significant decrease in

expression levels (***p < 0.001 vs. ethanol group). Omeprazole

(20 mg/kg) also reduced the expression comparative to negative

control group (***p < 0.001 vs. ethanol group).

3.16 Toxicity studies

The OECD guidelines 425 were used to evaluate the safety

profile of bergapten. After ingesting 2000 mg/kg of compound,

the animal’s fur and skin, feces consistency, urine’s color, its

breathing rhythm, and its sleeping patterns were all normal.

There were no convulsions or signs of discomfort in any of the

animals. Both groups’ weights increased properly over the course

of the 14-day treatment. The effect on behavioral parameters is

given in Table 4, and the effect of 2000 mg/kg dose of bergapten

on organ weight is given in Table 5. When comparing the weight

of organs in drug-treated animals to the control group, no

significant differences were identified.

3.16.1 Biochemical analysis
Effect on LFTs, RFTs, and oxidative stress markers are given

in Figure 14. ALT and AST levels decreased in the bergapten

group and ALP levels increased compared to the control

group. RFTs indicated no renal toxicity signs based on RFTs

outcome. Oxidative stress markers such as SOD, catalase, and

GSH levels increased in the brain, kidney, and heart; however,

GSH decreased in the liver indicating mild liver toxicity.

3.16.2 Hematological analysis
Effect on hematological parameters are given in Table 6.

Bergapten showed a stable hematology profile. There was no

evidence of hematological toxicity.

FIGURE 9
Histopathological slides of gastric tissues showing effect of
pretreatment with (A) saline (10 ml/kg), (B) ethanol (1 ml/100 g),
(C) bergapten (200 mg/kg), and (D) omeprazole (20 mg/kg)
bergapten and omeprazole in the ethanol-induced ulcer
model.
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3.16.3 Histopathological analysis
There was no evidence of vacoulation, dystrophy, or atrophy

in key organs such as the brain, liver, kidney, and heart according

to histopathological investigation given in Figure 15.

4 Discussion

Based on a review of the literature on use of bergapten and

plants with bergapten as the main phytoconstituent in gastric

disorders like gastritis, constipation, and diarrhea, different tests

were used to evaluate bergapten’s anti-ulcer, anti-secretory, charcoal

meal transit time, gastrointestinal motility, and anti-ulcer effects. An

in vitro, in silico, in vivo, and proteomic approach was used for the

explication of possible underlying mechanism(s) to rationalize

aforementioned GIT ailments. Docking is a preliminary way of

determining a ligand’s affinity for a specific protein target (Zhang

et al., 2021). Drug research and development heavily rely on

molecular docking, which also determines target specificity and

performs structure-based evaluation (Zhou et al., 2020; Faheem

et al., 2021). For in silico studies initially bergapten was docked

FIGURE 10
Effect of bergapten and omeprazole on (A) TNF-α (tumor necrosis factor alpha), (B) IL-8 (interleukin-8), and (C) PGE2 (prostaglandin-E2)
expression in wound healing in the ethanol-induced gastric ulcer model examined by ELISA. The data are expressed asmean ± SEM (n= 3). One-way
ANOVA with post hoc Tukey’s test. ###p < 0.001 vs. saline group, ***p < 0.001, **p < 0.01, *p < 0.05 vs. ethanol group.

FIGURE 11
Pictorial representation showing inhibitory effect of
bergapten and omeprazole groups against (A) phosphorylated
nuclear factor kappa B (pNF-Kb), (B) tumor necrosis factor alpha
(TNF-α), (C) cyclooxygenase 2 (COX-2), and (D) β-actin
expression in ethanol-treated gastric tissues using western blot
techniques, where 1 indicates saline group, 2 indicates the
expression in ethanol groups, 3 indicates omeprazole group, and
5 indicates bergapten (200 mg/kg) group.
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against targets involved in GI ailments. Based on positive results,

molecular docking simulation studies were conducted on the targets

chosen for molecular studies, which included voltage-gated calcium

channels (PDB ID: 1t3s) and H+/K+ ATPase (PDB ID:4ux2). This

helped to strengthen the in silico results. Researchers have used PDB

IDs from the Research Collaborator for Structural Bioinformatics

Protein Database (RCSB PDB) to study the aforementioned target

proteins in GI diseases (Pecsi et al., 2010). Docking analysis and

molecular dynamic simulation studies were used to figure out the

best positions. MD simulations let you see how molecules change

shape, where their atoms are, and how they interact with their

surroundings. The changes in these shapes helps access the

structural interactions resulting best pose for ligand and protein

complexes. This information is helpful to identify active pockets and

poses that can be used to design ligands to best fit the target protein

(Karplus and McCammon, 2002; Hernandez et al., 2016).

Simulations were run for 100 ns in this study. The interactions

were found to be stable, and the RMSF and RMSD values showed

that targets proteins and bergapten worked well together. Less

changes in RMSD show that interactions are strong (Faheem

et al., 2021). This lead to the basis for further taking this

research to animal testing by applying in vivo models.

To assess the effect of bergapten in gastrointestinal disorders

such as castor oil-induced diarrhea, this study was design tomeasure

the antidiarrheal effect of bergapten in rats similar to effect produced

by loperamide, a standard drug while its possibly underlying

mechanism were estimated through isolated tissue preparations

also associated with reduction in gastric motility (Qazi et al.,

2022). Castor oil is responsible for increasing intestinal fluid as

well as diarrheal effect through its activemetabolite, that is, ricinoleic

acid. It changes the electrolyte and water transport and generates

enormous contractions in the transverse and distal colon (Ansari

et al., 2019). Bergapten acted as gut relaxant, observed antidiarrheal

effects in the animal model. The calculated antidiarrheal effect of

bergapten in rats, mediated possibly through the blockade of Ca2+

channels, evidence for its effectiveness in diarrhea, though additional

mechanism(s) cannot be ruled out (Rehman et al., 2012). For

charcoal meal transient time activity, bergapten in the small

intestinal produced suppression of propulsion of charcoal marker

in test doses just like standard drug atropine sulfate which has

anticholinergic effect on GI transit leading to reduced motility

(Ansari et al., 2019). The reduced motility causes sufficient

reabsorption of water and contents through the intestine which

can also be correlated to antidiarrheal findings of bergapten in this

FIGURE 12
Graphical representation showing inhibitory effect of bergapten and omeprazole groups against (A) phosphorylated nuclear factor kappa B
(pNF-Kb), (B) tumor necrosis factor alpha (TNF-α), and (C) cyclooxyegenase 2 (COX-2) in ethanol-treated gastric tissues using western blot
techniques. The data are expressed as mean ± SEM (n = 3). One-way ANOVA with post hoc Tukey’s test. ###p < 0.001 vs. saline group, ***p < 0.001,
**p < 0.01 vs. ethanol group.
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study (Qazi et al., 2022). Other functional regulators involved in GI

motility include acetylcholine, histamine, prostaglandins and ionic

exchanges involving K+ and Ca++ ions (Sadraei et al., 2022). Usually

spasmolytic agents relax the GI tone and therefore are also found

beneficial therapeutically in diarrhea. In vitro analysis was

performed to find out what might be going on with the GIT

inhibitory mechanism and the gastric mucosa. Bergapten

produces its relaxant effect through the inhibition of Ca2+

channels. To figure out how it works, calcium channel blocking

activity was carried out. Therefore, the spasmolytic effect of

bergapten was studied through isolated rabbit jejunum assay,

where bergapten proved to suppress both spontaneous and K+

induced contractions. Bergapten pretreatment shifted the Ca2+

CRCs toward right similar to that of papaverine and verapamil

that confirms the calcium channel blocking effect. Bergapten has the

same Ca2+-blocking effect as verapamil, but at a slightly higher

concentration. Bergapten has a relaxing effect on smooth muscles,

which may be caused by a combination of anticholinergic and Ca2+

antagonist mechanisms, which provides sound mechanistic

background for its application in future for the hyperactive gut

and airways disorders, such as abdominal colic, diarrhea and asthma

that have prominent anticholinergic effect on intestinal transit

(Rehman et al., 2011; Wen et al., 2022). A diminished gastric

motility tone causes increase in stay of substances in intestine,

which permits better water absorption. This finding proposes

that bergapten has effect on the peristaltic movement of intestine

which indicates its anti-motility activity results in anti-spasmodic

FIGURE 13
Graphical representation indicating effect of bergapten and
omeprazole groups against mRNA expression of H+/K+ ATPase in
ethanol-treated gastric tissues, using reverse transcriptase
polymerase chain reaction (RT-PCR) technique. The data are
expressed as mean ± SEM (n = 3). One-way ANOVA with post hoc
Tukey’s test. ###p < 0.001 vs. saline group, ***p < 0.001 vs. ethanol
group.

TABLE 4 Behavioral patterns of rats in bergapten-treated (2000 mg/kg p.o.) and control groups.

Parameters 30 min 4 h 24 h 48 h 7 days 14 days

CG TG CG TG CG TG CG TG CG TG CG TG

Fur and skin N N N N N N N N N N N N

Itching − + − + − − − − − − − −

Eyes N N N N N N N N N N N N

Salivation N N N N N N N N N N N N

Mucous membrane N N N N N N N N N N N N

Respiration N ↑ N ↑ N N N N N N N N

Urination (color) N N N N N N N N N N N N

Faeces consistency N N N N N N N N N N N N

Convulsions and tremers − + − + − − − − − − − −

Sleep N N N N N N N N N N N N

Coma − − − − − − − − − − − −

Mortality − − − − − − − − − − − −

CG, control group; TG, bergapten-treated groups, N, normal; +, present; ↑, Increased; −, not found.

TABLE 5 Effect of bergapten on the organ weight of treated and
control rats (at limit dose 2000 mg/kg b.w. p.o).

Organs Control Bergapten (2000 mg/kg)

Heart 0.33 ± 0.3 g 0.38 ± 0.4 g

Kidney 1.0 ± 0.2 g 1.3 ± 0.2 g

Liver 6.4 ± 0.3 g 6.5 ± 0.5 g

Brain 1.39 ± 0.2 g 1.41 ± 0.1 g
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properties. Similar effect to that of papaverine and verapamil

standard calcium channel blocker. Ca2+ levels are increased in

response to various stimuli released by the gut (such as

histamine and prostaglandins), which stimulate the gut and

eventually enhance its cytosolic concentration. In addition to

non-targeted inhibitory action, the production of mediators that

FIGURE 14
Toxicology assay findings showing (A) the expression level of SOD (superoxide dismutase), (B) expression level of catalase, (C) expression level
of GSH (glutathione), (D) expression of TBARS (thiobarbituric acid reactive substances), (E) effect on liver function tests such as ALT (alanine
transaminase), AST (aspartate aminotransferase), and ALP (alanine phosphatase). (F) Renal function test (RFTs)measuring urea, uric acid, total protein,
total bilirubin, and creatinine levels in control and bergapten (2000 mg/kg)-treated rats.

TABLE 6 Effect of bergapten (at limit dose 2000 mg/kg b.w. p.o) on the complete blood count (CBC) and lipid profile of control group rats.

Parameters Unit Control Bergapten (2000 mg/kg)

CBC

Hb g/dL 10.5 ± 0.1 10.9 ± 0.2

Total RBC *106/uL 4.95 ± 0.4 5.2 ± 0.05

WBC count (TLC) *103/uL 2.2 ± 0.11 3.5 ± 0.2

Platelets *105/uL 256 ± 0.5 221 ± 1.9

HCT % 31.3 ± 0.6 36.6 ± 0.2

MCV Fl 50.9 ± 0.05 47.1 ± 0.9

MCHC g/dL 34 ± 0.22 27.3 ± 0.6

Neutrophils % 9.9 ± 0.8 10.2 ± 0.5

Lymphocytes % 88 ± 1.4 95 ± 1.5

Monocytes % 4 ± 0.12 3 ± 0.08

Eosinophils % 2 ± 0.11 1 ± 0.04

MCH Pg 15.7 ± 0.6 16 ± 0.018

Lipid profile

Cholesterol mg/dl 155 ± 1.5 170 ± 1.8

Triglycerides mg/dl 130 ± 1 145 ± 1.2

H.D.L (cholesterol) mg/dl 27 ± 0.68 31 ± 0.53

L.D.L (cholesterol) mg/dl 107 ± 1.24 115 ± 0.78

V.L.D.L mg/dl 30 ± 0.45 25 ± 1.2
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block the aforementioned channels is crucial (Mehmood et al.,

2015).

Inflammation of the mucosal layer of the gastrointestinal (GI)

tract is not only frequently associatedwith ulceration of those tissues,

but it also plays a crucial role in both the formation and repair of the

lesions (Raish et al., 2021). The mediators that orchestrate

inflammatory responses can also affect the mucosa’s resistance to

injury caused by noxious chemicals, while others make the mucosa

more vulnerable to injury. In the past 3 decades, there has been a

change in perspective with regard to GI mucosal defence, moving

away from a focus on the toxic secretions inside the lumen of the GI

tract and toward a focus on the tissue responses that compose what

is referred to as “mucosal defence.” Nitric oxide, eicosanoids

(prostaglandins, leukotrienes, and thromboxanes), neuropeptides,

cytokines, and proteinases are among the essential GI mediators.

These chemical mediators are possible targets for treatment

(Mahmoud et al., 2019). In fact, targeting these mediators has

recently shown to be successful in treating GI ulcerative/

inflammatory disorders (Wallace and Chin, 1997). In

gastrointestinal tract various aggressive and protective factors

play important role in production and release of acid.

Disturbance in these factors results in rupturing of mucosal

protection which expose gastric lining to difference enzyme and

acid production leading to the sores called ulcers (Tulassay and

Herszényi, 2010). An ethanol-induced gastric model was used to

explore the beneficial effect of bergapten through variety of

mechanisms that stimulates ulcers including free radicals OH−,

NO production, mucus exhaustion, mucosal damage, release of

superoxide anion, which ultimately prolonged the tissue oxidative

stress and release of inflammatory mediators like TNF-α, PGE2, and
IL-8 (Wallace and Chin, 1997; Ansari et al., 2021). Bergapten

showed marked inhibition on ethanol-induced gastric lesions in

comparison to disease group. The potential of bergapten to produce

anti-ulcer effect might be due to its CCB effect, as Ca2+ antagonist is

well known to demonstrate such effects.

On the other hand, H+/K+ ATPase is an enzyme located in the

stomach’s gastric membrane vesicles that catalyzes the exchange of

intracellular H+ and external K+ as well as the hydrolysis of

cytoplasmic ATP. Activation of the aforementioned pump causes

release of protons causing acidic environment. This increase in acid

production further damages the underlyingmucosal membrane and

its disruption may cause ulceration (Tulassay and Herszényi, 2010;

He et al., 2018). Therefore, one of the therapeutic approaches is to

reduce the acid production by inhibiting theH+/K+ ATPase pump in

the gastric membrane. For evaluating effect of bergapten in this

regard in vitro inhibitory assay was conducted which revealed that

bergapten inhibited the H+/K+ ATPase pump effectively and

comparable to the standard proton pump inhibitor available

commercially, that is, Omeprazole. To further strengthen the

results, RT-PCR study was conducted to reveal the expression

levels of H+/K+ ATPase. It was confirmed further through RT-

PCR that expression level of H+/K+ ATPase reduced significantly. By

this we can confirm that underlying mechanism for gastroprotective

anti-ulcer activity of bergapten is due to proton pump inhibition. In

pathophysiology of gastric ulcers, oxidative stress plays a vital role.

Antioxidant and nitric oxide free radical scavenging activity has been

shown by bergapten, which may be responsible for its effectiveness

as anti-ulcer agent and further validated by LPO, catalase, GST, GSH

and SOD assay (Mehmood et al., 2015; Sisay et al., 2017; Liang et al.,

2021). Increased oxidative stress provokes the release of pro-

inflammatory mediators such as interleukin-8 (IL-8), TNF-α,
COX-2 upregulation, and NF-ƙB activation that plays role in

inflammatory cascade further aggaravating ulcer (Khan et al.,

2011; Sisay et al., 2017). Furthermore, ELISA was done to

quantify the protein expression of TNF-α, IL-8, and PGE-2.

Bergapten has significantly attenuated necrosis in ulcerative tissue

as compared to control achieved through proteomic analysis.

Western blotting was also carried to evaluate the antiinflammtory

response in ulcer. Bergapten protects the stomach of rats through

inhibition of inflammatory markers such as TNF-α, p-NFκB, COX-
2, and enhancing protective PGE2 response as illustrated in results of

western blotting. The results were quite significant as compared to

ethanol (p< 0.001 vs. normal saline). Histopathological examination

also revealed the intact morphology of the bergapten pretreated

FIGURE 15
Hitopathological slides showing the effect of bergapten on vital organs of rats using hematoxylin and eosin staining histopathological method.
Bar 50 µm, magnification × 40.
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groups indicating effectiveness in preventing ethanol-induced

mucosal injury. In pathophysiology of gastric ulcers one of the

major contributors include H. pylori infections and H+/K+ ATPase

pump. H. pylori infection is treated using combination of antibiotics

termed as triple and quad therapy, as use of a single antibiotic shows

significant relapse of the infection (He et al., 2018). Therefore, there

is need of an agent that may concomitantly scavenge the bacterial

infection as well as reduces acid secretions. Disc diffusion method

utilized indicated efficacy of bergapten in scavenging the bacterial

growth and showing a prominent zone of inhibition. To access the

safety profile of bergapten, toxicological investigation is carried out.

Bergapten has been reported to cause photosensitivity and apart

from this aspect further toxicology evaluation has not been reported

yet. In current study, OECD 425 guidelines were followed for

conducting animal studies for acute toxicity accessment of

bergapten. In acute toxicity analysis oral dosing helps to access

the clinical safety in terms of dose ranges (Saleem et al., 2017).

Bergapten is however classifiedwith precautionary codes and hazard

markers by GHS (globally harmonized system of classification) for

chemicals due to its irritant nature to skin and to inhalation hazard.

5 Conclusion

The relevance of bergapten to the pharmaceutical industry is

shown by the fact that researchers are actively investigating its

potential as a result of the antidiarrheal, anti-secretory, anti-

spasmodic, anti-motility, and anti-ulcer qualities that it has been

shown to possess. Bergapten showed a strong affinity for the H+/

K+ ATPase pump and voltage-gated L-type calcium channels.

Further molecular simulations confirmed the favorable

interactions with the aforementioned targets making it a

favorable ligand for gastroprotection. Bergapten also increases

the protective GST, GSH, and catalase and reduces the expression

of LPO. It shows gastroprotective capability by reducing the

prevalence of ulcer after ethanol ingestion. Furthermore, it has

proved to be a safe natural compound in toxicity analysis which

can be formulated into a new treatment option to cure multiple

gastrointestinal ailments.
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Metals-triggered compound
CDPDP exhibits anti-arthritic
behavior by downregulating the
inflammatory cytokines, and
modulating the oxidative storm
in mice models with extensive
ADMET, docking and simulation
studies

Syed Shams ul Hassan1,2, Syed Qamar Abbas3,
Ishaq Muhammad1,2, Jia-Jia Wu1,2, Shi-Kai Yan1,2, Fawad Ali4,
Muhammad Majid5*, Hui-Zi Jin1,2* and Simona Bungau6

1Shanghai Key Laboratory for Molecular Engineering of Chiral Drugs, School of Pharmacy, Shanghai
Jiao Tong University, Shanghai, China, 2Department of Natural Product Chemistry, School of
Pharmacy, Shanghai Jiao Tong University, Shanghai, China, 3Department of Pharmacy, Sarhad
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Romania

Triggering through abiotic stress, including chemical triggers like heavy metals,

is a new technique for drug discovery. In this research, the effect of heavy metal

Nickel on actinobacteria Streptomyces sp. SH-1327 to obtain a stress-derived

compound was firstly investigated. A new compound cyclo-(D)-Pro-(D)-Phe

(CDPDP) was triggered from the actinobacteria strain SH-1327 with the addition

of nickel ions 1 mM. The stress compound was further evaluated for its anti-

oxidant, analgesic, and anti-inflammatory activity against rheumatoid arthritis

through in-vitro and in-vivo assays in albino mice. A remarkable in-vitro anti-

oxidant potential of CDPDP was recorded with the IC50 value of 30.06 ±

5.11 μg/ml in DPPH, IC50 of 18.98 ± 2.91 against NO free radicals, the IC50

value of 27.15 ± 3.12 against scavenging ability and IC50 value of 28.40 ±

3.14 μg/ml for iron chelation capacity. Downregulation of pro-inflammatory

mediators (NO and MDA), suppressed levels of pro-inflammatory cytokines

(TNF-α, IL-6, IL-Iβ) and upregulation of expressions of anti-oxidant enzymes

(GSH, catalase, and GST) unveiled its anti-inflammatory potential. CDPDP was

analyzed in human chondrocyte cell line CHON-001 and the results

demonstrated that CDPDP significantly increased cell survival, and inhibited

apoptosis of IL-1β treated chondrocytes and IL-1β induced matrix degrading

markers. In addition, to evaluate the mitochondrial fitness of CHON-001 cells,

CDPDP significantly upregulated pgc1-α, the master regulator of mitochondrial

biogenesis, indicating that CDPDP provides protective effects in CHON-001
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cells. The absorption, distribution, metabolism, excretion, and toxicity (ADMET)

profile of the CDPDP showed that CDPDP is safe in cases of hepatotoxicity,

cardiotoxicity, and cytochrome inhibition. Furthermore, docking results

showed good binding of CDPDP with IL-6–17.4 kcal/mol, and the simulation

studies proved the stability between ligand and protein. Therefore, the findings

of the current study prospect CDPDP as a potent anti-oxidant and a plausible

anti-arthritic agent with a strong pharmacokinetic and pharmacological profile.
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1 Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease

with a global frequency of around 5 per 1,000 persons, according

to the World Health Organization. This condition affects women

more often than men, and it is most commonly seen in the

elderly. It is characterized by the inflammation of various joints

and is accompanied by symptoms like periarticular osteopenia,

osteitis, and synovitis (Majid et al., 2015; Majid et al., 2018). RA

predominantly affects the covering of the synovial joints. It may

cause increasing disability, early mortality, significant economic

difficulties, and untimely death. The clinical signs of symmetric

inflammation include redness, arthralgia, burning, and in severe

cases, restriction in range of motion. The most often affected

organs by RA are the knees, hands, wrists, and legs. The patients

with RA reported feeling soreness and redness in their joints

when examined. Most individuals with RA have impairment

within 10 years of their diagnosis, making early detection even

more critical to limit the inflammatory reaction and subsequent

deterioration of joint cartilage and bones (Maryam et al., 2018;

Dong et al., 2021).

Prognostic indicators that are associated with the prediction

of RA may be divided into two categories: those that are

associated with the estimation of signs or indications of RA

and those that are associated with the monitoring of bone and

cartilage deterioration. It has been shown that the activation of

many pathogenic signaling systems occurs in RA, resulting in the

progressive and permanent destruction of joint tissue. The

growth and durability of fully established RA need the

participation of a variety of cells, including dendritic cells,

synovial cells, macrophages, and many other immune cells,

such as rheumatoid arthritis synovial fibroblasts (RASF),

compared to other forms of inflammatory disease (Khan

et al., 2021). The various signaling mechanisms involved in

the pathogenesis of RA, including Toll-like receptors (TLRs)

of the innate immune system, apoptosis-encouraging effector

molecules, intracellular kinases, signaling pathways, and

proinflammatory cytokine facilitators such as interleukins (IL-

6, IL-1β), tumor necrosis factor-alpha (TNF-α), and C-reactive

proteins, are all important. Interactions between local cellular

components result in the stimulation of cell growth and the

degeneration of joints. RASF is not only triggered by primary

response genes, proto-oncogenes, as well as intracellular

motioning mechanisms that result in the creation and

discharge of tissue-destructive chemicals, but proinflammatory

cytokines often have a straight relationship with synovial

inflammation. The cytokines IL-1β, IL-6, and TNF-α have

been elaborated in the expansion of RA through activating the

RASF. These cytokines are generated by stimulated macrophages

which are richly found in the synovial membrane of the afflicted

intersections and are thought to be responsible for the

inflammation (Behl et al., 2022). Using nonsteroidal anti-

inflammatory medicines (NSAIDs) is advised as first-line

therapy to treat arthritis. NSAIDs exert their action by

blocking the COX enzyme, which prevents the production of

prostaglandins from occurring. Ibuprofen, diclofenac, piroxicam,

ketoprofen, naproxen, and flurbiprofen are the most often

prescribed NSAIDs to treat chronic pain (Vina et al., 2020).

Ibuprofen is provided orally in doses of 200 and 400 mg,

depending on the severity of the pain. Traditional synthetic

disease-modifying-antirheumatic drugs (DMARDs), as well as

biological DMARDs and other newly found treatments, such as

targeted synthetic DMARDs, are used in the treatment of RA.

During the acute phases, steroids are used to suppress active

disease. With fast-developing treatment therapeutic options, a

cure for RA has become an aim, with a decrease in pain, joint

discomfort, and functional benefits. Despite this, a significant

number of patients continue to suffer from serious health

impairment, and they often discover that their “own

treatment objectives, expectations, and ambitions, as well as

those of their clinicians, are seldom satisfied,” according to the

American Journal of Medicine. Additional adverse effects of

drugs, such as excess weight and insulin resistance, might

increase the risk of cardiovascular disease and general

morbidity, worsening the problem even more (Vina et al., 2020).

Stressed-out microorganisms have piqued the interest of

researchers looking for novel sources of therapeutically useful

chemicals (Ul Hassan et al., 2021). While conventional wisdom

holds that metals hinder the creation of secondary metabolites, a

new study illustrates that metals can excite or increase the activity

of powerful medical and nutraceutical important metabolites.

Abiotic variables, such as heavy metals, which have been shown

to alter the attitude of secondary metabolism in molecular

biology and chemical biology, may now transform the

synthesis of natural chemicals. DNA sequencing and other

innovative procedures have developed secondary metabolites.

In pharmaceutical and nutraceutical development, natural

ingredients have played a key role. Because of their superior

safety and efficacy, natural medications have become more

popular over synthetic pharmaceuticals in recent years. Several

key challenges inhibit the biotransformation of chemicals into

medications, even if microorganisms’ capacity to generate fresh

scaffolds looks limitless. Gene clusters and non-activated

biosynthetic pathways might be a stumbling hurdle in the

identification of secondary metabolites of these crucial medical

medicines (Ding et al., 2016; Akhter et al., 2018). The term

“sleeping gene clusters” refers to the current status of these gene

clusters. This can be explicated through the stimulation of

sleeping genes or the creation of compounds possessing

stereochemical inclination which facilitates the metal

complexation as well as transit in living structures. Metals-

triggering plants and microbes are now being used to find
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new natural products since they are a quick, speedy, and easy way

to identify novel chemicals. Some studies are working on

expanding the secondary metabolites outline, whereas others

are unlocking the microbes intended for their innovative

carbon frameworks. The current experiment employed a

metal-stress technique to investigate the capacity of

Streptomyces SH-1327 to yield the production of secondary

metabolites with the help of metallic ions. The anti-arthritis

activities of the metal-evoked generated molecule was assessed,

along with ADMET, docking, and simulations, respectively.

2 Materials and methods

2.1 Soil sample collection

Marine soil sediment samples were obtained from Zhoushan

island, Zhejiang, 100 m from sea shores. The sediments were

collected in unpolluted areas near the sea shores on Zhoushan

Island. The samples were then taken to the lab and kept at 4°C in

the refrigerator.

2.2 Isolation and storage of SH1327

To obtain a 10–1 dilution, the fresh soil sample of about

1–2 g was immediately subjected to the pre-sterilized glass

vials and diluted with simulated seawater. The mixture was

sonicated for 1 min to liberate microorganisms tied to the soil

particles, then shaken for 15 min at room temperature. The

serial dilutions of up to 10−2, 10–3, and 10–4 were then

prepared. To prevent fungal contamination, nystatin

(0.05 g/L) was added to the pre-prepared isolation media

(Gause’s synthetic agar). Following the preparation of the

dilutions, 100 μl aliquots of each dilution were inoculated on

each media and disseminated with the pre-sterilized spreader.

For 15–20 days, the plates were incubated at 28°C. Purified

colonies of actinobacteria were collected and kept on agar

media and stored at 4°C. The actinobacteria were identified by

their morphology, most commonly their colors. Based on the

ITS 16S segment, the SH-1312 strain was recognized as a

Streptomyces sp.

2.3 Metal stress and normal cultivation

Metal stress as well as regular colonies of strain SH-1327 were

tested in sequence using 500 ml Erlenmeyer flasks containing

200 ml Gause’s media at 28°C in a rotatory shaker at 180 rpm for

a total of 10 days in the shaker. In two flasks, a conventional batch

growth of variant SH-1327 was performed as a control to ensure

that the results were accurate. The stressed culture medium for

SH-1327 was supplemented with different concentrations of

CuCl2, and NiCl2 as 0.5 mM, 1 mM, 2 mM, and 4 mM/L,

respectively. To remove the mycelium from the cultural

medium, the EtOAc was also added twice having the same

concentration.

2.4 HPLC technique and refinement of
stress metabolite

The HPLC was performed by reversed-phase HPLC-UV

(1,290 infinity II HDR-DAD Agilent technologies) using a C18

column in order to analyze the separated chemicals. HPLC was

set up with 210 wavelengths with H2O/MeOH gradients of 20%–

100% for 0–30 min and 100% MeOH for 30–50 min, with a

constant flow speed of 0.8 ml/min and a steady state frequency of

0.8 ml/min. Next, the stress-induced metabolite was isolated

using HPLC at a constant flow rate of 9 ml/min with an 80%

MeOH mobile phase.

2.5 Extraction and isolation

The 30 L of fermented broth were extracted using EtOAc (2 ×

200 ml). Analytical HPLC was used to analyze the crude residue

afterward the solvent was completely evaporated and the

methanol was added to it and centrifuged for 10 min at

120,000 rpm. Initial screening was done by creating an H2O/

MeOH gradient of 20%–100% intended for 0–30 min after the

HPLC. At 18.13 min, a new peak was discovered. On the

Preparative HPLC, the chemical was purified by a steady

dissolution medium of 80% MeOH, “MeOH: H2O (80:20).”

By studying literature, the structure of the strained stressed

compound was oriented as a cyclo-(D)-Pro-(D)-Phe (CDPDP)

(tR = 14 min, 9.2 mg) (Brown and Teller, 1976).

2.6 Anti-oxidant assay

To evaluate the antioxidant potential of a stress compound, a

multifaceted antioxidant evaluation of a stress compound was

performed via a DPPH scavenging assay, OHC radical

scavenging assay, NOC scavenging assay, and Iron chelating

assay by following pre-described protocols (Majid et al., 2018).

2.7 In vitro anti-inflammatory activity

The anti-inflammatory efficacy was determined by

employing the suppression of the albumin denaturation

process, which was modified somewhat from the Leelaprakash

and Mohan Dass (2011) methodology with minimal

modifications. The test consists of reaction mixture of

chemicals and a 1% aqueous phase of bovine albumin
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fraction, with the pH of the reaction mixture adjusted to

7.4 before running the test. After incubation of the sample at

37°C for 20 min, heating to 51°C for 20 min was done. After

cooling the samples, turbidity was measured at 660 nm. The

experiment was repeated thrice and the % inhibition of protein

denaturation was calculated as follows:

Percentage inhibition � (AbsControl –Abs Sample)
AbsControlo

x 100

2.8 Chondrocytes cell line and cell culture

CHON-001 cells were purchased from ATCC (Cat No. CRL-

2846) and cultured according to instructions. Cells were grown in

a complete DMEMmedium enhanced with 1% P/S and 10% FBS

and incubated in a 5% CO2 incubator at 37°C. Cells were grown

up to 80% confluence and each experiment was performed after

three passages.

2.8.1 Trypan blue cell exclusion method
Cell viability was ensured with the dye exclusion method.

Firstly, 1 × 105 cells from each group were seeded in 24 well cell

culture plates and incubated in a 37°C incubator for 24 h and

48 h. Cells were harvested, washed with PBS, and dyed with 0.4%

trypan blue for 10 min. Haemocytmeter was used to count the

viable (non-stained) and dead (blue-stained) cells. The

experiment was performed twice to get the accurate number

of viable cells.

2.8.2 Quantitative- real-time PCR
1 × 105 CHON-001 cells/group were grown in 24 well plates

until they become 80% confluent. Cells were trypsinized as well as

washed with PBS after they were harvested. Further, they were

collected and RNA was extracted by using the RNA extraction

Trizol method (Invitrogen Trizol reagent cat # 15-596-018).

Utilizing a reverse transcription kit, RNA was transformed

into cDNA. Syber green PCR Kit (Maxima SYBR green

flourescein qPCR master mix (2x) cat #k0243) was used for

Q-PCR and results were analyzed using Graph Pad Prism version

7.0. The cycling temperature for PCR is mentioned in table S2.

List of primers for quantitative real-time PCR.

2.8.2.1 Target genes cat. No (Qiagen)

The original primer sequence of qPCR is mention in

Supplementary Table S1.

BCL2 QT00000721.

MMP-1 QT00014581.

MMP-3 QT00060025.

Col2a1 QT00049518.

2.9 In vivo studies

2.9.1 Animals
Adult male albinomice (4–5 weeks old; 24 ± 4 g) were bought

from the National Institute of Health (NIH), Islamabad,

Pakistan. The animals were kept with good care and with

proper food supplements according to the ethical guidelines.

All behavioral and biochemical tests were conducted following

the guidelines of “The animal care guidelines of QAU” in a

sterilized clean environment. The study was carried out after

approval from the Bioethical Committee of QAU Islamabad with

Ref. No: BCE- DOP-QAU. To avoid any experimental bias, the

animals were chosen at random and the experiment was

conducted using double blindness. Minimal mice were used

for each group in this investigation, and the researchers took

great care in minimizing the pain and distress of laboratory

animals (Khan et al., 2021).

2.9.1.1 Experimental design

The experimental animals were separated into five groups,

each with five mice, and maintained in aluminum cages under

regulated conditions (12 h dark/light cycle, 25°C temperature).

Prior to usage in experiments, all of the animals were fed a regular

diet by following the standard protocols. The grouping was

accordingly done as follows in all animal models.

Group-I: Normal (Control).

Group-II: Negative (Control).

Group-III: Positive (Control).

Group-IV: CDPDP (20 mg/kg).

Group-V: CDPDP (40 mg/kg).

2.9.2 Acute inflammatory models
2.9.2.1 Carrageenan-encouraged inflammation

impediment in mice

The anti-inflammatory ability of CDPDP was assessed using

a rat paw edema model caused by carrageenan (Ahsan et al.,

2022). The medications were given 1 hour before being given

1 ml/kg of carrageenan suspension (0.9 percent w/v in saline) in

each rat’s left hind paw. Using a plethysmometer, the volume of

the paws was measured over time (1, 3, 6, 12, 24 h). Results were

calculated as:

Edema volume � PVt−PVc

Where PVt is paw volume (ml) at a certain time following

carrageenan administration, before carrageenan administration,

while PVc is paw volume (ml).

Percent inhibition � EVc−EVt/EVc × 100

Where EVc is the control group’s edema volume. The edema

volume of the treated group is denoted by EVt.

Frontiers in Pharmacology frontiersin.org05

Hassan et al. 10.3389/fphar.2022.1053744

240

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1053744


2.9.2.2 Croton oil-induced ear edema constraint

Minor modifications were done to induce edema in the

methodology of Reanmongkol et al. (2009). Mice’s right ears

were infected with the irritating agent (5% croton oil) when

100 µl of an anesthetic solution was applied to the skin. Acetone

was used as a delivery method for the medication. Croton oil was

applied to the right ear 1 h before the application of CDPDP

(5.0 mg/ear each). Anti-inflammatory medication ibuprofen

(1 mg/ear) was used as a control. After the mice were

sacrificed 4 h later, a plug (7 mm diameter) was taken from

both the treated and untreated ears. The difference in weight in

the two plugs was used to compute the percent inhibition of

edema.

2.9.2.3 Croton oil-induced anus edema inhibition

Croton oil-induced edema of the anus was accomplished by

adjusting Reanmongkol et al. (2009) approach. To induce anal

necrosis, an anus-inducing agent was applied to the anus of mice

for 10 s (0.2 ml of croton oil 6% in diethyl ether). Besides,

CDPDD (40 and 20 mg/kg) and Ibuprofen (10 mg/kg) were

administered orally OD for 3 days after directing croton oil.

On the fourth day, the diameter within each heavily sedated mice

anus (in millimeters) was measured with a vernier caliper, and

the results were recorded.

2.9.3 Chronic anti-inflammatory model
2.9.3.1 CFA-induced inflammatory pain model

To investigate the properties of extracted CDPDP in the

chronic inflammatory model. According to the study design, the

experimental mice were randomly selected into five groups and

the CFA-induced chronic pain model was employed in mice, as

described above. A complete Freund’s adjuvant (CFA) provoked

arthritic model (Negative control) was created by injecting 25 μl

of CFA into the mouse paw intraplantarly (i.pl). When arthritis

had fully developed, the CDPDP’s anti-inflammatory activity was

evaluated using a therapeutic scoring rate and an observational

study. Ibuprofen was given to the positive control group, whereas

CDPDP (20 mg/kg and 40 mg/kg) was given to the treatment

groups. The effects of CDPDP on the chronic model were

examined for 22 days, with the clinical score being tracked

from 14 to 22 days by measuring the swelling of the paws

before edema induction on day one and subsequently (Khan

et al., 2022).

2.9.3.2 Paw edema parameter in mice

The chronic (CFA-induced inflammation) model was used

for the assessment of the pharmacological effects of a CDPDP

(20 mg/kg) and CDPDP (40 mg/kg) compared to ibuprofen. The

Edema parameter was measured using a dial thickness gauge

after inflammation was induced in the mouse paw (Mitutoyo

Corporation, Japan).

2.9.3.3 Thermal hyperalgesia

On a heat plate, a CDPDP (20 mg/kg) with different doses

was evaluated for thermal hyperalgesia. Mice were placed on a

heat plate with a temperature of 37 ± 0.5°C to explore thermal

hyperalgesia. Responses were obtained at 0,7,14, 16, 18, and

20 days after treatment in the CFA -induced inflammatory

model. However, the tickling, grimacing, and sucking of the

paw over the heat plate were all positive responses for thermal

hyperalgesia, and the total time the paw lasted on the heating

plate was also measured. The investigational group animals were

divided into five groups, as previously mentioned. A CDPDP and

a commercially available Ibuprofen were used to compare the

effects against chronic thermal hyperalgesia (Eo et al., 2014).

2.9.3.4 Mechanical allodynia

Mechanical allodynia was tested in the experimental animals

using the Von Frey Filament technique to assess pain sensibility.

All the experimental animals were placed in a plastic box with a

small mesh floor to check the dorsal surface of the right hind paw

for mechanical allodynia. The Von Frey Filament method was

used to explore mechanical allodynia in a double-blinded study.

The mice were separated into five groups, and the protocol was

followed just as before. Mice withdrawal reflex was observed

(three times out of five) through the filament to investigate the

pain of the right hind paw as a positive reaction. The suppressive

impact of the CDPDP (20 mg/kg) was further tested against

CFA-induced paw edema in mice (Yu et al., 2012).

2.9.3.5 Collection of blood and organ sampling

Anesthetic agents (ketamine and xylazine at 16 mg and

60 mg, respectively, intraperitoneally) were used to anesthetize

all of the experimental animals before the samples were taken

after the activity. Immediately after the heart puncture, a blood

sample was obtained and centrifuged for 5 min at 4050 RCF at

4°C. To perform several biochemical tests, the clear serum

obtained from the blood sample was employed. A formalin

solution of 10% was added to the Eppendorf tubes that

contained the tissues and organs for histological and

radiological examination (Ullah et al., 2018).

2.9.3.6 Hematology

The blood studies including the count of red blood cells

(RBCs), white blood cells (WBCs), as well as platelets, were done

using a Neubauer hemocytometer (Feinoptik, Germany). The

amount of hemoglobin (Hb) in the blood was determined with

the help of Sahli’s hemoglobin meter. The modified Westergren

method was used to determine the rate of erythrocyte

sedimentation (ESR) (Nair et al., 2012).
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2.10 Biochemical assays

2.10.1.Nitric oxide determination in plasma
Nitric oxide (NO), which is recognized as a basic

characteristic of inflammation, is used to determine the degree

of inflammation. It is a key sign of the ongoing inflammatory

process and can be linked to the severity of the inflammation

(Kim et al., 2002). NO levels in mice plasma were examined in

this investigation to see if CDPDP had an impact on NO

generation. All the experimental procedures were identical to

those described in the preceding sections. To achieve a

homogenous mixture, plasma (25 μl), an equal volume of

normal saline, and Griess reagent were combined. The

mixture was refrigerated for 1 h before the NO concentration

was determined using a 450 nm microplate reader (Batool et al.,

2017).

2.10.2 Effect of CDPDP on the antioxidant
system

The liver is the most sensitive region to oxidative stress, and it

expresses a variety of antioxidant systems to combat it, including

glutathione (GSH), glutathione S transferase (GST), and catalase

(Hitchon and El-Gabalawy, 2004). The effect of CDPDP on

antioxidant enzymes such as catalase, GST, and GSH was

studied. The effect of commercially available ibuprofen and a

specially extracted compound on these pathways was

investigated.

2.10.2.1 Reduced GSH assay

GSH levels were determined using paw tissue homogenates.

Paw tissues were put in 2–3 ml of phosphate buffer and

homogenized for 10–15 min at 13,500 rpm. The homogenate

was centrifuged upto10 min at 9,080 rcf, the sediment was

discarded and the supernatant was collected and preserved for

further analysis. Following that, the Ellman reagent was used to

calculate GSH (Khan et al., 2021). The results were represented as

a percentage of the total GSH released.

2.10.2.2 GST assay

The purpose of this test was to see if the GST enzyme could

conjugate GSH with 1-chloro-2-4-dinitrobenzene. Their activity

was measured using a microplate reader at 340 nm. An assay

combination without supernatant was used as a blank to check

for nonspecific binding (Batool et al., 2017).

2.10.2.3 Catalase assay

The ability of catalase to degrade hydrogen peroxide was

measured using a progressive decrease in absorbance at 240 nm.

The percentage of catalase produced per gram of tissue was

calculated (Batool et al., 2017).

2.10.2.4 Lipid peroxidation assay

Malonaldehyde (MDA) is an important element to study in

lipid peroxidation (LPO) assays, however, the NSAIDs and

CDPDP are thought to impact fat accumulation and enhance

the effect on reactive oxygen species (ROS). The LPO was also

tested using a CDPDP-based extract and commercially available

ibuprofen. The percentage of MDA generated per gram of tissue

was calculated (Kim et al., 2002).

2.10.2.5 LFT’s and RFT’s

With standard AMP diagnostic kits, the serum and urine of

experimental mice were tested for several markers including

Urea, Creatinine, AST, ALT, ALP, bilirubin, and albumin

using a variety of different tests (Stattogger Strasse 31b

8,045 Graz, Austria). The Bradford method was used to

screen the protein concentration (Nair et al., 2012).

2.10.3 Measurement of cytokines
Assays were performed using an ELISA kit (BD Bioscience

Inc. San Diego, CA ELISA kit) to measure cytokine

concentrations. Tissue samples were taken from all

experimental groups under the instructions (Cui et al., 2020).

The right hind paw was amputated on the last day of activity, and

tissue proteins were isolated with a Phosphate buffer solution

consisting of 0.005% tween 80, 0.4 M sodium chloride, and a

protease inhibitor at a concentration of 100 mg/ml of solution.

The samples were homogenized uniformly before being

centrifuged for 5 min at 5,000 rpm to collect the supernatant,

which was then kept at −80°C for further analysis.

2.11 ADMET analysis

ADMET (Absorption, distribution, metabolism, excretion,

and Toxicity) are the essential measurement tools for any

compound before being elected as a drug candidate. The

online web tool swiss ADME (http://www.swissadme.ch/index.

php) was used to obtain ADMET properties of the stress

compound (Daina et al., 2017), and the Online web tool

pkCSM (http://biosig.unimelb.edu.au/pkcsm/prediction) was

used to predict the pharmacokinetic scores (Zhuo et al., 2020).

2.11.1 Prediction of cardiac toxicity
Blockage of the hERG K+ channels has been linked to fatal

cardiac arrhythmias. To predict cardiac toxicity, a free accessible

online service pred-hERG 4.2 (http://predherg.labmol.com.br)

was used for its early detection of potential hERG blockers and

non-blockers (Braga et al., 2015).

2.11.2 Skin sensitization
Skin sensitization is a crucial phase in allergic contact

dermatitis, a complex immune-mediated inflammatory skin

reaction. Till now there are no In-vitro techniques to evaluate
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the capacity of any compound for its skin sensitisation So, we

have conducted the skin sensitization evaluation of a CDPDP

through an in-silico technique from online web portal http://

predskin.labmol.com.br/(Braga et al., 2017).

2.12 Molecular docking

2.12.1 Protein preparations
The 3D crystal structure of Interleukin-6 protein (PDB ID:

1il6) and Tumor Necrosis Factor-alpha (PDB ID: 1tnf) was

retrieved from the RCSB Protein data bank (https://www.rcsb.

org/). The resulting structure was refined by utilizing the

Protonate3D program (Dallakyan and Olson, 2015) to add

partial charges and energy minimization by using the

Molecular Operating Environment to pick the MMFF94x

force-field (MOE, Version 2018.01). The MOE software’s site

finder function was used to locate the active cavity in the

target protein.

2.12.2 Ligand preparation
CDPDP was selected to screen their potential inhibitory effect

against Interleukin-6 protein (PDB ID: 1il6) and Tumor Necrosis

Factor-alpha (PDB ID: 1tnf) protein using in silico tools. The ligands

were optimized via Protonate3D and energy was minimized before

the addition of theMOE ligand database. The 2D chemical structure

of the selected ligands was drawn using ChemDraw. The standard

ibuprofen was used as a reference to compare the inhibitory effect of

the selected plant-based compounds.

2.12.3 Docking analysis
CDPDP was docked with interacting residues of PDB ID:

1il6 and Tumor Necrosis Factor-alpha (PDB ID: 1tnf) protein by

using the docking algorithm of MOE software. The MOE

program used the “Triangular Matcher” technique to build a

minimum energy structure, which was then used as the default

ligand insertion strategy. Rescoring of simulated poses was done

using the London dG scoring tool. Based on their root mean

square deviation (RMSD) and S-score binding affinity values,

CDPDP with the best and top conformation was identified after

docking. TheMOE LigX tool was used to examine the 2D plots of

ligand-receptor interactions, and the best-docked complexes

were displayed. MOE was used to generate 3D images of

protein inhibitor complexes.

2.13 Molecular docking simulations

The MDS analysis was used to determine the ligand-protein

stability interaction. The structure of the macromolecules

transitions to the functional importance of the complex was

also studied through MD simulations. To estimate the binding of

the ligand in the cellular environment, simulations gather

valuable atom movement concerning time using Newton’s

standard motion equation. The MD simulations of the

CDPDP-IL-6 and Ibuprofen-IL-6 were performed for 100 ns

using the Schrodinger suite’s Desmond v:3.6 New York,

United States module (Shams ul Hassan et al., 2022). The

preliminary structure of MD simulations was followed by an

established procedure where protein atoms were 10 Å away from

the box, and the interaction of the complex derived fromMDwas

the initial structure of respective MD simulations. Wizard of

Maestro was used to minimize and optimize the ligand-receptor

complex. Using the System Builder tool, a solvent standard

TIP3P with an orthorhombic box was chosen for the systems.

For simulation analysis, the OPLS 2005 was employed. The

model’s physiological circumstances were modified by the

addition of 0.15 M NaCl (Ferreira et al., 2015). Finally, for

all MDSs, simulations were run at a constant temperature of

300 K and pressure of 1 atm with an NPT ensemble.

Furthermore, every 100 ps interval, the MDS trajectories

were recorded. To measure the stabilities of protein-ligand

interactions in simulations, the values of root mean square

deviation (RMSD), RMSF, the radius of gyration, and SASA

were determined for both protein and ligand. MDSs were run

three times for each complex, with the same parameters

each time.

2.13.1 MMGBSA calculations
The prime tool in maestro was used to reduce the ligand-

receptor complexes. After minimization, the binding free energies

(ΔG) of complexes were calculated using molecular mechanics

generalized Born surface area (MMGBSA) before (0 ns) and after

(100 ns) simulation. An OPLS_2005 force field was used

throughout the computation of binding free energy.

2.14 Statistical analysis

The values for each test were expressed as the mean

+standard deviation. Using Statistix 8.1 and Tukey’s multiple

FIGURE 1
Chemical structure of CDPDP.
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comparison tests based on parametric examination of variance,

the magnitudes of altered treatments to mice in vivo were

evaluated. p ≤ 0.05 was used to determine statistical

significance for activity.

3 Results

3.1 HPLC profile of SH1327 with metal
treated and untreated extracts

It was observed that an actinobacteria-stressed metabolite

could be extracted using an HPLC configuration that took into

account elution modes, mobile phase, monitoring wavelength,

and column temperature. Earlier studies show that metals

such as Nickel (Ni2+), zinc (Zn2+), Copper (Cu2+), and mixed

metals (Co2++Zn2+) may induce the production of secondary

metabolites in microorganisms. Two distinct types of metals

nickel and copper were selected as initial elicitors. At 28°C, the

culture experiment with strain SH1327 was conducted in

Gause’s medium containing ions of nickel and copper with

four different starting concentrations. The experiment was

carried out at 180 rpm in a rotatory shaker over 18 days. The

metal CuCl2 did not stimulate any compound in any

concretion, however, two novel peaks were triggered in

NiCl2. Using a blank medium, one medium without strain,

one medium without metal, and four sets of medium with

different ionic concentrations. We confirmed the changes in

the metabolic parameters that occurred when metals were

exposed (0.5 mM–4 mM). An EtOAc extraction was

performed on the culture broth (2 × 200 ml) by using a

gauze filter to separate the mycelium from the culture

broth. The chromatogram from HPLC revealed that

Streptomyces actinobacteria have a unique stress-induced

metabolite cyclo-(D)-Pro-(D)-Phe (CDPDP) was identified

in metal-treated cultures, while it was not discovered in

untreated cultures. In non-metal cultures, it was practically

invisible. It was discovered that the blank variant SH-1327 did

not create any metabolites when grown under standard

conditions.

FIGURE 2
Representation of CDPDP antioxidant activity in vitro. Note: (A) DPPH radical scavenging properties, (B) NOC scavenging activity, (C) OHC

scavenging activity, and (D) iron-chelating % inhibition. All values are represented as Mean ± SD (n = 3).

TABLE 1 In vitro anti-inflammatory assessment of CDPDP.

Samples 400 μg/ml 200 μg/ml 100 μg/ml

Control – – –

Ibuprofen 71.35 ± 3.89a 63.66 ± 3.12c 61.53 ± 4.84cd

CDPDP 68.54 ± 2.97b 57.72 ± 3.54d 54.19 ± 2.32e

The data values displayed are the mean standard deviation ± (n = 3). The means in the

column with distinct superscript (a-e) letters are substantially different ((p < 0.05).
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3.2 Identification of metal-elicited
metabolite

After the HPLC chromatogram at 18.13 min, a new peak

was discovered (Supplementary Figure S1). On the

Preparative HPLC, the chemical was purified by a

steady dissolution medium of 80% MeOH, “MeOH: H2O

(80:20).” By studying literature, the structure of the

strained stressed compound was oriented as a cyclo-(D)-

Pro-(D)-Phe (CDPDP) (tR = 14 min, 9.2 mg) (González-

Menéndez et al., 2016) (Figure 1). As of this writing, this is

the first case in which metal-elicitation-induced CDPDP

was seen.

3.3 Antioxidant assay

In order to evaluate the potential of CDPDP as an

antioxidant agent, multimode antioxidant tests were

performed. In the DPPH test, CDPDP displayed promising

outcomes, inhibiting the free radicals with 73.99% ± 5.12% at

100 μg/ml ratio, compared to the conventional ascorbic acid

(83.81% ± 4.9%). The IC50 for CDPDP in DPPH was

documented as 30.06 ± 5.11 μg/ml, even though IC50 for

ascorbic acid was 10.08 ± 3.77 μg/ml. CDPDP inhibited NO

free radicals by 76.79% ± 3.98%, compared to 86.89% ± 3.69% for

ascorbic acid, with an IC50 of 18.98 ± 2.91 for CDPDP and

13.21 ± 3.41 μg/ml for ascorbic acid. Similarly, CDPDP

demonstrated significant scavenging activity against OHC

radicals, suppressing 78.69% ± 4.93% radicals at a

concentration of 100 μg/ml, compared to gallic acid (86.15% ±

TABLE 2 Effect of CDPDP on carrageenan-induced paw edema in mice.

Groups Percent edema inhibition

1st h 3rd h 6th h 12th h 24th h

Control (Saline) – – – – –

Carrageenan control – – – – –

Ibuprofen 39.92 ± 2.99a 58.87 ± 4.49a 81.27 ± 6.89a 77.86 ± 6.24a 73.36 ± 5.99a

CDPDP (20 mg/kg) 18.87 ± 1.69c 34.98 ± 2.92c 67.31 ± 5.11%c 65.78 ± 5.86c 58.89 ± 3.68c

CDPDP (40 mg/kg) 28.98 ± 2.96b 42.82 ± 3.68b 78.37 ± 4.92b 74.72 ± 6.02b 70.29 ± 4.57b

The data values displayed are the mean standard deviation ± (n = 6). The means in the column with distinct superscript (a-c) letters are substantially different (p < 0.05).

TABLE 3 Effect of CDPDP on croton oil-induced ear edema in mice.

Groups Weight of left ear
(mg)

Weight of right ear
(mg)

Edema (Δ mg) % Reduction of inflammation

a)

Control (Saline) 80.04 ± 1.4 80.0 ± 2.02 – –

Croton oil 91.4 ± 1.10 97.50 ± 2.1 6.10 ± 0.74 –

Ibuprofen 86.7 ± 1.67 87.86 ± 2.01 1.16 ± 0.10 80.47 ± 4.98a

CDPDP (20 mg/kg) 90.44 ± 1.7 92.73 ± 1.5 2.29 ± 0.20 61.99 ± 4.07c

CDPDP (40 mg/kg) 84.34 ± 2.1 86.07 ± 1.8 1.73 ± 0.15 71.98 ± 7.78b

b) Effect of CDPDP on croton oil-induced anal edema in mice

Groups Anus size (mm) Edema (mm) % reduction of inflammation

Control (Saline) 33.82 ± 0.89 – –

Croton oil 45.92 ± 1.19 12.46 ± 0.7 –

Ibuprofen 35.95 ± 1.02 2.09 ± 0.11 81.99 ± 6.19a

CDPDP (20 mg/kg) 39.02 ± 1.59 4.48 ± 0.20 62.74 ± 4.06c

CDPDP (40 mg/kg) 38.12 ± 1.38 3.49 ± 0.27 69.78 ± 4.88b

The data values displayed are the mean standard deviation ± (n = 6). The means in the column with distinct superscript (a-c) letters are substantially different (p < 0.05).
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3.67%) as a control. CDPDP and gallic acid have been verified to

have IC50 values of 27.15 ± 3.12 and 12.42 ± 2.72 μg/ml,

respectively. The iron chelation ability of CDPDP and standard

were examined to assess the chelation strategy of compounds to

hunt free radicals. CDPDP seemed to chelate 74.96% ± 5.79% of

iron radicals (IC50 28.40 ± 3.14 μg/ml), compared to EDTA with

88.52% ± 4.67% chelation capability and IC50 of 10.20 ± 3.16 μg/

ml. Figure 2 depicts the entire set of results.

3.4 In vitro anti-inflammatory potential of
CDPDP

The suppression of heat-induced albumin denaturation test was

used to assess CDPDP’s anti-inflammatory efficacy in vitro. At a

concentration of 400 μg/ml, CDPDP inhibited protein denaturation

by 68.54% ± 2.97% compared to the standard, ibuprofen (71.48% ±

4.71%). Table 1 presents a summary of the findings.

FIGURE 4
(A) Effect of chronic CDPDP pre-treatment on thermal hyperalgesia. The paw licking response was measured post-CFA injection from 0 to
22 days. (B) Effect of chronic CDPDP pre-treatment on cold allodynia. The paw withdrawal effect was measured on days 1 To 22 days after CFA
administration. The data are expressed as the mean ± SD at p < 0.05 and p < 0.01.

FIGURE 3
(A) Effect of chronic pre-treatment with CPPDP (20 and 40 mg/kg) on paw edema. After CFA injection, paw thickness was measured for a
period of 0 up to 22 days. (B) Arthritic index where arthritic control (Negative) group has higher arthritic score compared to normal and test groups.
Between days 14 and 22, the arthritic index of the animals treated with ibuprofen as well as CDPDP (20–40 mg/kg) exhibited a statistically significant
decrease in the treated animals. Data sets are displayed as mean ± SD (n = 5) with significance difference at p < 0.05.
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3.5 Effect on carrageenan induced
inflammation in mice

The anti-inflammatory capacity of the CDPDP was

investigated through the Carrageenan-induced paw edema

model (inflammatory model). The results declared that

CDPDP has more significant anti-inflammatory activity than

the control model. CDPDP (40 mg/kg) displayed determined

inhibition of inflammation (78.37% ± 4.92%) at sixth h while

CDPDP (20 mg/kg) displayed inhibition with a value of

(67.31% ± 5.11%) compared to Ibuprofen (81.27% ± 6.89%).

Table 2 presents a summary of the findings.

3.6 Croton oil-induced inflammation
inhibition

The anti-inflammatory efficacy of the CDPDP was

investigated further using a croton oil-induced ear edema and

anal edema model (inflammatory model). The results showed

that CDPDP (40 mg/kg) has significant anti-inflammatory

actions linked to the control model. CDPDP (40 mg/kg)

exhibited determined inhibition of the ear inflammation

(71.98% ± 7.78%) while the CDPDP (20 mg/kg) shows

inhibition with the score of (61.99% ± 4.07%), compared to

Ibuprofen (80.47% ± 4.98%) (Table 3). Moreover, the CDPDP

(40 mg/kg) showed maximal inhibition of anal inflammation

(69.78% ± 4.88%), while the CDPDP (20 mg/kg) shows

inhibition with a score of (62.74% ± 4.06%), compared to

Ibuprofen (81.99% ± 6.19%) (Table 3).

TABLE 4 The hematological examination of normal control besides arthritic rats.

Groups RBCs (×106)/µl WBCs (×103)/µl Platelets (×103)/µl Hb (g/dl) ESR (mm/h)

Control 6.72 ± 0.067a 3.49 ± 0.039a 589.79 ± 4.56a 10.29 ± 0.8a 4.32 ± 0.041a

Negative Control 4.09 ± 0.026e 6.99 ± 0.030d 351.06 ± 2.49d 6.29 ± 0.11d 9.38 ± 0.058c

Ibuprofen 5.46 ± 0.028d 6.28 ± 0.019c 489.4 ± 02.30c 7.77 ± 0.68c 4.99 ± 0.016b

CDPDP (20 mg/kg) 5.76 ± 0.018c 3.76 ± 0.008b 550 ± 02.801b 8.10 ± 0.46b 4.89 ± 0.048b

CDPDP (40 mg/kg) 5.99 ± 0.011b 3.68 ± 0.012ab 568 ± 02.703ab 8.18 ± 0.66b 4.81 ± 0.068b

The data values displayed are the mean standard deviation ± (n = 6). The means in the column with distinct superscript (a-e) letters are substantially different (p < 0.05).

TABLE 5 Effect of CDPDP on liver function tests (LFT’s).

Groups ALT (U/L) AST (U/L) ALP (U/L) Bilirubin (mg/ml) Albumin (mg/dl)

a)

Control 38.93 ± 0.48a 25.9 ± 0.34a 114.8 ± 1.9a 6.79 ± 0.21a 6.37 ± 0.24a

Negative Control 97.29 ± 3.41d 106.1 ± 2.1d 346.09 ± 7.3d 11.4 ± 0.19d 2.69 ± 0.12c

Ibuprofen 43.21 ± 2.43b 34.0 ± 2.1b 121.2 ± 3.7b 7.12 ± 0.66b 5.97 ± 0.21ab

CDPDP (20 mg/kg) 46.74 ± 3.83c 37.1 ± 2.4c 137.3 ± 4.2c 7.59 ± 0.06c 5.68 ± 0.13b

CDPDP (40 mg/kg) 43.6 ± 0.46b 30.9 ± 0.7b 120.8 ± 2.7b 7.11 ± 0.29b 5.99 ± 0.39ab

b) Effect of CDPDP on renal function tests (RFT’s)

Groups Urea (mg/dl) BUN (mg/dl) Creatinine (mg/dl) GFR (ml/min) Protein (mg/dl)

Control 51.4 ± 1.87a 20.5 ± 0.33a 1.48 ± 0.09a 0.43 ± 0.03a 5.12 ± 0.13a

Negative Control 76.1 ± 2.41d 50.8 ± 1.9d 3.01 ± 0.16d 0.07 ± 0.02e 1.29 ± 0.11b

Ibuprofen 54.9 ± 2.8b 26.1 ± 2.4b 1.63 ± 0.11b 0.36 ± 0.04ab 5.09 ± 0.07a

CDPDP (20 mg/kg) 57.8 ± 3.5c 26.9 ± 2.4c 1.65 ± 0.10c 0.34 ± 0.03b 4.96 ± 0.06ab

CDPDP (40 mg/kg) 55.9 ± 0.43b 24.6 ± 0.5b 1.63 ± 0.10b 0.37 ± 0.03ab 5.10 ± 0.32a

Note: ALT, Alanine Aminotransferase/transaminase, AST, aspartate transaminase; ALP, alkaline phosphatase; BUN, blood urea nitrogen; GFR, Glomerular filteration rate. Data values

represent Mean ± SD (n = 5). Means with different superscript (a-d) letters in the column are significantly (p < 0.05) different from one another.
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3.7 Effect of CDPDP on paw edema in
CFA-induced chronic arthritis model in
mice

CFA sub planter injection in the right hind paw of mice

resulted in a considerable chronic inflammation that lasted for

22 days. CDPDP (20 and 40 mg/kg) significantly reduced paw

edema between days 14 and 22 (Figure 3A). Ibuprofen, a positive

control, inhibited paw thickness significantly throughout the

arthritis experiment. Arthritic scoring (Figure 3B) is indicating

significant anti-arthritic activity of the compound at low and

high doses.

FIGURE 5
The pharmacological effect of CDPDP on the levels of nitrites and antioxidants in mice paw tissues is depicted in this graphic. The stressed
compound CDPDP improved the antioxidant enzymes such as (B) catalase, (C) GSH, and (D) GST, while CDPDP treated RA mice model markedly
attenuated the oxidative stress marker such as (A) NO and (E) MDA in comparison to other groups. NO: Nitric oxide, GSH: Glutathione, GST:
Glutathione S transferase, MDA: Malonaldehyde. The data sets are expressed as the mean ± SD at p < 0.05 and p < 0.01.
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3.8 Effect of CDPDP pre-treatment on
mechanical hyperalgesia and mechanical
allodynia

CDPDP (20 and 40 mg/kg) considerably reduced the

mechanical hyperalgesia (p < 0.0001) at days 14–22

(Figure 4A). Mechanical nociception was likewise

significantly reduced in the CFA-induced group on day

1 and then gradually reduced until day 21 (Figure 4A).

Similarly, from day 14–22 of CFA injection, i.pl. treatment

of CDPDP (20 and 40 mg/kg) dramatically reduced

mechanical allodynia in mice, as seen in Figure 4B.

Ibuprofen (10 mg/kg) also reduced CFA-induced

mechanical allodynia. At days 14–21, CDPDP (40 mg/kg)

revealed the most substantial increase in paw withdrawal

threshold when compared to the negative control

(Figure 4B).

3.9 Effect on arthritis-induced
hematological variations

Table 4 shows the outcomes of the arthritis-related

hematological changes. The findings revealed that as arthritis

progresses, hematological values like hemoglobin (Hb), RBCs, and

platelets decrease, while ESR and WBC levels increase in arthritic

animals. As indicated in Table 5, CDPDP administration

dramatically improved these hematological parameters.

3.10 Effect on biochemical levels

Many biochemical assays, such as the release of pro-

inflammatory chemicals by NO, were examined. Pro-

inflammatory chemicals are enhanced during

inflammation, according to several studies. Chronic

autoimmune disease pathophysiology is mostly influenced

by an excess of NO, which can lead to tissue destruction and

some other inflammatory responses. As a result, the NO

assay was initiated to determine the impact of the stress

chemical (CDPDP) on NO generation. Figure 5A shows that

when the stress chemical (CDPDP) was used in comparison

to the control groups, NO generation was significantly

reduced (p < 0.001). Additionally, the assays for

antioxidant enzymes and oxidative stress markers were

carried out to evaluate the potential of the CDPDP-

treated group, which significantly increased the catalase

(Figure 5B), GSH (Figure 5C), GST (Figure 5D), and

FIGURE 6
(A) TNF-α concentration in experimental groups (B) IL-Iβ concentration in experimental groups (C) IL-6 concentration in experimental groups.
The data is expressed as the mean ± SD at p < 0.05 and p < 0.01.
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MDA levels, which is an end product of lipid peroxidation,

and decreased the MDA level (Figure 5E). As a result, when

comparing the CDPDP (40 mg/kg) treatment to the other

control groups, it was discovered to be the most effective.

3.10.1 Pro-inflammatory cytokines assay
Expression of TNF-α, IL-1β, and IL-6 in RA-affected tissues was

significantly increased (p 0.001) by the CFA, which is a critical

component of the amplification and progression of the disease. The

effect of CDPDP on cytokine mediators such as TNF-α (Cat No:

560478), IL-1β (CATΝo:557966), and IL-6 (CATΝo:550950) in the

paw tissue was investigated using ELISA assay kits. The findings of

the assay showed the reduced expression of IL-6, IL-Iβ, and TNF-α

levels in the CDPDP (40 mg/kg) group as compared to the negative

and positive treated groups. CDPDP (40mg/kg) was found to have

better efficacy than the marketed drug, possibly due to its greater

penetration and to its ability to be released from its target

inflammatory site more quickly than from other locations (Figure 6).

3.11 Effect of CDPDP on liver and kidney

The results showed that CDPDP (20 and 40 mg/kg) was

capable of restoring the stress-induced amended enzyme levels

and biochemical parameters in the liver and kidney, such as ALT,

AST, ALP, Urea, Creatinine, Albumin, and Bilirubin in arthritic

FIGURE 7
Chondrocytes were stained with trypan blue dye and trypan blue exclusionmethod was used to analyze CHON-001 cell viability at 24 h (A) and
48 h (B)Quantitative PCRwas performed tomeasure (C) Relative Bcl-2 expression at 24 h and at (D) 48 h. Data is shown asmean ± SD (n = 3). Means
with different superscripts in the columns are significantly (p < 0.05) different from one another.
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FIGURE 8
Quantitative PCR analysis chromatogram. (A)MMP-1 after 24 h (B)MMP-1 after 48 h (C)MMP-3 after 24 h (D)MMP-3 after 48 h (E)Col2a1 after
24 h (F) Col2a1 after 24 h. Data is shown as mean ± SD (n = 3). Means with different superscripts in the columns are significantly (p < 0.05) different
from one another.
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FIGURE 9
Quantitative PCR analysis chromatogram of (A) PGC-1α after 24 h (B) PGC-1α after 48 h. The data is expressed as the mean ± SD (n = 3) at p <
0.05 and p < 0.01.

FIGURE 10
Genotoxicity evaluation of CDPDP on blood lymphocytes. Note: (A) The vehicle control (1% DMSO) (B) Ethyl methane sulfonate (20 μg/ml) (C)
CDPDP (10 μg/ml) (D) CDPDP (20 μg/ml).
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mice, and that it was also effective in reducing the stress-induced

altered enzyme thresholds and biochemical parameters in the

liver and kidney. Management of the CDPDP pointedly

improved the biochemical as well as the enzymatic outline

and detailed outcomes are accessible in Table 5.

3.12 Cell (chondrocytes) survival
assessment

To assess the safer nature of isolated compounds CDPDP

against human chondrocytes cell line (CHON-001), the MTT

method was followed. Chondrocytes (CHON-001) were

preserved with several levels of CDPDP for 24 h, 48 h, and

TABLE 6 Genotoxicity of CDPDP on blood lymphocytes was assessed using comet measurements.

Sample Comet length
(µm)

Head length
(µm)

Tail length
(µm)

% DNA
in head

% DNA
in tail

Tail moment
(µm)

Control 42.6 ± 3.1 36.7 ± 2.5 5.9 ± 0.3 86.1 ± 2.8 13.9 ± 1.8β 0.11 ± 0.03β

EMS (20 μg/ml) 46.0 ± 3.6 31.0 ± 2.7 15.0 ± 3.4 67.39 ± 8.5 32.61 ± 5.8¥ 1.37 ± 0.11¥

CDPDP (10 μg/ml) 40.4 ± 4.2 35.9 ± 1.8 4.5 ± 0.5 88.8 ± 2.1 11.2 ± 1.3β 0.11 ± 0.04 β

CDPDP (20 μg/ml) 40.1 ± 2.7 32.5 ± 1.4 7.6 ± 1.0 81.1 ± 2.4 18.9 ± 1.3¥β 0.36 ± 0.04¥β

Values are expressed as Mean ± SD (n = 3). Means with symbol “β” indicate non-significant difference from control; “¥” from EMS, treated group according to Kruskal–Wallis test at

p < 0.05.

FIGURE 11
(A) A radar graphic showing CDPDP’s bioavailability. The pink area indicates the physicochemical region for oral bioavailability, while the red
stroke shows the parameters of oral bioavailability. (B) Swiss ADME online web tool for CDPDP predicted BOILED-Egg plot. Map of skin sensitization
of CDPDP obtained from pred-skin. (C) h-CLAT (D) LLNA. The positive and negative contributions of individual atoms or pieces to the skin
sensitization have been identified. The bright pink hue shows that an atom and fragment have made a detrimental impact on skin sensitization.
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72 h interval. Significant cell viability was observed on 24 h, 48 h,

and 72 h exposure with CDPDP. CHON-001 cells showed

significant time-dependent survival (>80%) when treated with

CDPDP multiple concentrations (µg/ml). All results are

displayed in Supplementary Figure S2.

3.12.1 Cell viability and apoptosis analysis of
chondrocytes

During arthritic disease, there is a loss of cell survival signals,

and enhanced apoptosis in chondrocytes, which according to

research is the major factor causing arthritis (Goggs et al., 2003).

IL-1β leads to activation of the inflammatory cascade in arthritis

so chondrocytes treated with IL-1β are used as an in-vitro disease

model (Chen et al., 2021). CDPDP did not negatively affect

normal chondrocyte survival while IL-1β (10 ng/ml) significantly

reduced the cell viability of CHON-001 cells as equated with the

control (Figures 7A,B). Incubation of CHON-001 cells with

CDPDP before IL-1β treatment led to an improvement in cell

viability, and the non-significant difference was observed when

compared with control at both time points (Figures 7A,B) Next,

we analyzed relative Bcl-2 expression to get an idea of how does

CDPDP affect cellular apoptosis in human chondrocyte cell lines.

CDPDP-treated CHON-001 cells significantly upregulated

relative Bcl-2 expression at both time points while IL-1β led

to a decline in the anti-apoptosis marker. CDPDP reversed IL-1β
induced decreased Bcl-2 expression, and a non-significant

difference was observed between normal chondrocytes and IL-

1β+CDPDP treated cells. There was a similar expression pattern

at 24 h and 48 h time points (Figures 7C,D). Our results in

Figure 7 signify that CDPDP can increase cell survival and inhibit

apoptosis in chondrocytes during arthritic disease.

3.12.2 Cartilage turnover of chondrocytes
In arthritis, chondrocytes are responsible for the release of

various matrix-degrading enzymes. IL-6 is mainly responsible for

the release of these enzymes (Tseng et al., 2020; Xu et al., 2021).

CDPDP did not alter gene expression profiles of MMP-1 and

MMP3 when compared with control at 24 hs and 48 hs. On the

other hand, IL-1β led to a rise in the level of these enzymes as

evident from our qPCR data. Gene expression analysis of MMP-1

and MMP3 in chondrocytes incubated with CDPDP and IL-1β
for 24 and 48 h also revealed no significant difference when

compared with control suggesting the fact that CDPDP inhibits

IL-1β induced rise in matrix-degrading enzymes concentrations.

Col2a1 gene analysis revealed downregulation when treated with

IL-1β but treatment with CDPDP + IL-1β significantly restored

the downregulation due to IL-1β, and a non-significant

difference between the control group and CDPDP + IL-1β
group was observed. Our results in Figure 8 demonstrated

that CDPDP can downregulate the genes involved in

cartilage destruction and at the same time can upregulate

protective genes like Col2a1.

3.12.3Mitochondrial biogenesis of chondrocytes
PGC-1α gene is also called the master regulator of

mitochondrial biogenesis. CDPDP upregulated the expression

of PGC-1α when compared with control, while the opposite was

observed when CHON-001 cells were preserved with IL-1β.
CDPDP when used along IL-1β, it restored IL-1β-induced
downregulation of PGC-1α Figure 9.

3.13 Comet assay

A comet test was performed on blood cells preserved by

10 and 20 μg/ml CDPDP sample, 20 μg/ml EMS (positive), and

1% DMSO in PBS (negative control). A CASP 1.2.3.b image

processing of the photomicrographs from the fluorescence

microscope was used to determine the degree of DNA

damage. Tests were done on 50–100 lymphocytes per sample,

measuring their length, head size, tail size, and moment of

rotation. The amount of DNA found in the head and tail of

lymphocytes was also evaluated. It was found that CDPDP

(10 and 20 μg/ml) had no momentous effect on nuclear

material, which is utilized as the standard control for

genotoxicity studies. The tail length (15.0 ± 3.4 µm) of EMS-

treated DNA is visibly representing the construction of nicks in

nuclear content exhibiting the higher range of genotoxicity.

Although no substantial toxicity to DNA was shown by any

of the extracts, those with the lowest tail content were compared

TABLE 7 Predicted pharmacokinetics parameters of CDPDP and
Ibuprofen.

Properties Parameters CDPDP Ibuprofen

Absorption Water Solubility −2.59 −3.36, Sa

GIb 81.53 94.01

Log Kp (Skin permeation) cm/s −6.80 −5.07

Distribution BBBa −0.075 0.302, Yes

CNS permeation (Log PS) −2.519 −1.695

VD
c (human) −0.168 −0.877

Metabolism CYP1A2 inhibitor No No

CYP2C9 inhibitor No No

CYP2C19 inhibitor No No

CYP3A4 inhibitor No No

CYP2D6 inhibitor No No

Excretion Total Clearance (log ml/min/kg) 0.282 0.263

Renal OCT2 substrate Yes No

aBlood-brain barrier.
bGastrointestinal.
cVolume of distribution.
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to the control. Figure 10; Table 6 show all of the florescent

photomicrographs of the treated cells and their comet properties,

respectively.

3.14 Pharmacokinetic and toxicological
properties

Prediction studies for the stress compound CDPDP’s

absorption, distribution, metabolism, excretion, and toxicity

(ADMET) were carried out.

3.14.1 Pharmacokinetic properties
The physicochemical properties of the CDPDP were looked

at and separated into six major sets. Each group had a range that

was good for oral bioavailability, comprising size (SIZE) 150 g/

mol < MV < 500 g/mol, Insolubility (INSOLU) 0 < Log S

(ESOL) < 6, Instauration (INSATU) 0.25 < Fraction Csp3 <
1, flexibility (FLEX) 0 < No. of rotatable ties <9, polarity

(POLAR) 20Å2 < TPSA <130 Å2, and lipophilicity (LIPO)

0.7 < (Log Po/w) XLOGP3 < +5.0, respectively. As measured

by the Topological Polar Surface Area (TPSA) score, the CDPDP

ranged in size from 20 Å2 to 130 Å2, showing CDPDP has strong

transport characteristics in vivo (Figure 11A) (Supplementary

FIGURE 12
(A) 2D interaction of CDPDP with Interleukin-6, (B) 2D interaction of ibuprofen with Interleukin-6. (C) 2D interaction of CDPDP with TNF-α (D)
2D interaction of ibuprofen with TNF-α.
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Table S3). For pharmaceuticals or clinical trials, one of the most

important factors is that a substance has a favorable

physiochemical profile, which CDPDP has shown.

In order to prevent harmful effects on the central nervous

system (CNS), the blood–brain barrier must be penetrated by

chemicals that operate on the CNS. Inactive molecules in the

CNS should not pass the blood-brain barrier. Before entering the

pharmacological or clinical trials arena, every biomolecule must

have its high gastrointestinal absorption (HIA) and CNS

absorption properties verified. There was reduced BBB

permeability in the stress compound CDPDP, which has a

high HIA value. The white part (Figure 11B) is for GI (HIA)

absorption, while the yellow region (yolk) is for BBB diffusion. In

the grey zone, any chemical shows that it is neither absorbed nor

BBB penetrant. For example, many cancerous cells use the P-gp

efflux mechanism as a drug resistance mechanism (Qu et al.,

2020). CDPDP is not a P-gp substratum, hence it is not sensitive

to the outflow framework of P-gp. The less skin permeation Log

Kp a molecule has, the less skin permeant it is. This is especially

true for the CDPDP compound, which has shown less Log Kp. In

addition, five main cytochromes (CYP) isoforms may be

predicted using this method. Nearly 75% of commercially

FIGURE 13
(A) RMSD analysis of CDPDP-IL-6 protein complex (B) Root Mean Square Fluctuation (RMSF) RMSF analysis of CDPDP-IL-6 protein complex (C)
Protein Secondary Structure element distribution by residue index throughout the protein structures complexed with ligand CDPDP- IL-6 (D) Ligand
properties with IL-6 protein (E) Protein-ligand contact histogram of CDPDP-IL-6 (F) Protein-ligand interaction of CDPDP-IL-6 (G) Ligand torsional
plot of CDPDP.
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available pharmaceuticals are metabolized by this enzyme

isoform, which plays a critical role in excretion. When one of

these isoforms is suppressed, significant drug-drug interactions

occur. For example, the CDPDP did not affect the

cytochrome isoform, and because it rapidly metabolizes,

there are no interactions with these chosen cytochromes it

might interfere with (Table 7). Dosing rates for steady-state

concentrations are determined using the sum of renal and

hepatic clearance. There was a problem with the CDPDP

clearance value. Organic Cation Transporter 2 (OCT2)

intermediates may have an influence on the unfavorable

interactions that occur when OCT2 inhibitors and

substrates are used together. CDPDP was found to be an

OCT2 non-substrate in a recent study.

3.14.2 Toxicity assessment
Drugs must be evaluated for their toxicological profile when

they first enter the clinical trials or production stages of the

pharmaceutical industry. To determine the CDPDP’s potential

toxicity, it has been tested on several animals, including humans

and oral mice, and in the environment) (Supplementary Table

S4). This test is used to examine a compound’s capacity to cause

mutations in other organisms. Ames’ hazardous classification

was given to CDPDP, suggesting that they have been unlikely to

be carcinogenic. Cardiovascular arrhythmias may be caused by

the inhibition of potassium channels expressed by the human

electroreceptor gene (hERG). According to the findings, CDPDP

inhibits the expression, including both hERG I and hERG II.

Aside from that, the molecule CDPDP was expected to be non-

hepatotoxic, so it will not induce drug-induced liver damage.

Besides considering environmental poisonousness, the online

web browser GUSAR was utilized. The environmental toxicity

was projected via an online web server using 96-h fathead

minnow 50 percent fatal concentration, 48-h Daphnia Magna

50% lethal intensity, Tetrahymena pyriformis 50% inhibition

zones concentration, and bio-concentration parameters, among

other variables. With GUSAR’s environmental toxicity

prediction, CDPDP is within the application area of models in

every instance. It is clear from the toxicity outline that the stress

compound CDPDP has a strong protection outline, particularly

in terms of hepatotoxicity.

3.14.3 Cardiac toxicity
The blocking of the hERG K+ channels is associated with

deadly cardiac arrhythmias (Xue et al., 2022), and the FDA

requires that every biomolecule that is considered as a

therapeutic candidate be tested for hERG safety before being

approved (Supplementary Figure S3). shows the prediction of

CDPDP that was created after cardiac toxicity was predicted by

pred-hERG and is based on this prediction. The positive and

negative contributions of individual atoms or pieces to the hERG

blockade have been identified. The bright pink hue shows that an

atom and fragment have made a detrimental impact on the hERG

blockade. The pred-hERG predictions projected that the stress

compound CDPDP would not be cardiotoxic, with a 50 percent

confidence level in this prediction. The findings have shown that

CDPDP is less dangerous in terms of cardiac toxicity.

3.14.4 Skin sensitization
Chemo-induced skin sensitization is a complicated

immunological condition that has a significant impact on

both the sufferer’s well-being and their capacity to function.

Despite considerable advances in the development of innovative

methods of evaluating the skin sensitization capability of

chemical compounds, there seems to be no in vitro assay that

corresponds well with human data. Computational QSAR

models can be used to quickly screen chemicals for toxicity

and provide valuable information. The stressed compound

CDPDP was evaluated for its possible skin sensitization in the

in-vitro human cell line activation test (h-CLAT) OECD442E

and in-vivo local lymph node assay (LLNA) OECD429. The

cellular response of CDPDP was evaluated against dendritic cells

for the induction of inflammatory cytokines and the mobilization

of dendritic cells. The h-CLAT- OECD442E results have shown

that CDPDP was conducted as a non-sensitizer with a confidence

score of 65.1% (Figure 11C). Furthermore, in-vivo (LLNA)

evaluation of CDPDP was evaluated for tissue/organ response

against the proliferation of antigen-specific T-cells (OECD429).

The results have shown that CDPDP was conducted as a non-

sensitizer with a confidence score of 98.5% (Figure 11D). From

both cellular response and tissue/organ response, it also proved

that the stressed compound CDPDP is a non-sensitizer for the

histocompatibility complex represented by dendritic cells.

3.15 Docking analysis

The key residues of the selected active binding pocket of

Interleukin-6 protein (PDB ID: 1il6) and Tumor Necrosis Factor-

alpha (PDB ID: 1tnf) against CDPDP were found. Main ligand-

protein interactions of CDPDP against Interleukin-6 protein

include LEU166, PRO66 and MET68 in pi-stacking

interactions, and PHE174 in hydrogen-bonding interaction

(Figure 12A). In the case of Tumor Necrosis Factor-alpha

TYR59, pi-stacking interactions were found (Figure 12C). To

validate the docking protocol used in this study, the reference

ligand, ibuprofen, was initially docked into the binding pocket of

the Interleukin-6 protein (PDB ID: 1il6) and Tumor Necrosis

Factor-alpha (PDB ID: 1tnf) protein domain. The result

demonstrated a suitable binding pose of the reference ligand

with a docking score of −17.2 kcal/mol. The interaction between

ibuprofen and the binding sites of Interleukin-6 protein mainly

involved the amino acids LEU179, and LEU34 in pi-stacking

interactions, and ARG31 in hydrogen-bonding interactions

(Figure 12B). The interaction between ibuprofen and the

binding sites of Tumor Necrosis Factor-alpha protein mainly
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involved the amino acids ASP45, GLN47, AND SER133 in

hydrogen-bonding interaction (Figure 12D).

3.16 Molecular dynamics and simulation

MDS was performed for the CDPDP- Interleukin-6,

CDPDP- Tumor Necrosis Factor-alpha, Ibuprofen-

Interleukin-6, and Ibuprofen-Tumor Necrosis Factor-alpha

structure complexes upto100 ns The parameters explored for

analyses such as RMSD, RMSF, protein-ligand contact, RoG, and

binding free energy.

3.16.1 RMSD analysis
The RMSD study was used to determine the stability of the

simulation results. During the simulation, the protein’s RMSD

graph (left Y-axis) can provide insight into its structural

conformation, while the ligand’s RMSD graph (right Y-axis)

indicates the stability of the ligand concerning a specific protein

and its ligand-binding pocket (Figure 13A). CDPDP-Interleukin-

6 protein-ligand complex remained stable and within acceptable

RMSD limits throughout 100 ns simulation (Figure 13A).

3.16.2 RMSF assay
The RMSF is a measure of the macromolecule’s particle

deviation. It describes the pliability and stiffness of the protein

structure. Since the N and C-terminal residues tend to fluctuate

the most in MD trajectories, these residues have higher peaks

(Figure 13B). Binding site residues with low RMSF values show

that ligand-binding is highly stable. The percentages of helix and

strand in CDPDP- IL-6 were discovered to be 52.5% and 1.28%,

respectively, while the overall secondary structure elements (SSE)

were found to be 53.77% (Figure 13C).

3.16.3 Simulation event analysis of ligand
properties

The properties of the ligand which is complexed with the

protein of IL-6 during simulation studies (Figure 13D) are as

follows ligand RMSD was little fluctuating between 0.6 and

1.4 with an average of 0.8 A0 which proves that compound is

stable with the protein active site. Furthermore, the structural

compactness of the protein was checked by the radius of gyration

(Rg). The ligand showed very good stability from 0–40 and

60–100 ns but was little fluctuated from 40 to 60 ns. There

was no intra-hydrogen bond found in this complex. Molecular

surface area (MoLSA) was found to be maintained in the zone of

230–245, there were little fluctuations but later the ligand showed

good stability. The solvent-accessible surface area (SASA) also

showed some fluctuations in the start till 40ns but after that

showed good stability till 100 ns The polar surface area was also

maintained in the zone of 78–84.

3.16.4 Molecular interactions of protein-ligand
The interaction of the target protein with the ligand was

monitored during the simulation. These interactions were

categorized into four types: 1) Hydrogen Bonds, 2)

Hydrophobic, 3) Ionic, and 4) Water bridges (Figures 13E,F).

According to the findings of this investigation, hydrogen

bonds, water bridges, and hydrophobic interactions were the

most important ligand-protein interactions observed. In

CDPDP-IL-6, the complex showed hydrophobic interaction

with PRO_66, PHE_95, and PHE_174 whereas LYS_67 and

MET_68 were key in terms of hydrogen bonding

(Figure 13E). While the hydrophobic interactions and positive

charge on the structure of the ligand are shown in Figure 13F.

Furthermore, the compound CDPDP torsions plot describes the

no of rotatable bonds in the ligand from 0.00ns to 100 ns.

Figure 13G depicts a 2 d depiction of the ligand in which

rotatable bonds are color labeled according to their

orientation. There were two rotatable bonds found in the

structure consuming the energy at 3.99 kcal/mol.

3.17 MM-GBSA calculations

Total binding free energy was calculated for the CDPDP

with IL-6 as shown in Supplementary Table S5. In IL-6, the

binding free energy was calculated as −55.46 kcal/mol for the

CDPDP.

4 Discussion

This research focused on isolating a metal-triggered anti-

arthritic compound CDPDP from actinobacteria by abiotic

stress. Furthermore, evaluating the in vitro and in-vivo

pharmacological profile of CDPDP as an anti-inflammatory,

anti-pyretic and anti-oxidant agent, including In-silico studies

of ADMET, molecular docking and MD simulations

strengthened its profile.

Metal-triggering technique is one of the new techniques

which increases the chances for new secondary metabolite

production. As proved by our previous findings, Metals-

triggered compounds are generally absent in the normal

culture method but after inducing abiotic stress (heavy

metals) the new compound with its unique carbon

skeletons appeared in stressed culture (Ul Hassan et al.,

2021). The microorganisms sometimes show resistance

towards the metals and therefore need to either increase

the concentration of metals or use the combination of two or

more metals to trigger the sleeping genes (Hassan et al., 2017;

Shams ul Hassan et al., 2019; Ul Hassan et al., 2021). Our

research shows that the actinobacteria strain initially did not

respond to copper with different concentrations. However,

after the addition of Nickel ions, the bacteria responded to
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the metal ions in its environment and elicited a new peak as

CDPDP.

Nowadays, many natural product researchers have driven

their research toward untapping the secondary metabolites with

promising anti-inflammatory and anti-oxidant properties

(Mahmood et al., 2022; Qazi et al., 2022; Razzaq et al., 2022).

When an allergic reaction occurs during croton-induced ear and

anal inflammation, histamine is released, which results in

vasodilation, edoema, increased vascular permeability, and the

recruitment of eosinophils (Li et al., 2022). In response the rat’s

anal sphincter’s smooth muscles acquire inflammation. It

controls the function of leukocytes as well as their movement,

together with the proliferation of T cells and B cells, and secretion

of lysosomal enzymes in neutrophils (Majid et al., 2018). During

the process of histamine-induced edoema, endothelial nitric

oxide synthase, also known as eNOS, is extremely important.

Because NO is directly responsible for the macromolecular surge

generated by histamine inflammation, reducing NO levels may

help to reduce inflammation (Song and Wu, 2022). This is

because NO is immediately accounted for by the

inflammatory process (Batool et al., 2017). Oral

administration of CDPDP is used in this study to generate a

systemic effect, with the goals of stabilizing the membrane of

mast cells and reducing the production of NO and histamine.

The adjuvant-induced inflammatory rat model has been used

widely as a classical animal model. This model has several of the

typical aspects as in human arthritic patients, including

immunological and histological findings. Primary and

secondary chronic arthritis can be induced by adjuvant-

induction, which activates the cell-mediated immune response

and promotes immunoglobulin synthesis in organisms. As a

result of the high levels of pro-inflammatory cytokines released

during adjuvant induced inflammation. Osteoclast

differentiation, inflammation, and bone degradation are all

influenced by pro-inflammatory cytokines and interleukins

(Majid et al., 2018). The production of metallo-proteinases

and the proliferation of synovial cells, both of which lead to

cartilage deterioration, can be stopped by blocking TNF-, IL-1,

IL-6, and NO. CDPDP with substantial inhibition capacity of

these cytokines has significantly reduced CFA-induced

inflammatory complications.

ADMET is a crucial stage for every kind of biomolecule

before its biotransformation into a drug (Hassan et al., 2022).

According to the ADMET profile of CDPDP, its absorption and

distribution were moderate; CDPDP is safe in cases of

hepatotoxicity, cardiotoxicity, and cytochrome inhibition.

Furthermore, CDPDP has revealed that it is not a P-gp

(P-glycoprotein) substrate; therefore, CDPDP is not

susceptible to the efflux mechanism of P-gp, and many

cancer cell lines utilize that as a drug resistance

mechanism. CYP enzymes play a crucial role in drug

excretion, and these isoforms are metabolizing almost 75%

of market-available drugs. Inhibition of any of these isoforms

results in causing some significant pharmacokinetics-based

drug-drug interactions (Shams ul Hassan et al., 2021) CDPDP

has not inhibited any CYP enzymes, which means MVL

cannot create drug-drug interactions for those CYP

enzyme-targeted drugs.

As evident from our study, CDPDP has shown encouraging

results in terms of IL-6 and TNF-α inhibition in the sense of

molecular docking. Therefore, in these ways, special attention

should be placed on investigating this process’s therapeutic

importance. Further molecular docking simulations proved

that CDPDP has good binding potential with IL-6 and binds

within the active gorge.

Thus, the current study revealed the potential advantages of

the metals-triggered compound CDPDP against arthritis and

may be useful against different diseases. The research relied on

in vitro, in-vivo, and computational tools that documented

pharmacological properties and bioactivities predictions.

Moreover, clinical studies are necessary to confirm the

findings of the present work. Nonetheless, the results of this

work will provide future guidance for the design and

development of new lead compounds as anti-arthritic, anti-

pyretic and anti-oxidant agents.

5 Conclusion

In the current research, the abiotic metal (Ni2+) stress was

employed to isolate a stressed molecule from actinobacteria, a

natural substance called CDPDP. CDPDP’s in vivo clinical profile

as an anti-inflammatory medication against rheumatoid arthritis

was further enhanced by ADMET investigations in silico,

molecular docking, and simulation studies. The use of the

metal-stress technique paves the way for the discovery of new

secondary metabolites, as it enables researchers to focus on the

most promising areas. Due to the prior discovery that stress-

elicited compounds are often absent from standard cultures, this

new chemical with its characteristic carbon skeletons appeared in

the stressed culture method. As a result, they must either increase

the concentration of metals or combine two or more different

metals to activate the genes that have been dormant for a long

time. Secondary metabolites with potential anti-inflammatory

activities have become the focus of many natural product

researchers in the last several years. As mentioned in Tables

1, 2 the CDPDP in its (40 mg/kg) dose has shown promising anti-

inflammatory activity against R.A as compared to positive

control Ibuprofen. A strong anti-inflammatory profile is

demonstrated by these findings for CDPDP. Furthermore, for

the biochemical assays and enzymatic studies as mentioned in

Figures 7, 8. The compound CDPDP has shown promising

results against TNFα, IL-6, GSH assay, GST assay, catalase,

and NO production. In addition, the histopathological studies

and X-ray reports have proved that CDPDP (40 mg/kg)

remarkably finished the R.A and increased the fluid between
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joints. The compound CDPDP also showed a safe profile for the

kidney and liver after the dosage of the compound to mice

evaluated after 6 h of administration. According to our

findings, CDPDP has demonstrated promising outcomes in

the context of molecular docking for the suppression of IL-6.

As a result of these considerations, this process’s therapeutic

significance must be examined.
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Hypertension related toxicity of
chloroquine explains its failure
against COVID-19: Based on rat
model
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Chloroquinewas once thought to be a promising treatment for COVID-19 but it

quickly failed due to its inefficiency and association with increased mortality.

Further, comorbidities such as hypertension may have contributed this failure.

The safety and toxicity of chloroquine at doses required for treating SARS-CoV-

2 infection in hypertensive patients remain unknown. Herein, to investigate

these effects, we performed a safety evaluation of chloroquine at the approved

dose (63 mg/kg) and at a high dose (126 mg/kg) in hypertensive rats. We found

that chloroquine increased themortality of hypertensive rats to 18.2% and 100%,

respectively, after 7 days. During the chloroquine exposure period, the

bodyweight, feed, and water consumption of hypertensive rats were

decreased significantly. In addition, we show that chloroquine induces

prolongation of QTc interval, elevation of LDH and CK, and

histopathological damage of the myocardium in hypertensive rats. Ocular

toxicity was observed in hypertensive rats in the form of hemorrhage in the

eyes and retinal damage. Furthermore, we also observed intestinal toxicity in

hypertensive rats, which presented as thinning intestinal walls with hemorrhagic

contents, and histopathological changes of the jejunum. Hepatotoxicity was

also evidenced by elevated ALT, and vacuolization of hepatocytes was also

observed. Nephrotoxicity was observed only in high dose chloroquine-treated

hypertensive rats, presenting as alterations of urinalysis and renal function.

Immune alterations were also found in high-dose chloroquine-treated

hypertensive rats with elevation of serum IL-10, IL-1β and GRO, and

moderate damage to the spleen. In summary, this study partially explains the

reason for the failure of chloroquine as a COVID-19 therapy, and underlines the

importance of safety evaluation and medical supervision of chloroquine to

avoid patient harm, especially to those with hypertension.
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Introduction

Chloroquine (CQ), a 4-aminoquinoline drug, has long been

extensively used for controlling malaria and certain autoimmune

diseases, including rheumatoid arthritis and systemic lupus

erythematosus (Slater, 1993). Since the emergence of

widespread resistance in Plasmodium falciparum and CQ-

induced acute poisoning and death, the market value of CQ

has declined, leading to its replacement with its analogue,

hydroxychloroquine, which is safer and much more

efficacious (Nirk et al., 2020). Recently, CQ has gained

increased global attention due to its initial promise as a

potential antiviral agent for combating SARS-CoV-2 in early

preclinical studies (Huang et al., 2020; Multicenter collaboration

group of Department of Science and Technology of Guangdong

Province and Health Commission of Guangdong Province for

chloroquine in the treatment of novel coronavirus pneumonia,

2020). Given the absence of specially approved drugs for use in

COVID-19 cases and the impact of the ongoing COVID-19

pandemic, these exciting findings on the in vitro efficacy of

CQ and hydroxychloroquine against SARS-CoV-2, along with

preliminary clinical observations, prompted clinical trials and the

emergency use of chloroquine worldwide (U.S. Food & Drug

Administration, 2020; European Medicines Agency, 2020). Since

then, numerous clinical trials of CQ and hydroxychloroquine, at

various doses and regimens, were carried out during the fight

against COVID-19 (Axfors et al., 2021). CQ and

hydroxychloroquine were subsequently approved for

emergency use in hospitalized COVID-19 patients by the

Food and Drug Administration (FDA) and the European

Medicines Agency (EMA) early on in the pandemic (U.S.

Food & Drug Administration, 2020; European Medicines

Agency, 2020). In China, CQ was officially recommended as a

clinical trial drug for treating COVID-19 in the sixth edition of

the Diagnosis and Treatment Program of COVID-19 (National

Health Commission of the People’s Republic of China, 2020).

However, the promise of CQ and hydroxychloroquine faded

quickly following disappointing outcomes from large

randomized clinical trials, as confirmed by the World Health

Organization (Consortium et al., 2021). The WHO declared that

the failure of CQ/hydroxychloroquine against COVID-19 was

due to invalid anti-SARS-CoV-2 effects, along with multiple side

effects and increased mortality (Boulware et al., 2020; Axfors

et al., 2021). Subsequently, all clinical trials and the emergency

use of CQ for treating COVID-19 were completely halted in most

countries based on these findings, which showed no benefits of

CQ/hydroxychloroquine treatment and increased potential risks

(Consortium et al., 2021). However, treatment of COVID-19

with CQ continued in some countries, including China (National

Health Commission of the People’s Republic of China, 2021) and

India (Dinesh et al., 2021). Various publications have

summarized and discussed the controversial journey of CQ/

hydroxychloroquine (Das et al., 2021; Megarbane, 2021; Shah,

2021). However, the exact reasons underlying its failure against

COVID-19 remain unclear; they may involve the narrow window

between the CQ dosages related to toxicity and efficacy against

SARS-CoV-2 strains.

On one hand, CQ has been demonstrated incompatible results

against SARS-CoV-2 in different in vitro models (Hoffmann et al.,

2020), suggesting its uncertain antiviral effects in further clinical

trials. On the other hand, the dose and regimens of CQ and

hydroxychloroquine were substantially higher than recommended

in malaria or rheumatological conditions (Organization, 2015),

leading to increased mortality and multiple side effects in

hospitalized COVID-19 patients (Axfors et al., 2021). In addition,

the physical health of some SARS-CoV-2-infected patients were very

complicated because about 60–90% of hospitalized patients had

comorbidities (Wiersinga, Rhodes, Cheng et al., 2020). This

presented a challenge in terms of the safety evaluation of drugs

used in clinical trials. Among these comorbidities, hypertension, one

of the most common risk factors, has been linked to severe illness

and mortality in COVID-19 (Zhou et al., 2020; Peng et al., 2021). A

large-scale clinical trial including 5,700 individuals confirmed that

COVID-19 patients hospitalized in the United States considered

hypertension (56.6%) as themost common comorbidity (Rosenberg

et al., 2020). Similar high rates of hypertension in hospitalized

COVID-19 patients were found in clinical trials carried out in

other countries, including, but not limited to China and Italy

(Grasselli et al., 2020; Zhou et al., 2020). Importantly,

hypertension alters metabolic status and SARS-CoV-2 infection

damages multiple organs, especially the liver and lungs, thereby

presenting a challenge for further safety evaluation of experimental

anti-COVID-19 drugs in the clinic. Therefore, we hypothesized that

hypertension may affect the determination of the safety and efficacy

of CQ in clinical trials for treating COVID-19. In addition, CQ has

been extensively used for suicide since the 1980s in France and

Zimbabwe, among others (Riou et al. Baud, 1988; Clemessy et al.,

1996; Ball et al. Nhachi, 2002). Unfortunately, CQ overdose has been

the cause a large number of deaths. Ingestion of CQ in overdose

induces hypotension, arrhythmias, acute dyspnea, coma, and fatal

cardiac arrest, which are lethal risk factors during CQ self-poisoning.

Taken together and considering that hypertension is one of themost

common basic diseases in the elderly population, which is also the

population that is most affected by severe COVID-19, this raising

the question of whether CQ is safe to hypertensive individuals in

clinical trials. Therefore, it is critically important to elucidate the

potential toxic effects of CQ in models of hypertension. Moreover,

such an investigation will also further accelerate the repurposing

process of CQ for treatment of coronavirus related diseases.

In this study, to avoid the harmful effects induced by the

irrational use of CQ in the general population, especially during

the COVID-19 pandemic, and to further understand the

potential toxic effects of CQ in hypertensive patients, we

sought to investigate the toxicity of CQ by employing

hypertensive rats due to animal disease model is one of the

most efficient approaches to reveal potential toxicity and health

Frontiers in Pharmacology frontiersin.org02

Wang et al. 10.3389/fphar.2022.1051694

263

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1051694


risk of chemicals, which will further help clinical pharmacists to

recognize and avoid drug-induced risks especially the drugs on

trial. Therefore, the present work focused on three aspects: 1)

evaluating the safety of CQ in hypertensive rats using equivalent

doses for anti-SARS-CoV-2 treatment; 2) understanding the

toxic effects of CQ on hypertensive rats; 3) trying to elucidate

the reason behind CQ toxicity and subsequent failure during the

COVID-19 pandemic.

Materials and methods

Reagents and drugs

Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME,

Sigma-Aldrich, N5751, St. Louis Missouri, United States),

chloroquine phosphate (CQ, Aladdin, C129284, Shanghai,

China), diethyl ether (Sinopharm Chemical Reagent,

10009318, analytical reagent, Shanghai, China), 4%

paraformaldehyde (Biosharp, BL539A, Hefei, China), 0.9% (w/

v) sodium chloride (Guojing Pharmaceutical Co., Ltd, Lishui,

Zhejiang, China). Chloroquine phosphate was freshly prepared

before use.

Animals

Male specific pathogen free (SPF) Wistar rats (N = 80,

5 weeks old, 200–250 g) were purchased from Charles River

(Beijing Vital River Laboratory Animal Technology Co., Ltd.,

Beijing, China). All rats were reared in rooms of the experimental

animal center of Nanjing Agricultural University. Three or four

rats were kept per cage in the barrier system with constant-

humidity (55% ± 5%), constant-temperature (24°C ± 1°C), and a

natural 12 h/12 h light-dark cycle. Each rat was provided with

sufficient diet obtained from Jiangsu Xietong, Inc. (Nanjing,

China) and clean drinking water. The detailed composition of

diet for all rats in this study is in accord with the formulation of

AIN-93G (Reeves et al., 1993). The animal protocols carried out

in this work were evaluated and approved by the Committee on

Animal Welfare and Ethics of Nanjing Agricultural University

(No.20210514069) in accordance with the Regulations on the

Administration of Laboratory Animals in China.

Hypertensive rat model

A hypertensive rat model was established according to

previous published protocols with minor alteration

(Adaramoye et al., 2012; Lerman et al., 2019). Briefly, after a

week of acclimatization, sixty 6-week-old rats (250 g ± 20 g) were

randomly divided into two groups, namely, the normal control

group (n = 10), and the model group (n = 50). Rats in the model

group were treated by intraperitoneal (i.p.) injection of the non-

specific NOS inhibitor, L-NAME, at a dose of 20 mg/kg twice

daily for 6 weeks (Rees et al. Moncada, 1990; Bader, 2010). All

rats in the control group received an equal volume of saline via

i.p. injection. During the hypertension modeling period, rats

were fed with the standard diet and clean tip water in the

experimental environment. Rat tail artery pressure was

measured by performing a non-invasive blood pressure

measurement and analysis system (BP 2000, Softron, Beijing,

China) at a fixed time every week. The systolic blood pressure

(SBP) and the diastolic blood pressure (DBP) of rats in an awake

and quiet state were recorded using a computerized data

acquisition system (Softron, Beijing, China). SBP and DBP

measurements were conducted three or four times to obtain

average value. After administration of L-NAME for 6 weeks, rats

with SBP (>160 mmHg) and DBP (100 mmHg) were used for

subsequent studies. In addition, to avoid recovery of blood

pressure, a low dose of L-NAME (10 mg/kg, once daily) was

injected once daily in the morning 2 h before administration

of CQ.

Dosage regimen of CQ in hypertensive
rats

The hypertensive rats were randomly divided into three groups:

1) saline (n = 9, control group), 2) 63 mg/kg CQ (n = 11, equivalent

to clinical dosage), 3) 126 mg/kg CQ (n= 12, high dose). These doses

of CQ used in rats were equivalent to the human dose by calculation

using the following formula: Animal equivalent dose (AED;

mg/kg) = Human dose (HED; mg/kg) × Km ratio, where Km

ratio = (Human Km / Animal Km), Km is estimated by dividing the

average body weight (kg) of the species to its body surface area (m2)

(Xu et al., 2002). Nine healthy rats were used as negative controls in

the following experiments. CQ solution and saline were

administered to rats by gavage twice daily for seven consecutive

days. During the administration period of CQ, all rats were given a

standard diet and clean water ad libitum. A schematic diagram of

animal experiments is shown in Figure 1.

Clinical observations

All rats were observed for any changes once daily during the

acclimatization period and twice daily during the treatment

period. Detailed clinical observations included behavior,

reaction to treatment, or ill-health. Any abnormal conditions

were recorded at the time in terms of nature and severity, date

and time of onset, and duration. Observations for viability/

mortality, food intake, and water consumption were recorded

daily. Rats were weighed every 2 days. In addition, eye reactions

of all rats were inspected visually twice daily after CQ

administration.
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Blood pressure (BP) determination

To understand the effects of CQ on SBP and DBP in rats, tail-

cuffing was carried out every 3 days as previously described.

Briefly, SBP and DBP of rats in an awake and quiet state were

measured three or four times to obtain average values used for

further analysis. All rats were monitored until they were too weak

to support the BP assessment.

Electrocardiogram monitoring

In order to explore the effect of CQ on the heart rhythm of rats,

we monitored the electrocardiogram on the eighth day. Five rats in

each group were anesthetized with diethyl ether. After the rats were

stabilized, ECG monitoring was carried out by performing BL-420N

computerized bio-signal acquisition system (TaiMen, Chengdu,

China) for at least 10 min according to previous report (Gao et al.,

2022). After ECG of Rats in each group were collected, we analyzed

the changes of rat cardiac cycle by statistical PR, QRS and QT

intervals. The sudden deaths of rats received high-dose CQ on day

6 prevent us from performing ECG examinations at the pre-planned

time. Unfortunately, rats in the approved and high dose of CQ group

were extremely weak and could not support anaesthetization before

ECG, making the urgent ECG monitoring on day 6.

Biological sample collection and
pretreatment

At the end of the CQ administration period, all rats except those

in the high-dose CQ treatment group were fasted for 12 h before the

collection of rat plasma, serum, urine and organic tissues.

Importantly, samples from rats in the high-dose CQ group were

emergency collected on day 6 due to poor health and alarming

mortality of most rats in this group. Three rats in the high-dose CQ

group and five rats in each other group were selected to use

metabolic cages for urine collection, and urine test within 1 h of

sample collection. Next, we collected at least five copies of whole

blood from rats in each group via the jugular vein. Here, 200 μl of

blood was obtained from each rat and transferred to a EDTA tube

for hematological examination. Subsequently, 800 μl of blood was

collected from each rat in a non-anticoagulant tube, which was then

centrifuged at 1,000 × g at 4°C for 10 min to obtain serum. After

centrifugation, we obtained rat serum of each group at least in

triplicate used for biochemical analysis and cytokine determination.

The collected rat blood plasma was stored at 4°C and analyzed

within 4 h while serum was stored at −20°C until further

biochemical assessment and cytokine analysis. Furthermore, rats

were kindly sacrificed under general anesthesia with anatomical

examination, followed by collection of organs, including the heart,

liver, spleen, lungs, kidneys, duodenum, jejunum, ileum, cecum,

colon, rectum, skeletal muscle, pancreas, stomach, thymus, testicles,

bladder, and eyeballs. The heart, liver, spleen, lungs, kidneys, and

testicles were weighed to analyze organic index, whereby organ

index = organ weight (g) * 100/body weight (g). The organ tissues

were collected with minimum artificial damage in suitable sizes used

for further histopathological examination. All obtained rat tissues, in

triplicate, from each group were immediately immersed in 4%

paraformaldehyde solution, and eyeballs were stored in

Davidson’s fixative solution for further histopathological

examination as described below.

Hematological analysis

Hematological changes of hypertensive rats treated with

different doses of CQ were detected using an automatic blood

counter system (Mindray, Shenzhen, China). These

hematological parameters included red blood cell (RBC),

hematocrit (HCT), mean red blood cell volume (MCV),

hemoglobin (HGB), mean corpuscular hemoglobin (MCH),

mean corpuscular hemoglobin concentration (MCHC), RBC

distribution width (RDW- SD), white blood cells (WBC),

lymphocyte count (LYM), monocytes (MONO), neutrophils

(NEUT), eosinophils (EO), basophils (BASO), platelets (PLT)

and mean platelet volume (MPV). The obtained plasma samples

were analyzed within 4 h of sampling.

FIGURE 1
Schematic diagram of animal experiment.

Frontiers in Pharmacology frontiersin.org04

Wang et al. 10.3389/fphar.2022.1051694

265

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1051694


Serum biochemical measurement

We detected serum biochemical changes, including glucose

(GLU), total protein (TP), albumin (ALB), globulin (GLB), total

bile acid (TBA), alanine aminotransferase (ALT), aspartame acid

aminotransferase (AST), total bilirubin (T-BIL), alkaline

phosphatase (ALP), lactate dehydrogenase (LDH), creatine

kinase (CK), creatinine (Cr), uric acid (UA), total cholesterol

(TC), triglycerides (TG), high-density lipoprotein cholesterol

(HDL-C), low-density lipoprotein cholesterol (LDL-C), and

amylase (AMY). Rat sera, at least in triplicate per group, were

tested using an automatic biochemical analyzer (Beckman

Coulter AU5800, Brea, CA, United States).

Urinary assay

Next, routine urine examination was carried out using a urine

analyzer (Mindray, Shenzhen, China). The urine parameters

include specific gravity, pH, WBC, nitrite, urobilinogen,

protein, occult blood, ketone bodies, bilirubin, GLU, and

vitamin C were tested and analyzed within 1 h of sample

collection. Urine samples, at least in triplicate per group, were

analyzed according to the manufacturer’s instructions.

Serum cytokine assay

To further investigate the effect of CQ on cytokine levels in

rat sera, multiple cytokines (TNF-α, IFN-γ, IL-1β, IL-4, IL-6, IL-
2, IL-5, GRO/KC, IL-12p70 and IL-10) were analyzed using

multiplex immunoassays on a Luminex xMAP (multi-analyte

profiling) instrument (Luminex-200, Austin, America) with a

commercial kit (LX-MultiDTR-10, LabEx, Shanghai, China)

according to the manufacturer’s instructions. In brief, the

fluorescently labeled microspheres for different test substances

were mixed, and the test substance or the amplified fragments

were added to react with the labeled fluorescein. Driven by the

flowing sheath fluid, the microspheres were passed through the

red and green lasers in sequence in the Luminex-200 system

(Luminex, Austin, United States). The obtained fluorescence

values were translated to a concentration for the relevant

cytokine based on previous established standard curves.

Histopathological examination

The obtained tissues, in triplicate per group, were used for

histopathological analysis. Tissue slice preparation and staining

procedures were carried out according to a previous study (Gao

et al., 2022). Briefly, the fixed tissues were dehydrated, followed

by transparency and embedding in paraffin for cutting into thin

slices. The prepared tissue sections were subjected to

hematoxylin and eosin (H&E) staining. Histopathological

changes of each tissue slice were observed and photographed

under a light microscope (Leica, Buffalo Grove, United States).

Statistical analysis

The data are presented as mean ± standard deviation (SD).

Data were analyzed using SPSS (20.0 version, IBM, Chicago,

United States) and tested by conducting two-way analysis of

variance (ANOVA) along with the least-significant difference

(LSD) test. A p value less than 0.05 was set as statistical

differences in this study. In addition, log-rank (Mantel-Cox)

test were performed to analyze the significance between different

survival curves.

Results

CQ induces toxic effects and sudden
death in hypertensive rats

During the dosing period, clinical signs such as depression,

decreased activity, slow response to external stimuli were

observed in rats in the 126 mg/kg CQ group on day 3, and

the same symptoms were occurred in several rats in the 63 mg/kg

CQ group on day 5. With increased CQ exposure, visible weight

loss, ruffled fur, prostration, and weakened conditions were

noted in most rats treated with both the approved dose and

the high dose of CQ. In contrast, there were no abnormal signs in

rats in the negative control group and hypertensive rats not

receiving CQ. Subsequently, four rats in the high-dose CQ group

were found dead on day 5, however, the mortality rate increased

dramatically on day 6 after CQ treatment. At the end of CQ

administration, compared with the 100% survival rate of

hypertensive rats receiving saline, the survival rate of

63 mg/kg and 126 mg/kg CQ treated hypertensive rats

decreased to 81.8% and 0% (p < 0.0001), respectively

(Figure 2A). In addition, the feed intake and water

consumption of hypertensive rats declined visibly after CQ

treatment (p < 0.0001), while the water consumption of

hypertensive rats received normal saline increased in

comparison with healthy rats (Figures 2B,C). Moreover, the

body weight of hypertensive rats decreased dramatically

following CQ exposure, especially in the high-dose CQ group

(p < 0.0001), compared to saline-treated animals (Figure 2D).

Furthermore, during the entire administration period, the BP of

hypertensive vehicle rats remained high. In contrast, at the last

monitoring, the SBP and DBP of hypertensive rats receiving

high-dose CQ were significantly decreased (p < 0.01), but BP

returned to baseline (Figures 2E,F). Finally, as shown in Table 1,

CQ increased several organ indexes of hypertensive rats

compared to healthy rats and hypertensive rats that received
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saline, these organs included the heart and liver. Similarly, CQ

exposure elevated the kidney index of hypertensive rats (p <
0.05), compared to the control group, but not hypertensive rats

that received saline. However, other organs such as the spleen,

lungs, and testicles of hypertensive rats were not significant

changed after CQ treatment.

FIGURE 2
Effect of CQ on survival rate, feed and water consumption, body weight, and blood pressure of rats. Healthy and hypertensive rats orally
administrated saline and CQ at two doses (63 mg/kg or 126 mg/kg) twice daily for seven consecutive days. (A) The survival rate of rats was recorded
daily. ****, p < 0.0001, compared to healthy rats; ####, p < 0.0001, compared to hypertensive rats; $$$$, p < 0.0001, compared to CQ (63 mg/kg)
group; Log-rank (Mantel-Cox) test were performed to analyze the significance between different survival curves. (B, C) The feed consumption
and water consumption of rats were recorded daily. Data are shown as mean ± SD (n = 3); ****, p < 0.0001, and ####, p < 0.0001, compared to
healthy and hypertensive rats, respectively;For water consumption, ###, p < 0.001, compared with healthy rats. (D) The body weight of rats was
recorded on the day 0, 3, 5, and 7 of CQ administration. Data are shown as mean ± SD (n = 9–12); **, p < 0.01, and ****, p < 0.0001, compared to
healthy rats; #, p < 0.05 and ####, p < 0.0001, compared to hypertensive rats. (E, F) The systolic pressure and diastolic blood pressure of all rats were
monitored on 3 d and 6 d after CQ administration. Data are shown as mean ± SD (n = 3–12); *, p < 0.05; **, p < 0.01; ****, p < 0.0001.

TABLE 1 Organ indexes of hypertensive rats changed after CQ exposure.

Organ Control Hypertensive rats

CQ (0 mg/kg) CQ (63 mg/kg) CQ (126 mg/kg)

Heart 0.303 ± 0.039 0.339 ± 0.031 0.45 ± 0.037****#### 0.427 ± 0.063***#

Liver 2.694 ± 0.203 2.585 ± 0.187 3.134 ± 0.397# 3.685 ± 1.052**##

Spleen 0.222 ± 0.025 0.196 ± 0.035 0.242 ± 0.074 0.16 ± 0.034

Lung 0.448 ± 0.069 0.461 ± 0.02 0.481 ± 0.068 0.567 ± 0.181

Kidney 0.585 ± 0.066 0.631 ± 0.063 0.787 ± 0.182* 0.846 ± 0.17*

Testis 0.762 ± 0.097 0.854 ± 0.109 0.914 ± 0.12 0.889 ± 0.119

Note: Data are shown as mean ± SD (n = 3–9).

*, p < 0.05, compared with control group; ***, p < 0.001, compared with control group; ****, p < 0.0001, compared with control group; #, p < 0.05, compared with CQ (0 mg/kg) group; ##,

p < 0.01, compared with CQ (0 mg/kg) group; ###, p < 0.001, compared with CQ (0 mg/kg) group.
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CQ induces cardiotoxicity of hypertensive
rats

Given the high mortality caused by CQ treatment, we next

investigated the effect of CQ on the heart in hypertensive rats.

Electrocardiogram (ECG) examinations showed that CQ

(63 mg/kg) significantly prolonged the QT interval, but not

the PR and QRS intervals in hypertensive rats, compared to

healthy and hypertensive rats that had received saline (Figure 3A

and Table 2). CQ (63 mg/kg) also decreased the heart rate (HR)

of hypertensive rats significantly (p < 0.05) after the

administration period (Table 2). Unfortunately, in this study,

we failed to collect ECG parameters of high-dose CQ-treated

hypertensive rats due to their poor health conditions and sudden

death on day 6. In addition, to further understand the effect of

CQ on cardiac functions of rats, we next determined myocardial

FIGURE 3
CQ damage to hearts in hypertensive rats. Healthy and hypertensive rats orally administrated saline and CQ at two doses (63 mg/kg or
126 mg/kg) twice daily for seven consecutive days. (A) ECG examination of CQ-treated hypertensive rats and rats in control group and negative
group. (B, C) Effects of CQon the levels of myocardial enzymes LDH and CK in rats at day 7. Data are shown asmean ± SD (n= 3–5); ****, p < 0.0001.
(D) H&E staining of CQ-treated hearts in healthy rats and hypertensive rats at the end of drug administration period; Black arrows indicate
vacuolar degeneration and yellow arrowheads present severe myocardial fibrosis and inflammatory cells infiltration; Bars = 30 µm or 100 µm.
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enzymes and histopathologic changes in CQ-treated

hypertensive rats. As shown in Figures 3B,C, high-dose CQ

significantly (p < 0.0001) elevated LDH and CK levels

compared to healthy rats and hypertensive rats that had

received saline. However, CQ (63 mg/kg) did not seem to

induce any significant changes in LDH and CK in

hypertensive rats (Figures 3B,C). Additionally, H&E staining

results showed that CQ (63 mg/kg) caused obvious

vacuolization degeneration in the hearts of hypertensive rats

(black arrows in Figure 3D), and a large area of fibrotic tissue

distribution and inflammatory cell infiltration were observed in

hypertensive rats treated with CQ (126 mg/kg; yellow arrows in

Figure 3D), while the heart slices of healthy rats and hypertensive

rats that had received saline showed no marked changes

(Figure 3D). In summary, CQ induced severe cardiotoxicity in

hypertensive rats, especially at the high dose.

CQ induces ocular toxicity in hypertensive
rats

Unfortunately, ocular toxicity was observed during CQ

administration period, as shown in Figure 4A, blood

secretions appeared in the corner of eyes from day 5 in

hypertensive rats. In some severe conditions, blood was visible

on the surface of eyeballs in hypertensive rats, especially in the

high-dose CQ group on day 6. Subsequent histopathological

examination showed that retina, crystalline lens and optic nerves

in hypertensive rats were damaged to varying degrees

(Figure 4B). Moreover, compared with healthy rats and

hypertensive rats, high-dose CQ induced severe retina injuries

as evidenced by bleeding in the nerve fiber layer in hypertensive

rats treated with the approved dose of CQ, and vacuolar

degeneration, as well as abnormal band formation in the

inner and outer nuclear layers of high-dose CQ treated

hypertensive rats. In addition, compared to animals in the

approved CQ dose group, high-dose CQ induced irregular

arrangement and slight swelling of the lens in hypertensive

rats (Figure 4B). In addition, the optic nerves of hypertensive

rats also displayed different degrees of vacuolar degeneration

after two doses of CQ treatment. Other components in the eyes of

hypertensive rats treated by CQ were not obviously changed

(Supplementary Figure S1). In conclusion, CQ induces severe

ocular toxicity in hypertensive rats.

CQ causes gastrointestinal toxicity in
hypertensive rats

Considering that CQ caused a severe reduction in the feed

and water consumption of hypertensive rats, we sought to

further investigate whether intestinal toxicity was triggered by

CQ. Anatomical examinations of rats revealed jejunums

characterized by abnormal states, including thin jejunum

walls, which were dark red in appearance with blood-

containing intestinal contents (Figure 5A). In contrast,

other intestinal segments of CQ-treated hypertensive rats

were normal in appearance. In addition, intestinal changes

in these rats were further analyzed by histopathological

examination on jejunum samples. As shown in Figure 5B,

compared to the control and hypertensive group, gastric

hemorrhage and gastric villus disruption were observed in

the approved- and high-dose CQ-treated hypertensive

animals. The approved dose of CQ induced severe

vacuolization of the bowel wall and intestinal villus

disorder in the jejunums of hypertensive rats. However,

high-dose CQ triggered more significant damage, including

the shedding of intestinal villus and extreme vacuolization of

the bowel wall in hypertensive rats (Figure 5B). Taken

together, these data demonstrated that CQ induced varying

degrees of gastrointestinal toxicity in hypertensive rats.

Chloroquine induces hepatotoxicity in
hypertensive rats

Next, we evaluated the effect of CQ on the liver in

hypertensive rats after the drug administration period. As

shown in Figures 6A,B, compared with the negative control

and hypertensive rats that had received saline, approved dose

CQ significant increased ALT (p < 0.01) and AST (p < 0.001).

Similarly, high-dose CQ also elevated ALT (p < 0.0001) and AST

(p < 0.0001) in hypertensive rats significantly, compared to

healthy rats and hypertensive rats that had received saline

(Figure 6B). In addition, the levels of T-BIL, TBA and ALP in

hypertensive rats were significant increased by high-dose CQ

treatment (p < 0.05, p < 0.01, and p < 0.001, respectively),

compared to healthy rats and hypertensive rats that had

received saline (Figures 6C–E). In contrast, the levels of ALB

in hypertensive rats were significant decreased in both CQ

treatment groups compared to the negative control and

hypertensive rats treated with saline (Figure 6F). However,

TABLE 2 Electrocardiogram changes of hypertensive rats induced
by CQ.

Parameter Control Hypertensive rats

CQ (0 mg/kg) CQ (63 mg/kg)

PR (ms) 52.17 ± 3.37 52.7 ± 3.75 59.81 ± 6.09

QRS (ms) 24.03 ± 2.77 23.52 ± 5.47 20.42 ± 2.01

QT (ms) 54.77 ± 6.74 66.13 ± 8.77 83.21 ± 12.44**#

HR (bpm) 392 ± 38.65 425.2 ± 25.4 330.8 ± 61.02#

Note: Data are shown as mean ± SD (n = 5); #, p < 0.05, compared with CQ (0 mg/kg)

group; **, p < 0.01, compared with control group.
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both doses of CQ did not change the levels of GLB and TP in

hypertensive rats (Figures 6G,H). Furthermore, H&E staining

showed that the approved dose of CQ induced a disorder of

hepatic cords, vacuolar degeneration, which is consistent with

hyperchromatic nuclei in liver cells (Figure 6I). The high-dose

CQ resulted in more serious vacuolar degeneration of liver cells,

along with the disorder of hepatic sinuses and hepatic lobules,

and inflammatory infiltration around the central vein (Figure 6I).

These above findings suggest that CQ induced dose-dependent

liver damage and hepatotoxicity in hypertensive rats.

FIGURE 4
CQ induces ocular toxicity in hypertensive rats. Healthy and hypertensive rats orally administrated saline and CQ at two doses (63 mg/kg or
126 mg/kg) twice daily for seven consecutive days. (A) The ocular manifestation in CQ-treated hypertensive rats were observed during the CQ
administration period. Blood secretions around eyes and visible hemorrhage on eyeballs were emerged in CQ-treated hypertensive rats. (B)
Histopathological changes of the components of eyes in CQ-treated hypertensive rats. Rats received high-dose CQ showed obvious
vacuolization of retinal nerve fiber layer, and hemorrhage was emerged in the nerve fiber layer of the approved dose CQ group. In high dose CQ
group, crystalline lens was in disorder with slight swelling (black arrows). For optic nerve, two doses of CQ resulted in obvious vacuolar degeneration
at different degrees in hypertensive rats (black arrows). Bars = 30 µm or 100 µm.
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Chloroquine triggers nephrotoxicity in
hypertensive rats

Given the CQ-induced changes in the kidney indices of

hypertensive rats, we further investigated the effects of CQ on

the kidneys. First, the effect of CQ on urine is shown in Table 3.

Compared to healthy and hypertensive rats, leukocyte, protein and

occult blood were positive in the urine of both CQ treatment groups.

Nevertheless, other urinary parameters such as specific gravity, pH,

nitrite, urobilinogen, ketone body, bilirubin, GLU, and vitamin C

were not obviously changed after CQ treatment. Moreover, renal

functions of hypertensive rats were evaluated by assessing the

alterations of serum creatinine (Cr), uric acid (UA), and urea

(Ur). As shown in Figures 7A–C, high-dose CQ but not the

approved dose enhanced serum Cr, Ur and UA concentrations

significantly (p < 0.01 or p < 0.001), compared to rats in the negative

control and hypertensive groups. Finally, histopathological

examination of kidneys was carried out and showed that renal

tubular epithelial cells lose connection with slight staining following

approved dose CQ exposure, and more serious injury of treated

renal tubular epithelial cells was observed in high-dose CQ-treated

hypertensive rats, showing extensive hyaline degeneration, dilation

of kidney tubular lumen, and thinning of the renal tubular wall

(Figure 7D). Collectively, these findings show that CQ causes dose-

dependent kidney damage.

Chloroquine alters immune state of
hypertensive rats

Furthermore, we investigated the effect of CQ on immunity

in hypertensive rats at the end of the experimental period. First,

blood immune cells were counted after CQ treatment (Table 4).

Compared to the control and hypertensive groups, CQ

significantly (p < 0.0001) decreased lymphocyte count in

hypertensive rats. However, high-dose CQ treatment

significantly increased the levels of monocytes (p < 0.0001)

and eosinophils (p < 0.05 and p < 0.0001) in hypertensive rats

(Table 4). The approved dose and high-dose CQ both enhanced

the levels of neutrophils and basophils significantly, compared to

those in the control (p < 0.01) and hypertensive groups (p <
001 and p < 0.001). There were no significant changes in WBCs

after CQ treatment (p > 0.05). Second, analysis of serum

inflammatory cytokines (Figures 8A–J) showed that high-dose

CQ but not the approved dose CQ, elevated levels of IL-10 (p <
0.001 and p < 0.0001), IL-1β (p < 0.01) and GRO/KC (p <
0.05 and p < 0.01) compared to rats in the control and

hypertensive groups. Nevertheless, the levels of serum IL-2,

IL-4, IL-5, IL-6, IFN-γ, TNF-α, and IL-12p70 in hypertensive

rats were not altered after two doses of CQ exposure (Figure 8).

Lastly, histopathological changes in the spleens of CQ-treated

rats were examined by H&E staining. CQ exposure caused

slightly vacuolar degeneration (Figure 8K; black arrows) and

slight stained nucleus. These findings suggest that CQ alters

immune status and promotes inflammation in hypertensive rats.

Discussion

Following the repurposed use of CQ and its derivatives for

treating COVID-19, numerous clinical studies and critical

reviews have been carried out to evaluate the safety and

FIGURE 5
Effect of CQ on gastrointestinal tract of hypertensive rats.
Healthy and hypertensive rats orally treated with saline and CQ at
two doses (63 mg/kg or 126 mg/kg) twice daily for seven
consecutive days. (A)Gross autopsy of jejunum in rats treated
by CQ. Jejunum became thin and translucent, containing blood
related intestinal contents, which was dark red in appearance. (B)
Histopathological examination of stomach and jejunum in rats
treated by CQ. Gastric hemorrhage and gastric villus disruption
were found in CQ-treated hypertensive rats (black arrows). Severe
vacuolization of intestinal wall and intestinal villus disruption/
shedding were observed in CQ-treated hypertensive rats (black
arrows). Representative images were obtained from at least
triplicate experiments. Bars = 30 µm or 100 µm.
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efficacy of CQ/hydroxychloroquine (Axfors et al., 2021; Das

et al., 2021; Junqueira and Rowe, 2021). Although CQ and

hydroxychloroquine held some promise as potentially effective

anti-SARS-CoV-2 agents during the early stages of the COVID-

19 pandemic, they subsequently failed due to safety concerns and

a lack of efficacy as shown in international large-scale

randomized clinical trials (Consortium et al., 2021). The

controversial journey of CQ/hydroxychloroquine prompted a

series of scientific questions (Shah, 2021). For example, what is

the safety range of CQ in patients with complications? Why did

the use of CQ/hydroxychloroquine relate to higher mortality in

COVID-19 patients following completion of clinical trials? What

toxic events contribute to the failure of CQ in COVID-19

treatment regimens? We sought to answer some of these

questions in this work.

Herein, we found that approved- and high-dose CQ

induced significant death in hypertensive rats in a

concentration-dependent manner. This was consistent

with findings obtained from randomized clinical trials of

CQ and hydroxychloroquine, showing that a high dosage of

CQ (600 mg CQ twice daily for 10 days) caused more toxic

effects and lethality in critically ill COVID-19 patients with

heart disease (Borba et al., 2020). Unfortunately, our data

also agrees with conclusions from the international

collaborative meta-analysis in which hydroxychloroquine

has been demonstrated to associate with high mortality in

COVID-19 patients, while CQ presents no benefits against

SARS-CoV-2 infection (Axfors et al., 2021). Although the

enrolled patients tolerated low doses of CQ or

hydroxychloroquine well in other clinical trials, adverse

FIGURE 6
CQ alters hepatic enzymes and damages liver tissues. Healthy and hypertensive rats orally treated with saline and CQ at two doses (63 mg/kg or
126 mg/kg) twice daily for seven consecutive days. (A-H) The effects of CQ on hepatic enzymes in serum of hypertensive rats. Data are shown as
mean ± SD (n = 3–5); ALB, albumin; GLB, globulin; TP, total protein; T-BIL, total bilirubin; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; TBA, total bile acid; ALP, alkaline phosphatase. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. (I) Histopathological
examination of liver in healthy rats and hypertensive rats after CQ treatment. The representative photographs of liver slices, vacuolar degeneration,
disorder of hepatic cords and hepatic lobules are indicated by blue arrows. Scale bar was 30 μm or 100 μm.

Frontiers in Pharmacology frontiersin.org11

Wang et al. 10.3389/fphar.2022.1051694

272

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1051694


events are often observed in COVID-19 patients (Self et al.,

2020; Rea-Neto et al., 2021; Izcovich et al., 2022). Concerning

the narrow safety range of CQ for treating viral diseases, the

current approved doses and regimens may contribute to its

mortality outcomes in the COVID-19 pandemic (Lacout

et al. Perronne, 2021). In this regard, discussions on the

dose selection of CQ and hydroxychloroquine were

undertaken to provide optimized dose regimens for

patients with varied conditions (Cui et al., 2020; Lacout

et al., 2021). In addition to the dose regimens of CQ, the

comorbid conditions of patients (e.g. heart disease and

hypertension) may affect the outcomes of clinical

evaluation (Gabor et al., 2021), unfortunately, persons

with comorbidities were excluded in most trials, leading to

a lack of available data for patients in these subgroups

(Skipper et al., 2020; Tang et al., 2020). For hypertensive

patients, CQ plays an antihypertension role as shown in one

preclinical study (Wu et al., 2017), which is consistent with

our data. However, the antihypertension function of CQ was

of no benefit in terms of its efficacy in COVID-19 trials.

Further studies are required to elucidate the mechanisms

behind the antihypertensive effects of CQ.

In addition to the mortality induced by CQ in overdose,

several toxic events were also recorded in hypertensive rats.

Among these toxicities, cardiotoxicity may play a lethal role

because of CQ induced QT interval prolongation related

cardiac dysfunction. While CQ-induced cardiac disorder is

rare in healthy individuals, this risk increases in patients at

high-risk of drug-induced QT prolongation (Tleyjeh et al.,

2021). Hypertension is a common complication in COVID-

19 patients and may contribute to a high risk of

cardiotoxicity, which has been demonstrated in several

clinical trials and systematic reviews (Mercuro et al.,

2020). Additionally, SARS-CoV-2 infection also induces

TABLE 3 Effect of CQ on urine indexes in hypertensive rats.

Test items Control Hypertensive rats

CQ (0 mg/kg) CQ (63 mg/kg) CQ (126 mg/kg)

Quantitative measures

Specific gravity 1.016 ± 0.005 1.023 ± 0.008 1.027 ± 0.004 1.027 ± 0.003

pH 6.5 ± 0 6.4 ± 0.548 6 ± 0.354 6 ± 0

Qualitative measures

Leukocyte Negative 5 3 1 0

Trace 0 1 1 0

1+ 0 0 3 0

2+ 0 1 0 2

3+ 0 0 0 1

Nitrite Negative 5 3 5 2

1+ 0 2 0 1

Urobilinogen Negative 5 5 5 3

Protein Negative 2 0 0 0

Trace 2 0 0 0

1+ 1 0 0 0

2+ 0 3 2 0

3+ 0 2 3 3

Occult blood Negative 5 5 2 1

1+ 0 0 3 0

3+ 0 0 0 2

Ketone body Negative 5 2 4 2

Trace 0 3 1 1

1+ 0 0 0 0

Bilirubin Negative 5 5 4 3

1+ 0 0 1 0

2+ 0 0 0 0

Glucose Negative 5 5 5 3

Vitamin C Negative 5 5 5 3
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FIGURE 7
CQ induces nephrotoxicity of hypertensive rats. Healthy and hypertensive rats orally administrated saline and CQ at two doses (63 mg/kg or
126 mg/kg) twice daily for seven consecutive days. (A–C) The administration of high-dose CQ (126 mg/kg) elevated the hematological renal
function indexes of hypertensive rats. Data are shown asmean ± SD (n= 3–5); Cr, creatinine; Ur, urea; UA, uric acid. **, p <0.01; ***, p <0.001. (D)CQ
induced pathological damage of kidneys in hypertensive rats. Tubular epithelial cells loose connection with hyaline degeneration (black arrows)
were observed in kidney slices of hypertensive rats treated with CQ (63 mg/kg), and extensive hyaline degeneration, dilation of kidney tubular lumen,
and thinning of renal tubular wall (black arrows) were shown in kidney slices of hypertensive rats exposed to high dose CQ. Bars = 30 µm or 100 µm.

TABLE 4 Effect of CQ on blood immune cells in hypertensive rats.

Index Control Hypertensive rats

CQ (0 mg/kg) CQ (63 mg/kg) CQ (126 mg/kg)

WBC(10̂9/L) 8.59 ± 2.38 8.47 ± 2.07 8.41 ± 3.78 10.84 ± 1.04

LYM(10̂9/L) 5.74 ± 1.69 5.35 ± 1.8 1.04 ± 0.99****,#### 0.76 ± 0.53****,####

MONO(10̂9/L) 0.27 ± 0.1 0.23 ± 0.1 0.54 ± 0.35 2.19 ± 0.9****,####,$$$$

NEUT(10̂9/L) 2.27 ± 0.61 2.35 ± 0.53 6.24 ± 2.81**## 5.94 ± 1.98**##

EO(10̂9/L) 0.16 ± 0.08 0.25 ± 0.08 0.05 ± 0.04*#### 0.27 ± 0.07*$$$$

BASO(10̂9/L) 0.15 ± 0.05 0.22 ± 0.08 0.73 ± 0.45**## 0.81 ± 0.23***###

Note: Data are shown as mean ± SD (n = 5–8); WBC, white blood cell; LYM, lymphocyte count; MONO, monocyte; NEUT, neutrophils; EO, eosinophils; BASO, basophils.

*p < 0.05, compared with control group; **, p < 0.01, compared with control group; ***, p < 0.001, compared with control group; ****p < 0.0001, compared with control group.
##p<0.01, compared with CQ (0 mg/kg) group.
###p<0.001, compared with CQ (0 mg/kg) group.
####p<0.0001, compared with CQ (0 mg/kg) group.
$$$$p<0.0001, compared with CQ (63 mg/kg) group.
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acute and chronic damage to the cardiovascular system,

resulting in a high risk of cardiac dysfunction with

concurrent use of QT-prolonging drugs, such as CQ or

azithromycin (Zheng et al. Xie, 2020). In this study, we

observed sudden death of hypertensive rats following CQ

exposure for 5–6 days, especially at high dose, which is

closely associated to CQ-induced cardiotoxicity, including

QT prolongation, myocardial damage and the release of

myocardial enzymes. Taken together, cardiovascular risks

must be considered when repurposing CQ and its derivatives

for treating newly emerging diseases in persons with

comorbidities, such as hypertension (Tleyjeh et al., 2021).

In addition, severe ocular toxicity was observed in

hypertensive rats treated by the two doses of CQ in this

study. According to the recommendation by the American

Academy of Ophthalmology, the maximum daily dose of CQ

is ≤ 5 mg/kg for HCQ, and ≤2.3 mg/kg for CQ (Marmor et al.,

2016). The recommended doses of CQ or HCQ in the

guidelines for COVID-19 treatment are considerably

higher than the maximum daily safe dose related to ocular

toxicity, but this is unlikely to trigger retinal toxicity due to a

relatively short exposure time. Considering that CQ is

excreted in urine, renal dysfunction acts as a risk factor

which increases systemic levels of CQ and the risk of ocular

toxicity (Melles and Marmor, 2014). The observed ocular

toxicity in hypertensive rats may be the result of CQ-induced

renal damage, which we discuss below. Based on the possible

ocular toxicity in repurposing CQ, it is our recommendation

that risk factors related to retinopathy should be evaluated

and excluded to avoid potential retinal toxicity prior to CQ

or hydroxychloroquine prescription.

Furthermore, intestinal injury was another severe toxic effect

in hypertensive rats caused by the approved dose and high dose

of CQ. This adverse effect has been confirmed in clinical trials of

FIGURE 8
CQ alters immune responses in hypertensive rats. Healthy and hypertensive rats orally treated with saline and CQ at two doses (63 mg/kg or
126 mg/kg) twice daily for seven consecutive days. (A–J) After CQ treatment, serum of healthy and hypertensive rats was collected to analyze the
levels of several inflammatory cytokines, including IL-2, IL-4, IL-5, IL-6, IL-10, IL-1β, IFN-γ, TNF-α, IL-12p70 and GRO/KC. Data are shown as mean ±
SD (n = 3–9); *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. (K)CQ induced spleen pathological damage in hypertensive rats. Vacuolar
degeneration was observed in hypertensive rats exposed to 63 mg/kg and 126 mg/kg CQ (black arrows). Bars = 30 µm or 100 µm.
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CQ in non-ICU hospitalized COVID-19 patients, thereby

demonstrating increased gastrointestinal adverse events in

CQ-treated patients other than hydroxychloroquine exposure

(Verheijen et al., 2021). CQ-induced gastrointestinal toxicity can

be detected during early stages of treatment based on the findings

that the feed consumption and water intake of hypertensive rats

decreased rapidly after 1 day of CQ exposure. During the first

wave of the COVID-19 pandemic, reports of CQ- and

hydroxychloroquine-associated adverse gastrointestinal events

in the FDA Adverse Event Reporting System (FAERS)

database increased (Perez et al., 2021), suggesting potential

over use of CQ and hydroxychloroquine globally. Self-

reported adverse symptoms such as nausea, diarrhea, and

abdominal pain were also common effects in healthcare

workers during hydroxychloroquine prophylaxis of COVID-19

(Nagaraja et al., 2020). These findings support the hypothesis that

treatment with CQ is associated with an increased risk for

gastrointestinal toxicities, thus suggesting discontinued use of

high-dose CQ for treatment of emerging infectious diseases.

However, CQ-induced intestinal toxicity is largely due to high

dose treatment and has no relevance to hypertension. Given that

the quick absorption of CQ in human body leads to an

accumulation of CQ in solid organs such as the liver, heart,

and kidneys (White and Watson, 2020), hepatotoxicity and

nephrotoxicity are inevitable. In the current study, CQ-

induced hepatotoxicity was observed in hypertensive rats

including a significant increase of hepatic enzymes and

histopathological damage. Hepatotoxicity was reported in a

case characterized by a 10-fold increase in aminotransferase

and alanine aminotransferase activities after two doses of

hydroxychloroquine for treatment of COVID-19 (Falcao,

Cavalcanti et al., 2020), but enzyme activities returned to

normal after drug discontinuation. However, data related to

CQ-induced hepatotoxicity is limited in COVID-19.

Considering the use of other drugs such as azithromycin for

anti-infection, the potential hepatotoxicity risk of CQ should not

be ignored, rather liver function should be monitored during its

use. In addition, severe renal injury was only observed in high-

dose CQ rather than the approved-dose of CQ-treated

hypertensive rats. Prevalence of CQ-induced nephrotoxicity

seems to be rare since only a few case reports are available

(Mahmoudi et al., 2021). Nevertheless, kidney dysfunction rate in

SARS-CoV-2 infected patients is high in hospital (Cheng et al.,

2020), which will further enhance the risk of CQ-induced

nephrotoxicity. Additionally, direct CQ-mediated kidney

damage remains due to its excretion and elimination (Wang

et al., 2020), which further results in the accumulation of CQ in

the body, leading to other side effects such as retinopathy.

Nonetheless, hepatotoxicity and nephrotoxicity are closely

related to high dose CQ treatment in the clinic, and are

reversible upon drug withdrawal. Concerning the complexity

of COVID-19 patient conditions especially in the elderly

population with high risk of liver and kidney injury (Gabor

et al., 2021), the alternative use of CQ should be approached with

extreme caution and only in clinical trials.

In addition to the above discussed toxic effects, the immune-

regulation function of CQ in hypertensive rats was observed in

this study. We found that high-dose rather than the approved

dose of CQ increased serum IL-10, IL-1β, and GRO. Since CQ

and its derivatives are widely used for treating autoimmune

diseases, the anti-inflammatory and immunomodulatory

effects of CQ are beneficial for chronic inflammatory and

autoimmune diseases over long term use (Rainsford et al.,

2015). However, high-dose CQ significantly elevated some

inflammatory cytokines, thereby presenting a potential risk of

immune damage in hypertensive rats. Moreover, inflammatory

markers such as IL-10 and GRO increased significantly in

hospitalized COVID-19 patients (Savarraj et al., 2021), which

will result in worse situations if these patients were treated with a

high dose of CQ. This harmful effect of CQ on the immune

system has been linked to endothelial cell injury, and may

contribute to its failure in clinical trials during the COVID-19

pandemic (Gregorio et al., 2021). Therefore, the effects of CQ and

its derivatives on the immune system especially in SARS-CoV-

2 infected patients merit further investigation by analyzing data

obtained from largely randomized clinical trials. The undesirable

effects of CQ, particularly at high dose, have been demonstrated

in hypertensive rats, and partly address its lack of clinical efficacy

against COVID-19. Our study still has several limitations: 1)

hypertensive rats were not infected by SARS-CoV-2 meaning we

could not absolutely model COVID-19 patients complicated with

hypertension; 2) the derivate of CQ with low toxicity,

hydroxychloroquine, has not been evaluated in the current

study; 3) the appropriate safe dose of CQ for hypertensive

patients was not proposed based on the regimen used in this

study. Despite these limitations, our findings aid our

understanding of the failure reasons of CQ against COVID-19

due to its safety concerns, and emphasize that safety evaluation of

CQ is a necessary step before its off-label use in the treatment of

emerging infectious diseases.

Conclusion

In conclusion, the current dose and regimen of CQ used in

trials for COVID-19 is not safe in hypertensive rats. The

approved dose and high dose of CQ both increase the risk of

mortality in hypertensive rats. CQ induces multiple toxic effects

in hypertensive rats, among which, cardiotoxicity, ocular toxicity

and intestinal toxicity are the most severe adverse effects.

Furthermore, hepatotoxicity, nephrotoxicity and immune state

alteration are related to overdose exposure of CQ in hypertensive

rats. These findings collectively explain the failure reason of CQ

in the battle against SARS-CoV-2, and underline the importance

of safety evaluation and medical supervision of CQ to limit

patient harm especially those with hypertension.
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This study was done to investigate the possible nephroprotective effect of an
ethanolic root extract of Polyalthia Longifolia (PL) on vancomycin-induced
nephrotoxicity using curative and protective models. Vancomycin (150 mg/kg,
intravenous) was given to healthy Wistar albino rats in the curative model before
the start of treatment, whereas the protective group received vancomycin at the
conclusion of the 10-day treatment procedure. Animals were divided into six groups
for bothmodels; group I served as the normal control, while groups II, III, IV, V, and VI
were kept as toxic control, standard (selenium, 6 mg/kg), LDPL (low dose of PL
200mg/kg), HDPL (high dose of PL 400mg/kg), and HDPL + selenium (interactive)
groups, respectively. Renal biomarkers [(uric acid, creatinine, blood urea nitrogen
(BUN), serum proteins], and blood electrolyte levels were measured for all tested
groups. When compared to the vancomycin group, the HDPL significantly (p < 0.01)
showed greater effectiveness in lowering the BUN, potassium, and calcium levels.
Additionally, in the curative model, there was a significant (p < 0.05) decrease in the
blood levels of uric acid, creatinine, BUN, potassium, and calcium in the animals who
received the combination of selenium and HDPL. Both LDPL and HDPL did not
provide any distinguishable effect in the protective model, but groups that received
HDPL with selenium did provide detectable protection by significantly lowering their
levels of uric acid, BUN, serum potassium, and total serum protein in comparison to
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the vancomycin control group. These findings indicate that, whether administered
before or after renal damage is induced, the Polyalthia longifolia root extract provided
only modest protection to nephrons, which require selenium support to prevent
vancomycin-induced kidney damage.

KEYWORDS

antioxidants, antibiotics, biomarkers, vancomycin, kidney disease, treatment, Polyalthia
longifolia, nephrotoxicity

Introduction

Drug-induced nephrotoxicity is a prominent cause of renal failure
with potentially lethal effects, and it can impede pharmaceutical
research and development (Elyasi et al., 2012; Kim and Moon,
2012). It underlines the importance of developing new approaches
for early and more exact diagnosis to avoid drug-induced kidney
injury (Radi, 2019). Vancomycin is one such antibiotic that is most
frequently used in the treatment of infectious diseases but still can
cause renal damage in patients. The drug is popular due to its
bactericidal properties and relatively low cost. Vancomycin is
reported to be a gold standard for the treatment of methicillin-
resistant Staphylococcus aureus (MRSA) infection (Álvarez et al.,
2016). The drug was found to have an anti-bacterial spectrum
against Streptococcus sp., Enterococcus sp., Actinomyces sp.,
Clostridium sp., and Eubacterium sp. The mechanism of action of
vancomycin was identified to involve the inhibition of cross-linking of
the peptidoglycan wall of the bacteria by binding to acyl-D-Ala-D-Ala
terminal (Brown et al., 2019).

Vancomycin therapy failures in individuals with methicillin-
resistant Staphylococcus aureus infections have resulted in larger
vancomycin doses to meet the required trough concentrations of
10–20 g/ML (Stogios and Savchenko, 2020). Many concerns have
been raised about the safety of such high vancomycin dosages,
particularly their nephrotoxicity (Perazella, 2019). Vancomycin-
induced renal damage has been documented in 10%–20% and
30%–40% of individuals, respectively. Its nephrotoxicity may be
exacerbated by increased reactive oxygen species and oxidative
stress (Filippone et al., 2017). High trough vancomycin levels
(particularly >20 mg/L) or doses (>4 g/day), concomitant
nephrotoxic agent treatment, prolonged therapy (even more than
7 days), ICU admission and underlying diseased states are all
considered risk factors that might accelerate or worsen
vancomycin-induced nephrotoxicity (Tantranont et al., 2021).

Since ancient times, natural resources such as plants played a vital
role in human race sustainability on this Earth. Plants have provided
oxygen, essential nutrients, and medicines to treat human diseases.
Although, human race has achieved several technological
advancements but still around 80% of the world population
depends on plant resources for their primary healthcare needs
(Ozaslan and Oguzkan, 2018). Polyalthia is derived from ‘Greek’
which means a cure for many diseases. Polyalthia longifolia (PL)
belonging to the family Annonaceae is native to many countries in the
Asian continent. PL is a tree that grows up to a height of 30 feet with
weeping pendulous branches and long narrow lanceolate undulate
margin leaves (Yao et al., 2019). The plant is reported to have several
medicinal properties and the herbal preparation were used for
duodenal ulcers, fever, skin diseases, diabetes, hypertension,
helminthiasis, hepato-protective, antibacterial, anti-inflammatory,

and anti-cancer (Chanda et al., 2011; Vijayarathna et al., 2017; Rai
et al., 2021). The extracts of PL were reported to possess antiviral
property (Yadav et al., 2020). Administration of PL was found to
produce synergistic activity with antibiotics against methicillin-
resistant Staphylococcus aureus (Kirubakari et al., 2020). Besides,
two clerodane diterpenes isolated from PL were reported to exhibit
anti-histaminic and anti-helicobacter pylori activities (Edmond et al.,
2021). Furthermore, apoptosis-inducing properties essential for the
eradication of tumors has been found in the extracts of PL (Afolabi
et al., 2019). PL is reported to contain diterpenoids, alkaloids, tannins,
and mucilage (Lee et al., 2009). Some of the important active
ingredients identified were O-methyl bulbocapnin-N-oxide,
N-methyl nandigerine-N-oxide, Oliver online-N-oxide,
pendulamine A, 8-oxopolyalthiane and 13-halimadien-15-oic acid.
These components have been linked to the reported pharmacological
activities of the plant (Lee et al., 2009; Bhattacharya et al., 2015).

Therefore, this study was designed to investigate the protective
and curative potential of Polyalthia longifolia against vancomycin-
induced nephrotoxicity using biochemical markers (serum creatinine,
BUN, serum uric acid, and total serum protein), and serum
electrolytes (sodium, potassium, chloride, and calcium)
measurements.

Materials and methods

Drugs, chemicals, and biomedical reagents

The chemicals and reagents used in the study were of analytical
grade meant for research purposes. These were procured from the
regular chemical supplier of the institution by placing an order in the
central storehouse. Vancomycin was obtained from Cipla Limited,
Bangalore, India, and diagnostic equipment from Oscar Medicare
Private Limited, Bangalore, India.

Root extraction

In January 2021, matured and fresh roots were obtained from
Lalbagh botanical garden in Bangalore, Karnataka, India. Dr. V. Rama
Rao, Research Officer (S-2) Botany, and Dr. Sulochana Bhat, Assistant
Director (S-4) In-charge, from the Central Ayurveda Research
Institute, Bangalore, authenticated the plant roots, which were then
deposited in the al-Ameen central herbarium. (Authentication/
SMPU/CARI/BNG/2021-22/35). 3kg of adult Polyalthia longifolia
leaves were collected, dried, and powdered. For 72 h, the powdered
(1,200 g) roots were macerated in 80% ethanol. The final leaf extract
was filtered through Whatman filter paper and lyophilized under
reduced pressure. The yield percentage obtained was 31.12% w/w. The
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ethanolic root extract was then subjected to additional
pharmacological testing.

Selection of experimental animals

Six to 7 weeks old albino Wistar rats weighing 150–180 gm (equal
number of male and female rats) was obtained from a central animal
house at the Al-Ameen College of Pharmacy in Bangalore and kept in
an animal room under standard environmental conditions (50%
relative humidity, a light-dark cycle of up to 12 h, and a room
temperature of 28°C). They were also fed a standard diet and given
access to water at will. This investigation was confirmed by the
institutional animal ethics committee (IAEC) and given their
support. The normal rules and policies of CPCSEA were adhered
while conducting experiments with testing animals and providing
them with particular care (Reg. AACP/IAEC/JAN2020/10).

Protocol design

Method for the induction
The test drug as fine powder was suspended in 0.5% aqueous

carboxyl methylcellulose (CMC) suspension. Every day, the test dose
suspension was freshly prepared. A feeding cannula was used to
administer the homogenized suspension, which had been
thoroughly shaken for 1 min. The same method was used to make
the daily new suspension. The animals were divided into six groups of
six animals each at random. Vancomycin was given intravenously at a
dose of 150 mg/kg body weight (Pais et al., 2020). The doses of
Polyalthia longifolia for curative and protective models were
selected based on the research reported in the literature (Oyeyemi
et al., 2020).

Curative model protocol (Gao et al., 2020)
Group 1 (Normal control) animals were given a normal saline

injection intraperitoneal on first day, and 0.3% CMC aqueous solution
was given orally on the 6th day and continued for 10 days. Animals in
Group 2 (Positive control) were given vancomycin 150 mg/kg i.v. on
the first day, and 0.3% CMC aqueous solution was given orally on the
6th day for 10 days. Animals in Group 3 were given vancomycin
150 mg/kg i.v on the first day; however, starting on the 6th day, the
standard drug, selenium, was also given in the dose of 6 mg/kg body
weight once daily orally for the next 10 days. Animals in Groups 4 and
5 were given vancomycin 150 mg/kg i.v. on the first day; however,
starting on the 6th day, lower (200 mg/kg) and higher (400 mg/kg) of
PL, respectively (Oyeyemi et al., 2020), were also given orally once
daily for the next 10 days. On the first day, Group 6 received
vancomycin 150 mg/kg i.v; however, beginning on the 6th day a
combination of selenium (6 mg/kg) with PL (400 mg/kg) was
administered orally, daily for the next 10 days. Animals were fasted
overnight with free access to drinking water and the sampling for
biochemical estimation was done after 24 h of last dose of the
treatment.

Protective model protocol (Liu et al., 2020)
Group 1 (Normal control): Animals were given 0.3% CMC

aqueous solution orally for 10 days before receiving an i.v injection
of normal saline on the 11th day. Group 2 (Positive control): Animals

were given 0.3% CMC aqueous solution orally for 10 days, followed by
150 mg/kg i.v vancomycin on the 11th day. Animals in Group
3 received standard drug selenium at a dose of 6 mg/kg body
weight orally once daily for 10 days, and vancomycin injection was
given intravenously on the 11th day at a dose of 150 mg/kg bw.
Animals in Group 4 received test drug PL at a dose of 200 mg/kg
body weight (Oyeyemi et al., 2020) orally once daily for 10 days, and
vancomycin injection was given intravenously on the 11th day at a
dose of 150 mg/kg bw. Animals in Group 5 received test drug PL at a
dose of 400 mg/kg body weight orally once daily for 10 days, and
vancomycin injection was given intravenously on the 11th day at a
dose of 150 mg/kg bw. Group-6 animals received standard drug
selenium (6 mg/kg) and test drug PL (400 mg/kg, b.w) orally, once
daily for 10 days, and vancomycin injection was given intravenously
on the 11th day in the dose of 150 mg/kg bw. Animals were fasted
overnight with free access to drinking water and the sampling for
biochemical estimation was done after 24 h of vancomycin injection.

Biochemical assay

At the end of the experiment, the rats were anaesthetized for
50–60 s with isoflurane (EZ anaesthesia system), and 2–3 mL of blood
was collected from the retro-orbital plexus for biochemical analysis.
The biochemical parameters such as uric acid, creatinine, BUN, and
total proteins were estimated using the diagnostic kits supplied by
Oscar Medicare Pvt Ltd. In addition, blood electrolytes levels (sodium,
potassium, chloride, and calcium) were also measured using the Oscar
Medicare diagnostic kits. The procedure described in each user’s
manual of the kit was followed while estimating the biomarker
parameters (URIC-ACID, 2020; Al-Doaiss et al., 2021). Samples
were obtained from each animal of all groups (in multiple of six
for each group) and coded for blinding.

Statistical investigation

For statistical purposes, GraphPad Prism Version 5.0 software ran
a one-way analysis of variance (ANOVA) followed by Tukey’s test on
all the raw data collected during the study. Sample size of animals was
calculated from the formula proposed in the literature. The degree of
freedom, confidence interval (95%), repeat administration, and the
number of groups in the study was considered while deciding the total
number of rats needed (Arifin and Zahiruddin, 2017). Based on the
calculation, 7-8 animals were included in each group and comprised of
animals of both sexes. The values were given as mean SEM, and a
p-value of 0.05 was statistically significant.

Results

Curative effect of PL and selenium against
vancomycin-induced nephrotoxicity

Renal biomarkers
Comparison between the baseline values of uric acid, creatinine,

BUN and total proteins with normal control indicated non-significant
variation. Further, the observations indicated that administration of
vancomcycin (150 mg/kg) non-significantly increased the uric acid
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levels compared to control group. Treatments such as selenium
(6 mg/kg), low dose of PL (200 mg/kg) and high dose of PL
(400 mg/kg) after vancomycin did no induced significant variation
in uric acid levels. However, when selenium (6 mg/kg) and PL
(400 mg/kg) was tested in combination, a significant (p < 0.05)
reduction in uric acid level was observed compared to positive
control group. On the other hand, administration of vancomycin
(150 mg/kg) showed significant (p < 0.05) increase in creatinine levels
compared to normal control group. Treatment of selenium (6 mg/kg),
lower dose of PL (200 mg/kg) and higher dose of PL (400 mg/kg) did
not produce any significant change in the creatinine level. Further, the
combination of selenium (6 mg/kg) and PL (400 mg/kg) produced a
significant (p < 0.01) reduction in creatinine level compared to positive
control group. Similar observation was found for BUN, where
vancomycin (150 mg/kg) significantly (p < 0.05) elevated its level
and diminishing action was found only with combination of selenium
and PL at high dose was tested. Moreover, none of the treatments
significantly altered the total protein levels (Table 1).

Blood electrolytes
The observation of Table 2 suggests that administration of

vancomycin (150 mg/kg) non-significantly increased the levels of
sodium, potassium, chloride, and calcium. Treatment of selenium

(6 mg/kg) did not produce significant alteration in the blood
electrolyte levels. However, both lower dose (200 mg/kg) and higher
dose (400 mg/kg) of PL showed significant reduction (p < 0.05) in the
elevated potassium and calcium levels induced by vancomycin. These
effects were found to become prominent (p < 0.001) when combination
of selenium and PL (400 mg/kg) was tested in vancomycin. Moreover,
no significant variation was observed when comparison was done
between the baseline values and normal control values.

Protective effect of PL and selenium in
vancomycin induced nephrotoxicity

Renal biomarkers
The observations from Table 3 suggest that vancomycin

(150 mg/kg) treatment towards end of the study did not induce
significant variation in uric acid level compared to normal control
group. Similarly, selenium (6 mg/kg), PL (200 mg/kg) and PL
(400 mg/kg) treatment also did not alter the uric acid level
significantly. However, combination of selenium (6 mg/kg) and PL
(400 mg/kg) produced a significant (p < 0.01) reduction in uric acid
level compared to positive control group. The estimation of creatinine
level indicated that vancomycin (150 mg/kg) significantly (p < 0.05)

TABLE 1 Effect of curative administration of PL and selenium on the renal biomarkers in rats treated with vancomycin.

Renal
biomarkers

Baseline
values
(NS, i,p)

Normal
control (NS
i.p + 0.3%
CMC, p.o)

Positive control
(150 mg/kg, i.v

+ 0.3%
CMC, p.o)

Vanco
(150 mg/kg i.v)
+Standard
selenium

(6 mg/kg, p.o)

Vanco
(150 mg/kg i.v)

+PL
(200 mg/kg,

p.o)

Vanco
(150 mg/kg i.v)

+PL
(400 mg/kg,

p.o)

Vanco
(150 mg/kg i.v)
And selenium
(6 mg/kg, p.o) +

PL
(400 mg/kg, p.o)

Uric acid
(mg/dL)

1.81 ± 0.08 1.99 ± 0.10 2.66 ± 0.14 1.87 ± 0.05 1.93 ± 0.09 1.82 ± 0.03 1.72 ± 0.05*

Creatinine
(mg/dL)

0.88 ± 0.04 0.82 ± 0.06 1.71 ± 0.08a 0.96 ± 0.08 1.28 ± 0.11 0.99 ± 0.09 0.76 ± 0.03**

BUN (mg/dL) 18.96 ± 1.06 17.62 ± 0.72 68.95 ± 1.33a 36.12 ± 1.07 50.57 ± 1.41 43.02 ± 1.44* 30.62 ± 1.00**

Total protein
(g/dL)

5.96 ± 0.48 6.23 ± 0.17 6.87 ± 0.03 6.15 ± 0.03 6.39 ± 0.20 6.76 ± 0.14 6.69 ± 0.16

NS, Normal saline; CMC, Carboxy methylcellulose, Vanco—Vancomycin; PL, Polyalthia longifolia.

Values expressed as mean ± SEM; Statistics: One-way ANOVA.
ap< 0.05 compared with normal control; *p < 0.05, **p < 0.01, compared with positive control.

TABLE 2 Effect of curative administration of PL and selenium on blood electrolyte levels in rats treated with vancomycin.

Electrolyte
levels

(mmol/L)

Baseline
values
(NS, i,p)

Normal
control
(NS i.p +
0.3%

CMC, p.o)

Positive control
(150 mg/kg, i.v

+ 0.3%
CMC, p.o)

Vanco
(150 mg/kg i.v)
+Standard
selenium

(6 mg/kg, p.o)

Vanco
(150 mg/kg i.v)

+PL
(200 mg/kg,

p.o)

Vanco
(150 mg/kg i.v)

+PL
(400 mg/kg,

p.o)

Vanco
(150 mg/kg i.v)
And selenium
(6 mg/kg, p.o) +

PL
(400 mg/kg, p.o)

Sodium 153.21 ± 2.14 144.93 ± 0.84 155.25 ± 0.72 143.73 ± 0.48 149.12 ± 0.45 146.28 ± 0.45 142.33 ± 0.60

Potassium 6.23 ± 0.09 5.88 ± 0.23 6.30 ± 0.02 4.86 ± 0.05 5.91 ± 0.11* 5.53 ± 0.07** 4.37 ± 0.08***

Chloride 88.24 ± 0.72 94.95 ± 0.58 97.26 ± 0.39 93.04 ± 0.47 94.97 ± 0.32 92.95 ± 0.36 90.53 ± 0.39

Calcium 2.26 ± 0.39 2.64 ± 0.02 2.84 ± 0.05 2.74 ± 0.07 2.80 ± 0.05* 2.78 ± 0.11* 2.65 ± 0.02***

NS, Normal saline; CMC, Carboxy methylcellulose, Vanco—Vancomycin; PL, Polyalthia longifolia.

Values expressed as mean ± SEM, Statistics: One-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001 compared with positive control.
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increased it compared to normal control. Individual treatments of
selenium (6 mg/kg), PL (200 mg/kg) and PL (400 mg/kg) did not affect
the creatinine levels in vancomycin administered animals. However,
combination of selenium (6 mg/kg) and PL (400 mg/kg) reduced
significantly (p < 0.05) the blood creatinine levels compared to
vancomycin group. Similar observations were recorded for BUN
estimation, wherein vancomycin increased its level significantly
(p < 0.01) compared to control group and none of the treated
groups except combination of selenium (6 mg/kg) and PL
(400 mg/kg) was found to be effective in reducing the BUN levels.
The combined drug treatment reduced the BUN level significantly (p <
0.05) compared to vancomycin treated animals. The estimation of
total protein levels indicated that the combination of selenium and PL
significantly (p < 0.05) enhanced the level compared to positive
control group, while other treatments did not induce any
significant variation. No significant variation was observed when
baseline values were compared with the normal control group.

Blood electrolytes
The influence of PL and selenium treatments on the blood

electrolytes levels was recorded by estimating sodium, potassium,

chloride, and calcium levels. Comparison of baseline data and
normal control values revealed non-significant variation. Further,
the observations indicated that none of the treatments significantly
altered the blood sodium levels. Similarly, the findings of chloride and
calcium estimations suggest that none of the treatments including
vancomycin induced significant change in their serum levels.
However, the blood potassium estimation suggests that vancomycin
(150 mg/kg) significantly (p < 0.05) elevated its level compared to
control. The combination of selenium (6 mg/kg) and PL (400 mg/kg)
significantly (p < 0.01) reduced the elevated potassium level compared
to vancomycin and none of the other treatments showed any
significant variation (Table 4).

Discussion

The present study was conducted to evaluate the protective and
curative potential of Polyalthia longifolia (PL) against vancomycin
induced nephrotoxicity. Vancomycin is a complex tricyclic
glycopeptide antibiotic obtained from the microorganism
Streptococcus orientalis. The drug has erratic gastrointestinal

TABLE 3 Effect of preventive administration of PL and selenium on renal biomarkers in vancomycin treated rats.

Renal
biomarkers

Baseline
values
(NS, i,p)

Normal
control (NS
i.p + 0.3%
CMC, p.o)

Positive control
(150 mg/kg, i.v
+ 0.3%
CMC, p.o)

Vanco
(150 mg/kg i.v)
+Standard
selenium
(6 mg/kg, p.o)

Vanco
(150 mg/kg i.v)
+PL
(200 mg/kg,
p.o)

Vanco
(150 mg/kg i.v)
+PL
(400 mg/kg,
p.o)

Vanco
(150 mg/kg i.v)
And selenium
(6 mg/kg, p.o) +
PL
(400 mg/kg, p.o)

Uric acid
(mg/dL)

1.78 ± 0.62 1.86 ± 0.04 2.66 ± 0.14 1.80 ± 0.06 1.93 ± 0.09 1.82 ± 0.03 1.69 ± 0.03**

Creatinine
(mg/dL)

1.03 ± 0.11 1.15 ± 0.06 1.88 ± 0.07a 1.22 ± 0.08 1.60 ± 0.06 1.40 ± 0.13 1.01 ± 0.14

BUN (mg/dL) 15.82 ± 0.34 16.88 ± 0.61 28.98 ± 0.66b 21.24 ± 0.88 25.14 ± 0.33 22.03 ± 0.51 19.53 ± 0.48*

Total protein
(g/dL)

6.79 ± 0.56 7.12 ± 0.02 6.87 ± 0.03 7.14 ± 0.01 7.21 ± 0.04 7.12 ± 0.01 7.39 ± 0.05*

NS, Normal saline; CMC, Carboxy methylcellulose, Vanco—Vancomycin; PL, Polyalthia longifolia.

Values expressed as mean ± SEM, Statistics: One-way ANOVA.
ap< 0.05.
bp< 0.01 compared with normal control; *p < 0.05, **p < 0.01 compared with positive control.

TABLE 4 Effect of preventive administration of PL and selenium on blood electrolyte levels in rats treated with vancomycin.

Electrolyte
levels
(mmol/L)

Baseline
values
(NS, i,p)

Normal
control
(NS i.p +
0.3%
CMC, p.o)

Positive control
(150 mg/kg, i.v
+ 0.3%
CMC, p.o)

Vanco
(150 mg/kg i.v)
+Standard
selenium
(6 mg/kg, p.o)

Vanco
(150 mg/kg i.v)
+PL
(200 mg/kg,
p.o)

Vanco
(150 mg/kg i.v)
+PL
(400 mg/kg,
p.o)

Vanco
(150 mg/kg i.v)
And selenium
(6 mg/kg, p.o) +
PL
(400 mg/kg, p.o)

Sodium 114.21 ± 1.85 125.20 ± 0.87 156.64 ± 0.65 133.37 ± 0.60 148.22 ± 0.79 138.74 ± 0.92 138.83 ± 0.73

Potassium 7.88 ± 0.46 7.01 ± 0.22 14.81 ± 0.61a 8.83 ± 0.16 11.71 ± 0.90 10.77 ± 0.37 9.75 ± 0.32*

Chloride 95.36 ± 1.09 105.71 ± 0.68 117.43 ± 0.39 91.25 ± 0.62 95.48 ± 0.73 92.95 ± 0.36 90.27 ± 0.63

Calcium 1.72 ± 0.55 1.64 ± 0.02 2.14 ± 0.10 1.74 ± 0.02 1.81 ± 0.01 1.73 ± 0.01 1.65 ± 0.02

NS, Normal saline; CMC, Carboxy methylcellulose, Vanco—Vancomycin; PL, Polyalthia longifolia.

Values expressed as mean ± SEM, Statistics: One-way ANOVA.
ap < 0.05 compared with normal control; *p < 0.01 compared with positive control.
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absorption characteristics and is thus mostly administered by
parenteral route such as intravenous (Álvarez et al., 2016).
Vancomycin is preferred for treating severe infections caused by
different strains of microorganisms including some of the resistant
ones. The drug is considered an effective alternative in patients
hypersensitive to penicillins and/or cephalosporins as well admitted
to intensive care units for the treatment of pneumonia, empyema,
endocarditis, osteomyelitis, and soft tissue abscess (Brown et al., 2019).
However, vancomycin treatment is reported to be associated with
several adverse effects such as hypotension, tachycardia, phlebitis,
nephrotoxicity, ototoxicity, exanthema, and hypersensitivity reactions
(Filippone et al., 2017).

In this study, when vancomycin was administered on the first day
(curative model), it significantly (p < 0.05) increased the creatinine and
BUN levels (Table 1) without inducing marked variation in the blood
electrolytes (Table 2). Similar observations were recorded in protective
strategy when vancomycin was administered to animals on 11th day
(Table 3). However, in this model, vancomycin was observed to
increase the blood potassium level significantly (p < 0.05)
compared to control group (Table 4).

The observation of this study suggested that vancomycin
(150 mg/kg) has induced renal toxicity without altering the
electrolyte levels, except the blood potassium levels. The findings
contradict the earlier findings wherein vancomycin was reported to
produce hypokalemia in patients receiving the drug. The study
suggested that the infectious state of the patients could be an
important factor related to vancomycin-induced hypokalemia
(Karimzadeh et al., 2016). Further, the effect of vancomycin on
renal parameters such as creatinine and BUN are in accordance
with the previous research where vancomycin elevated these
biomarkers in rats (Elaidy, 2013).

The experimental data available in the literature indicates that
oxidative stress due to generation of reactive oxygen species as the
major cause for nephrotoxicity. To support this, previous studies
indicated that vancomycin lowered glutathione levels while
increasing the lipid peroxidation in renal mitochondria (Xu et al.,
2021). In kidney tissues, vancomycin was observed to inhibit
antioxidant enzymes such as glutathione transferase, glutathione
peroxidase and superoxide dismutase, causing cellular redox
status to shift and toxic reactive oxygen species to rise (Guzel
et al., 2020).

Several strategies have been attempted to improve the safety
profile of vancomycin. One of the most logical approaches is to use
a known antioxidant to reduce the oxidative stress-induced damages
on the renal tissues (Kandemir et al., 2018). Some of the compounds
derived from natural resources such as thymoquinone, curcumin and
1,5-Isoquinelinediol have been tested and were found to be efficacious
in reducing the vancomycin-mediated nephrotoxicity (Dalaklioglu
et al., 2010; Ahmida, 2012; Basarslan et al., 2012). Earlier studies
have indicated that PL administration is well tolerated in different
models of toxicity. The brine shrimp lethality assay revealed that PL
possess very low level of general toxicity and the LC50 and LC90 values
were observed to be 20 μg/ml and 70–80 μg/ml, respectively (Chanda
et al., 2012). An in-vivo study conducted on Wistar rats indicated that
the extract of PL did not produce any signs of toxicity when tested up
to 3,240 mg/kg, b.w. The study suggested that administration of the
extract for 14 days did not induce alteration in the body weight, food
or water intake, organ weights, biochemical and hematology in both
sexes of the animals (Jothy et al., 2013).

Administration of PL at lower dose (200 mg/kg) and higher dose
(400 mg/kg) were tested for protective and curative action against
vancomycin-induced renal damages. In the curative strategy, the
monotherapy of PL (200 mg/kg) and selenium (6 mg/kg) to the
vancomycin treated rats did not induce significant alteration in the
levels of uric acid, creatinine, BUN and total proteins. Similarly, the
higher dose of PL (400 mg/kg) also did not produced significant
variation except for BUN, where it lowered the levels (37.6%)
compared to positive control group. However, when combination
of selenium (6 mg/kg) and PL (400 mg/kg) was tested in the
vancomycin, a reduction was observed in the levels of uric acid
(35.3%), creatinine (55.6%) and BUN (55.8%) compared to positive
control group (Table 1). On the other hand, PL alone as well in
combination with selenium showed a dose-dependent reduction on
the levels of potassium and chloride in vancomycin-treated animals.
The percentage reduction in potassium level was found to be 6.2%with
PL—200 mg/kg, 12.2% with PL—400 mg/kg, 30.6% with combination,
and chloride level was 1.4% with PL—200 mg/kg, 2.1% with
PL—400 mg/kg, 6.6% with combination (Table 2)

The protocol to test the protective effect of test compounds
indicated that the monotherapy of PL (200 and 400 mg/kg) as well
as selenium (6 mg/kg) did not induced significant variation in the
levels of uric acid, creatinine, BUN and total proteins compared to the
positive control group. Further, when combination of higher dose of
PL (400 mg/kg) and selenium (6 mg/kg) was tested in the vancomycin
treated group, a reduction in the levels of uric acid (36.1%) and BUN
(32.6%) and elevation of total proteins (7.4) was observed (Table 3).
The monotherapy of PL and selenium did not produce significant
alteration in the electrolyte levels but the combination of selenium
(6 mg/kg) and PL (400 mg/kg) reduced (34.1%) the potassium level in
vancomycin treated animals (Table 4).

The observations of the study indicated that PL in both the tested
models did not induce significant reversal against vancomycin
mediated renal changes (Table 1; Table 3). However, elevated
potassium level was found to be significantly reduced in the
curative strategy (Table 3). Selenium being a known antioxidant
prevented the vancomycin-induced renal damages in an earlier
study (Asefaw et al., 2020). However, in the present study it was
used as standard and showed non-significant variation on the altered
renal biomarker levels induced by vancomycin (Table 1; Table 3). The
blood electrolyte levels were also found to be non-significantly
influenced by selenium (Table 2; Table 4).

An important observation of the study is that when combination
of selenium (6 mg/kg) and PL (400 mg/kg) was tested against
vancomycin, a significant reversal of elevated uric acid, creatinine
and BUN level was seen in both curative (Table 1) as well as protective
models (Table 2). Uric acid is formed from metabolic breakdown of
purine nucleotides, while creatinine is a waste product obtained from
muscle and protein metabolism. During the urea cycle, liver produces
urea as a waste substance from the protein digestion. These waste
products are primarily removed by kidneys through glomerular
filtration and the elevation of their levels in blood indicates the
failure in the renal function (Sinha et al., 2016). Vancomycin in
the earlier studies induced nephrotoxicity by affecting the
glomerular filtration rate and the combination of the selenium with
PL appears to have counteracted this action of vancomycin (Mehanna
et al., 2022). Besides, the combination therapy was found to be
effective in reducing the blood potassium levels in both curative
and protective strategies (Table 2; Table 4). Earlier studies have
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indicated that PL possesses antioxidant property (Chen et al.,
2014).

Observations of this study suggest that combination of selenium
and PL might have potentiated the antioxidant activity, and
this might have effectively managed the oxidative stress generated
by vancomycin in minimizing the nephrotoxicity, which was
earlier not achieved with monotherapy. Further, PL has been
reported to possess antimicrobial property [42] and this action
could play a positive role in the therapeutic efficacy of
vancomycin besides minimizing the toxicity reactions. Besides,
the non-significant variation in the blood electrolyte levels
indicated that none of the treatments tested in the study
need additional therapeutic interventions such as diuretics to
maintain the electrolyte homeostasis. However, more studies
are required to precisely establish either the protective or
curative role of PL in vancomycin induced systemic toxicity
including testing the early nephrotoxicity biomarkers such as
kidney injury molecule-1 (KIM-1) and neutrophil geletinase-
associated lipocalin (NGAL).

Conclusion

It can be concluded that the nephroprotective effect of PL was
correlated with its ability to improve renal function parameters. A
possible mechanism of PL is increased glomerular filtration rate
resulting in decreased serum creatinine while maintaining serum
magnesium and potassium levels. PL’s curative and protective
effect against Vancomycin toxicity may also be due to its powerful
antioxidant and detoxification properties and these might have
prevented the inflammatory response to maintain the normal
kidney function. The precise mechanism of action may be the
subject of a separate, exhaustive study. Consequently, the present
study classifies PL as a possible nephroprotective agent and supports
the traditional natural claim regarding its activity and use in renal
disorders.
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Fenchone, amonoterpene: Toxicity
and diuretic profiling in rats
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Fenchone is a monoterpene present in the essential oils of various plants, including
Foeniculum vulgare and Peumus boldus. Previous studies confirmed the anti-
inflammatory, antioxidant, wound-healing, antidiarrheal, antifungal,
antinociceptive, and bronchodilator activities of fenchone. Owing to various
pharmacological activities of Fenchone, the current research was designed to
evaluate its diuretic activity along with toxicity profiling. For evaluating acute
toxicity, OECD guideline 425 was followed in which a single dose of 2000mg/kg
was orally administered to rats. For evaluating the diuretic potential in rats, three
doses of Fenchone (100, 200, and 400mg/kg) were assayed in comparison to
furosemide (15 mg/kg) as the standard drug, followed by measurements of urinary
volume, urinary electrolytes, uric acid, and urinary creatinine in saline-loaded rats for
8 h. The acute toxicity study showed a significant increase in hemoglobin (Hb), red
blood cells (RBCs), alkaline phosphatase (ALP), and alkaline transaminase (ALT) along
with a significant decrease in serum triglycerides, cholesterol, and uric acid levels
when compared with the control group. The oxidative stress parameter, superoxide
dismutase (SOD), was increased in the heart and spleen. Nitrite (NO) and glutathione
were significantly increased in the kidney. The acute diuretic effect of Fenchone
(400 mg/kg) significantly increased the urinary output, electrolytes (Na+, K+, and
Ca++), urinary creatinine, and urinary uric acid in a dose-dependentmanner. TheNa+/
K+ ratio was remarkably higher in the treatment group than that of the control
group. The diuretic index, saluretic index, and Lipschitz value were also calculated
from electrolyte concentration and urinary volume measurements, and the values
were significantly increased in rats administered with fenchone at 400mg/kg dose.
The current study concluded that fenchone is safe and has remarkable diuretic
action.

KEYWORDS

LD50, oxidative stress, fenchone, sodium, potassium

Introduction

In order to develop and test newer molecules before clinical trials, toxicity studies of
compounds are fundamental (Anwar et al., 2021). A very vital consideration for the toxicity
studies is ensuring the safety of the animals exposed to the study compounds (Morton, 1998).
International governing organizations for toxicity determines dose-related perils on human
subjects by evaluating the effect of study compounds on animals (Lewis et al., 2002). Toxicity
profiling allows easy assessment of tissues along with the approximation of several biochemical
and pathophysiological parameters (Dandekar et al., 2010; Arome and Chinedu, 2013). An
association can be established between toxic and therapeutic doses by conducting toxicity
studies of newer agents, and these extensive studies allow the researchers to determine whether
to further proceed with clinical trials or not (Aneela et al., 2011). These experiments not only
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help in determining the safety of the newer agents in animal models
but also foster the drug’s suitability for its therapeutic use (Jothy et al.,
2011).

Natural therapies from medicinal plants are vital for developing
new treatment protocols. Most of the current therapies have been
isolated from natural plant extracts and semi-synthesized or
chemically synthesized using natural constituents (Wright, 2019).
Due to recent technological advances, natural therapies serve as a
preliminary source of developing newer and innovative therapeutic
medications, encompassing a vast range of conditions (Shen, 2015).
Modern research on drug discovery from medicinal plants includes
complex methods linking phytochemical, biological, botanical, and
molecular activities (Balunas and Kinghorn, 2005). Phytochemicals, as
a part of plant constituents, express distinct bio-activities with better
acceptability, lesser side effects, better safety profile, and more cost-
effective approaches. Also, they are broadly inspected for their
capacity to offer better health outcomes (Krum and Pellizzer, 1998).

Diuretics are the mainstay for treating hypertension, ascites,
pulmonary edema, and congestive heart failure and are either used
in combination with other agents or alone (Lahlou, Tahraoui, Israili,
and Lyoussi, 2007). The irrational use of diuretics poses certain
restrictions regarding their side effects, including metabolic
imbalances, electrolyte disturbances, activation of the
renin–angiotensin aldosterone system (RAAS), and sexual
dysfunction, and these side effects lead to the quest for novel
diuretic agents from plant sources (Schlickmann et al., 2018).

Fenchone exists as a bicyclic monoterpene and is present in the
essential oil of various fragrant plants, including Foeniculum vulgare
and Peumus boldus (Kim, Song, Cho, and Lee, 2020). Previous
pharmacological research has confirmed the anti-inflammatory,
antioxidant, wound-healing, antidiarrheal, antifungal,
antinociceptive, and bronchodilator activities of fenchone (Him,
Ozbek, Turel, and Oner, 2008; Slavchev et al., 2014; Keskin et al.,
2017; de Souza Pessoa et al., 2020; Rehman, Ansari, Samad, and
Ahmad, 2022). The therapeutic efficacy of the fruits of Foeniculum
vulgare is generally accredited to its essential oils. Various research
studies uncovered that the essential oils as well as the individual
elements demonstrate unique therapeutic potentials (Rather, Dar, Sofi,
Bhat, and Qurishi, 2016). Therefore, the modern medicine era
necessitates designing and developing newer diuretic agents that
not only enhance the cardiovascular potentials by reducing
mortality but also overcome the harmful effects of the drugs
(Younis et al., 2021). Fenchone being present in many aromatic
plants has shown to be a promising diuretic for treating
hypertension (Agarwal, Gupta, Agrawal, Srivastava, and Saxena,
2008). Therefore, based on the reported results of the plant,
fenchone was selected as the study compound and its diuretic
potential and acute toxicity in rat models were determined.

Materials and methods

Chemicals and drugs

The chemicals employed for the research included pyrogallol
solution from Oxford Labs (India); trichloroacetic acid, Griess
reagent, and Ellman’s reagent (DNTB) from Omicron Sciences
Limited (United Kingdom); and potassium phosphate buffer,
carboxymethyl cellulose (CMC), thiobarbituric acid, furosemide,

and fenchone (CAS No: 7,787-20-4) purchased from Sigma-Aldrich
(United States).

Animals

Adult Wistar albino rats (weighing 150–250 gm) of age 4–8 weeks
were housed in the animal house of The University of Lahore,
Pakistan. All the animals were placed under normal conditions,
provided with chow and water, and kept in a well-maintained
atmosphere in a 12 h light/dark cycle at proper temperature
(25°C ± 1°C). All animals were provided with housing
environments in accordance with accepted principles for laboratory
animal use and care (NIH publication number # 85-23, revised in
1985). All experimental procedures were approved (IREC-2022-17) by
the Institutional Ethical Committee of the Faculty of Pharmacy, The
University of Lahore.

Acute oral toxicity

The OECD 425 guidelines were followed for assessing acute oral
toxicity. Healthy female albino rats were fasted overnight but had free
access to water (OECD, 2001). Initially, fenchone was administered at
2000 mg/kg dose orally for the limit test to a single rat according to
body weight, and the animal was closely observed for 30 min and then
for next 4 h and 24 h. If there were no mortality rates, the same dose
was administered to four other rats, and the rats were monitored for
any alteration in general behavior, allergic reactions, body weight, and
mortality for 14 days. The same protocol was followed for the normal
control, which received only .5% carboxymethylcellulose (CMC) as a
vehicle according to their body weight (Anwar et al., 2021).

Estimation of hematological and biochemical
parameters

The rats were anesthetized by administering 3%–4% isoflurane by
diluting it with oxygen, and blood was withdrawn by cardiac puncture
after 14 days. The hematological parameters encompassed
hemoglobin (Hb), red blood cells (RBCs), packed cell volume
(PCV), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), and white blood cells (WBCs), while blood was isolated
in tubes having EDTA sodium, followed by centrifugation at 1,400 g
for 10–15 min for the isolation of serum for measuring various
biochemical parameters like AST, ALT, ALP, bilirubin, creatinine,
uric acid, triglycerides, and cholesterol. All these parameters were
assessed by utilizing their specific kits (Konan, Bacchi, Lincopan,
Varela, and Varanda, 2007).

Estimation of oxidative stress parameters

Lastly, rats were killed by cervical dislocation, and vital organs
like the heart, liver, kidney, and spleen were excised and weighed
separately. The tissue homogenate was prepared by mixing 1 gm of
tissue with 10 mL of phosphate buffer (.1 M, pH 7.4) followed by
centrifugation. The supernatant was isolated for the measurement of
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oxidative stress parameters like GSH, SOD, NO, and MDA (Saleem
et al., 2017; Anwar et al., 2021). All the tests were executed in
triplicate.

Superoxide dismutase (SOD) estimation

A volume of 2.8 mL of potassium phosphate buffer (.1 M, pH 7.4)
was mixed with .1 mL of tissue homogenate, followed by .1 mL
pyrogallol solution. Mixture absorbance was measured at 325 nm,
and the following SOD standard cure regression line was drawn for
estimating SOD values (Nazir et al., 2021):

Y � 0.0095X + 0.1939.

Nitrite (NO) level estimation

The supernatant of tissue homogenate and Griess reagent were
taken in equal proportion andmixed thoroughly, and this mixture was
allowed to incubate for 10 min, followed by the measurement of
absorbance at 546 nm. A sodium nitrite regression line was used
for estimating nitrite levels (Nazir et al., 2021) as follows:

Y � 0.003432X + 0.0366.

Glutathione (GSH) estimation

Tissue homogenate (1 mL) was precipitated with 10%
trichloroacetic acid (1 mL) along with phosphate buffer (4 mL).
The aliquot supernatant was separated after precipitation followed
by the addition of .5 mL of 5, 5 dithiobis 2 nitrobenzoic acid
(DNTB). Mixture absorbance was measured at 412 nm, and the
following formula was utilized for estimating the amount of GSH in
the tissue homogenate (Saeed, Saleem, Anwar, Ahmad, and Anwar,
2020):

Glutathione GSH( ) � Y − 0.00314
0.034

×
DF

BT
× VU,

where Y is the absorbance at 412 nm, DF is the dilution factor, BT is
the tissue homogenate, and VU is the volume of aliquot.

Malondialdehyde (MDA) estimation

Tissue homogenate (1 mL) was added to 3 mL of thiobarbituric
acid (TBA) reagent. The resulting mixture was stirred and allowed to
incubate for 15 min at room temperature, followed by cooling on an
ice bath and centrifugation. The layer of supernatant was separated for
measuring the absorbance at 532 nm. The following formula was
utilized for estimating the concentration of MDA in tissue
homogenate (Nazir et al., 2021):

Conc of MDA � Abs 532 × 100 × Vt

1.56 × 105 × Wt × Vu
,

where Vt is the total volume mixture, 1.56×105 is the extinction
coefficient, Wt is the weight of the dissected tissue, and Vu is the
volume of aliquot.

Histopathological evaluation

The excised organs including the heart, liver, kidney, and spleen
were placed in paraformaldehyde (4%), fixed in paraffin, and cut into
5-µm sections, followed by staining with eosin and hematoxylin and
observed using the microscope for any pathological changes (Anwar
et al., 2021).

Assessment of acute diuretic activity of
fenchone

Acute diuretic activity
The rats were placed in metabolic cages 7 days prior to the

procedure to acclimatize them to the experimental conditions. The
rats, weighing 150–250 gm, were divided into five groups, with five rats
in each group. Initially, all the rats received 5 mL/100 gm (p.o) of .9%
normal saline to ensure a uniform water and salt load (Younis et al.,
2021). After 45 min, Group I, which was the normal control group,
received only .5% CMC (1 mL/kg), while Group II was the reference
standard and received 15 mg/kg furosemide by the oral route, and the
test groups (III, IV, and V) were given 100, 200, and 400 mg/kg of
fenchone, respectively, through oral gavage.

Animals were kept in metabolic cages, and urine sampling was
carried out after 2, 4, and 6 h of treatment for analysis of Na+, K+, Ca++,
urinary creatinine, pH, and uric acid.

Electrolyte estimation
pH was measured using a pH meter, and Na+, K+, Ca++, uric acid,

and urinary creatinine were measured (Prathibhakumari and Prasad,
2014) using Bio-active Diagnostic System kits.

TABLE 1 Behavioral changes after treatment with a single dose of fenchone (F)
(2000 mg/kg) in the acute oral toxicity study when compared to those of the
normal control.

Parameter Normal
control (NC)

Treatment
group

Fur and skin N N

Eyes N N

Salivation N N

Respiration N N

Urination (color) N N

Feces consistency N N

Somatomotor activity and behavior
pattern

N N

Sleep N N

Mucous membrane N N

Convulsions and tremors NF NF

Itching NF P

Coma NF NF

Mortality NF NF

N, normal; NF, not found; P, present.
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Diuretic index, saluretic index, and Lipschitz value
Based on the urine volume and electrolyte concentrations, the diuretic

index, saluretic index, and Lipschitz value were also calculated.

Diuretic index = urinary volume of the treatment group/urinary
volume of the normal control group,

Saluretic index Na+(SINa
+) = urinary Na+ concentration of the

treatment group/urinary Na+ concentration of the normal control group,

Saluretic index K+(SIK
+) = urinary K+ concentration of the treatment

group/urinary K+ concentration of the normal control group,
Saluretic index (SI) = SINa

+ + SIK
+ of the treatment group/SINa

+ +
SIK

+ of the normal control group,
Lipschitz value = urinary volume of the treatment group/urinary
volume of the standard group.

Statistical analysis

The results of the experiments were evaluated using GraphPad Prism
version 5, and the data were presented as mean ± SEM. Both one-way
ANOVA and two-way ANOVA were used for analyzing the data
statistically, followed by the Tukey comparison test and Bonferroni and
Dunnett’s post hoc tests. p< .05 was considered significant. p < .01 and p <
.001 indicated moderate and highly significant levels, respectively.

Results

Effect of treatment on the behavioral pattern
in the acute toxicity study

Table 1 shows that no mortality or morbidity occurred during the
acute toxicity study with fenchone (F) treatment (2000 mg/kg). No

significant difference was noted in behavioral parameters when
compared to the normal control group.

Effects of treatment on body weight and
organ weight

The body weight of the treated animals was noted from the first
day to the 14th day. The treatment group showed a parallel increase in
body weight similar to the normal control group in the early days, but
a significant decrease was observed on the 14th day in comparison
with the first day as shown in Tables 2, 3. A non-significant difference
was observed in all organ weights when compared with the control
group.

Treatment effect on complete blood count in
the acute toxicity study

On the 14th day, blood was withdrawn by cardiac puncture
from the treated animals. A significant rise in the RBC count and
Hb level was observed in animals treated with fenchone
(2000 mg/kg) when compared with those of the control group as
shown in Table 4. However, other parameters are parallel to the
normal control group.

Analysis of biochemical markers in treatment
groups in the acute toxicity study

Table 5 illustrates that animals treated with fenchone
(2,000 mg/kg) showed a significant decrease in the triglyceride and
cholesterol levels in comparison with those of the control
group. However, hepatic functioning markers were significantly
higher than those of the control group. Surprisingly, fenchone
significantly decreased the uric acid levels in the treated animals
when compared with the control.

Oxidative stress marker analysis in the acute
toxicity study

Figure 1 shows the results of oxidative stress biomarker analysis
in the chosen organs of the treated animals. The results showed that
in the kidneys of the Fenchone-treated animals, there was a
significant decrease in SOD, NO, and GSH when compared to
those of the normal control group. A highly significant increase in

TABLE 2 Effects of treatment (F) on body weight of rats in the acute toxicity study.

Body weight Normal control (NC) Treatment group

0 day body weight (gm) 168 ± 7.90 165.2 ± 8.3

First day body weight (gm) 169 ± 7.90 166.5 ± 8.3

Seventh day body weight (gm) 169.5 ± 7.70 161.2 ± 11.3

Fourteenth day body weight (gm) 168.5 ± 6.61 161.5 ± 11.9*

Values are shown as mean ± SEM; N = 6, *p < .05 in comparison with the first day.

TABLE 3 Effects of F (2000 mg/kg) dose on organ weight in the acute toxicity
study.

Organ Normal control (gm) Fenchone (2000 mg/kg)

Heart .52 ± .021 .52 ± .035

Kidney 1.74 ± .02 1.71 ± .014

Liver 7.03 ± .02 7.02 ± .018

Spleen .53 ± .02 .50 ± .028

Values are presented as mean ± SEM, N = 6.
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TABLE 4 Analysis of complete blood count in animals treated with fenchone (2000 mg/kg) in the acute toxicity study.

Parameter Unit Normal control (NC) Fenchone (2000 mg/kg)

Hb G/dL 10.74 ± .01 15.2 ± .15*

RBCs ×106/µL 3.64 ± .02 8.1 ± .05*

PCV % 43.0 ± .57 41 ± .57

MCV f/L 101.66 ± .38 52.6 ± 1.45

MCH pg/L 25.52 ± .27 19.7 ± .23

MCHC G/dL 25.35 ± 0.1 37.6 ± .63

WBCs ×103/µL 7.3 ± .10 7.0 ± .05

Values are presented as mean ± SEM, N = 6. *p < .05 in comparison with the control group.

TABLE 5 Effect of treatment on biochemical parameters.

Biochemical marker Unit Normal control Fenchone (2000 mg/kg)

Lipid profile Triglycerides mg/dL 197 ± 1.15 135 ± 1.15**

Cholesterol mg/dL 223 ± 1.45 192 ± 1.152**

HDL mg/dL 22.5 ± .65 27.5 ± 1.23

Renal function test Creatinine mg/dL 23.7 ± .176 22.4 ± .127

Uric acid mg/dL 23.5 ± .213 .379 ± .001*

Liver function test ALP U/L 186 ± 1.87 192 ± 1.9

ALT U/L 45 ± .34 58 ± .63*

AST U/L 72 ± 1.42 81 ± 2.1*

Bilirubin mg/dL .95 ± .032 1.310 ± .017

Data are presented as mean ± SEM, N = 6; *p < .05, **p < .01, and ***p < .001 vs. normal control.

FIGURE 1
Oxidative stress marker analysis in treated animals in the acute toxicity study. Data are stated as mean ± SEM, N = 3. ***p < .001 represents a significant
increase, while ’’’p < .001 represents a significant decrease vs. normal control.

Frontiers in Pharmacology frontiersin.org05

Bashir et al. 10.3389/fphar.2023.1119360

292

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1119360


SOD levels was observed in the heart. Lipid peroxidation did not
show any significant difference in all chosen organs when
compared to that of the normal control group.

Histopathological analysis

Histopathological analysis showed no remarkable change in the
architecture of cells (Figure 2).

Effect of different doses of fenchone on
urinary electrolytes (Na+ and K+) and Na+/K+

ratio in acute diuretic activity

The effects of different doses of fenchone (100, 200, and
400 mg/kg) and furosemide (15 mg/kg) on sodium and
potassium are shown in Figure 3. Fenchone (200 mg/kg and
400 mg/kg) resulted in a significant increase in sodium and
potassium excretion. Na+ and K+ excretion rates induced by

FIGURE 2
Histogram of the selected organs treated with fenchone (2000 mg/kg) in the acute toxicity study.

FIGURE 3
Effect of different doses of fenchone on urinary electrolytes (Na+ and K+) where furosemide was taken as the standard drug. Data are stated as mean ±
SEM, N = 6. ***p < .001 represents a significant increase, while ’’’p < .001 represents a significant decrease vs. normal control.
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fenchone (400 mg/kg) were 184.06 ± 1.21 and 46.21 ± .51, whereas
in the normal control group the rates were 136.93 ± .95 and 25.53 ±
1.31 mmol/L, respectively. Moreover, fenchone (400 mg/kg)
resulted in more electrolyte excretion of sodium and potassium
than furosemide. Moreover, there was a significant increase in the
Na+/K+ ratio at a dose of 400 mg/kg fenchone when compared with
that of the control group.

Effect of different doses of fenchone on
urinary creatinine and uric acid

The effects of different doses of fenchone (100, 200, and
400 mg/kg) and furosemide (15 mg/kg) on urinary creatinine
and uric acid are shown in Figure 4. There was a significant
increase in the excretion of creatinine in the urine, and it was
the highest with fenchone (400 mg/kg) when compared to the
control. Moreover, the concentration of uric acid in the urine
also increased significantly with a higher dose of fenchone
(400 mg/kg), which was 9.14 ± .10 when compared to that of
the normal control group, which was 4.49 ± .02. Both urinary
creatinine and uric acid excretion results were comparable to
furosemide.

Effect of different doses of fenchone on
urinary calcium

There was a significant increase in the urinary calcium excretion, and
it was the highest with fenchone (400 mg/kg) when compared to the
control. The urinary excretion of Ca++ with fenchone at 400 mg/kg was
22.08 ± .28when compared to that of the normal control groupwhichwas
10.11 ± .33 as shown in Figure 5.

Effect of different doses of fenchone on
urinary pH and urinary volume

The acute diuretic effect of different doses of fenchone (100,
200, and 400 mg/kg) is shown in Table 6. The fenchone

(400 mg/kg) dose resulted in increased urinary output at a 6-h
interval following treatment. There was a dose-dependent increase
in urinary volume measured at 6 h in 400 mg/kg fenchone-treated
rats which was 5.22 ± .20 mL/100 gm, while the urinary volume was
2.23 ± .14 in the control. Moreover, the urinary output at 6 h in rats
treated with fenchone (400 mg/kg) was comparable to the output in
rats treated with furosemide, a standard diuretic drug. Urinary
output data also suggested that the increase in urine load was due to
the increased polarity resulting from this activity. Finally, the urine
pH values showed a significant increase with fenchone (200 and
400 mg/kg) treatment when compared with those of the normal
control group.

Effect of fenchone on the diuretic index,
Lipschitz value, saluretic index of Na+ and K+,
and saluretic index

By utilizing the excreted concentration of electrolytes (Na+ and K+)
and urinary output in the control, standard, and treatment groups, the
diuretic index, Lipschitz value, and saluretic index were calculated as
shown in Table 7, and the results were quite significant at a dose of
400 mg/kg F.

FIGURE 4
Effect of different doses of fenchone on urinary creatinine and uric acid excretion where furosemide was taken as the standard drug. Data are stated as
mean ± SEM, N = 6. ***p < .001 represents a significant increase, while ’’’p < .001 represents a significant decrease vs. normal control.

FIGURE 5
Effect of different doses of fenchone on urinary calcium where
furosemide was taken as the standard drug. Data are stated as mean ±
SEM, N = 6. ***p < .001 represents a significant increase, while ’’’p <
.001 represents a significant decrease vs. normal control.
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Discussion

Toxicity profiling of newer molecules has gained attention and
interest since it helps provide future directions to researchers,
manufacturers, and distributors. The rules and regulations for toxicity
studies of newer compounds help in regulating and ensuring their safety
for further use in human beings. The procedure involves administration of
the test compound followed by examination and investigation of
biochemical parameters in animal models (Rand and Petrocelli, 1985),
since the main purpose of the toxicity study is to administer the single
highest dose that could result in inducing toxic effects (Klaassen, 2013).

The acute toxicity study involved the oral administration of a
single dose of fenchone (2000 mg/kg) to female rats since female rats
are more responsive to any biochemical change thanmale rats (OECD,
2001). Until the 14th day, no mortality or fatal toxicity was noted,
indicating that the LD50 of F is significantly greater than 2000 mg/kg.
Generally, it has been observed that variations in the behavior pattern
and body weight are the primary indicators of toxicity (Variya,
Bakrania, Madan, and Patel, 2019), and the results indicated no
change in the behavioral pattern of the animals. However, there
was a significant decrease in the body weight on day 14 when
compared to that of the normal control group, whereas a non-
significant difference was observed in the organ weights. Fenchone,
an important constituent of fennel seeds, causes weight loss by
boosting metabolism (Yamini, Sefidkon, and Pourmortazavi, 2002),
so the decrease in weight loss due to fenchone treatment might be
attributed to this.

Both biochemical evaluation and hematological evaluation
provide a genuine overview regarding toxicity along with organ
dysfunction. Pluripotent stem cells give rise to white blood cells
(WBCs), red blood cells (RBCs), and platelets after maturation and
differentiation (Ugwah-Oguejiofor et al., 2019). The Hb level and
RBC count were observed to be increased in the acute toxicity study
in contrast to the control group owing to the antioxidant properties
that helped in stabilizing the RBC membrane and raising the level
of RBCs by influencing the kidneys and liver, thereby increasing the
level of erythropoietin (Mansouri et al., 2015). All the remaining
parameters were normal when compared to those of the control
group.

Dyslipidemia is linked with obesity since it may cause insulin
resistance in the periphery by increasing the hepatic output of fats
from the diet and raising triglyceride hydrolysis (Klop, Elte, and
Castro Cabezas, 2013). Triglyceride and cholesterol levels were
significantly reduced in the acute toxicity study that might be
attributed to altered expression of the leptin receptor (Zakernezhad
et al., 2021).

Estimating biochemical parameters in the liver and kidney is of
primary importance since both these organs play a vital role in drug
metabolism and excretion, respectively (Bariweni, Yibala, and Ozolua,
2018), and any variation in either liver or kidney function tests shows
toxicity (Abdelkader et al., 2020). Liver enzymes including ALT and
AST were increased at a dose of 2000 mg/kg F that might have resulted
from cell damage to the liver since ALT and AST are the enzymes
present in the cytosol and mitochondria of hepatocytes (Samadi-
Noshahr, Hadjzadeh, Moradi-Marjaneh, and Khajavi-Rad, 2021),
whereas there was a significant decrease in the uric acid levels.

Uninterrupted exposure or formation of free oxidative radicals in
living organisms can lead to disturbances in redox homeostasis,
resulting in damage to cellular nucleic acids, proteins, and lipids
(Jones, 2006; Zhang et al., 2020). If the interrupting stimulus is not
removed, irreversible cell damage will ensue, resulting in responses of
numerous defensive cascades including gene regulatory cycle, repair,
and various antioxidant routes to protect against oxidative stress (Nair
et al., 2015). Endogenous oxidants and antioxidants were measured in
the specific organs of rats to assess any change or cellular stress
induced by F dosing. The results showed that there was a significant
increase in SOD levels in the heart and spleen that might be attributed
to the immunomodulatory effect of the drug (Anwar et al., 2021),
whereas a significant decrease was observed in the liver and kidney.
Similarly, there was a significant decrease in NO and GSH levels in the
kidney showing that it might have been excreted from the kidney,
indicating a decline in oxidative stress markers, and these results can
be correlated to the histopathological slides.

It has been established that diuretics are the mainstay for treating
hypertension and edematous conditions, which are expressed as excessive
extracellular fluid. In general, diuretics are known to increase the excessive
salt andwater excretion from the body, thus reducing blood flow resistance
by decreasing blood pressure and volume (Younis et al., 2021). Even
though diuretics are available abundantly for human use, the side effects
pose a need for newer agents from plants or their constituents (Wright,
Van-Buren, Kroner, and Koning, 2007), displaying numerous
pharmacological effects on renal physiology and acting on distinct and
well-established targets like nitric oxide-cGMP, carbonic anhydrase,
renin–angiotensin system, and renal carriers (Aparecida Livero, Vergutz
Menetrier, Luiz Botelho Lourenco, and Gasparotto Junior, 2017). In the
present research, fenchone resulted in a significant dose-dependent
increase in diuretic activity, with a maximum response at 400 mg/kg
dose. A single dose of fenchone significantly increased the urinary output
from the second hour and increased with time, and the effect was the
highest with F 400mg/kg (5.22 ± .20) after 8 h. This effect was significantly
higher than that of the standard drug furosemide (15 mg/kg) which was
4.83 ± .29, but the onset timewas less with fenchone. The time difference in

TABLE 6 Effect of different doses of fenchone on pH and urinary volume.

Treatment group pH Urine volume mL/100 gm at 8 h

Normal control (NC) 7.17 ± .04 2.23 ± .14

Furosemide (15 mg/kg) 7.76 ± .08*** 4.83 ± .29 ***

F (100 mg/kg) 7.69 ± .09 * 2.93 ± .08

F (200 mg/kg) 7.83 ± .03 *** 3.44 ± .18 **

F (400 mg/kg) 7.88 ± .05 *** 5.22 ± .20 ***

Results are stated as mean ± SEM, where *p < .05, **p < .01, and ***p < .001, when compared to the normal control group. NC, normal control group; Na+/K+, urinary concentration of sodium/urinary

concentration of potassium.

Frontiers in Pharmacology frontiersin.org08

Bashir et al. 10.3389/fphar.2023.1119360

295

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1119360


the onset of diuretic action can be related to the absorption profiles of
fenchone. The increase in the urinary output of F can be attributed to the
increase in compound polarity that might have increased the renal
circulation along with glomerular filtration and thus increased the
formation of urine (Chen et al., 2014).

The current study also revealed that F 400 mg/kg dose also
resulted in inducing a significant increase in urinary electrolytes
Na+ (184.06 ± 1.21) and K+ (46.21 ± .51) when compared to those
of furosemide which were 183.06 ± 1.24 for Na+ and 44.23 ± .49 for K+,
showing both saluretic and kaliuretic activities that might be due to
their interaction with polar groups (Martín-Herrera, Abdala,
Benjumea, and Pérez-Paz, 2007). Similarly, there was an increase in
the Na+/K+ ratio at F 400 mg/kg dose that might be attributed to an
increase in sodium loss along with potassium retention (Feng et al.,
2013), which is an essential feature of a good diuretic that produces
reduced hyperkalemic effects (Ghelani, Chapala, and Jadav, 2016).

Creatinine is a reliable marker for assessing kidney function
(Prathibhakumari and Prasad, 2014). Urinary creatinine was
significantly increased at both 200 mg/kg and 400 mg/kg doses, but
a higher effect was observed with fenchone (400 mg/kg) in a dose-
dependent manner, so its use can be considered safe in patients with
renal insufficiencies.

Uric acid is the end-product of nucleic acid metabolism in the
human body, and this homeostasis is attained by either modulating the
formation, breakdown, or excretion of uric acid. Hyperuricemia is
generally characterized by an elevation in the levels of uric acid and is
considered a risk factor for causing cardiovascular disease, diabetes,
hypertension, chronic kidney disease, and gout (Zhang et al., 2018).
The current research revealed that the F (200 and 400 mg/kg) dose
resulted in a significant increase in the excretion of uric acid in the
urine with much higher results at 400 mg/kg dose, and thus it can be
used in treating gout.

Conclusion

The current study showed that the LD50 of fenchone is greater
than 2,000 mg/kg, no mortality or signs of toxicity were reported, and
it has a remarkable diuretic potential comparable to furosemide.
Moreover, oral treatment with F resulted in increased excretion of
sodium and potassium in the urine, along with increases in the Na+/K+

ratio, diuretic index, Lipschitz value, and saluretic index. The results
suggest that fenchone (F) may be considered a safe therapeutic agent
in patients with cardiovascular and renal insufficiencies, but further

mechanistic studies would be essential before introducing it into
clinical trials.
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TABLE 7 Effect of fenchone on the diuretic index, Lipschitz value, saluretic index of Na+ and K+, and saluretic index.

Treatment group Diuretic index (DI) Lipschitz value (LV) Saluretic index (SI) Saluretic index (SI)

SINa+ SIK+

Normal control (NC) 1.00 .46 ± .04 .97 ± .01 1.00 1.00

Furosemide (15 mg/kg) 2.18 ± .23 *** 1.00*** 1.33 ± .02*** 1.74 ± .11*** 1.40

F (100 mg/kg) 1.32 ± .12 .60 ± .03 1.04 ± .01 1.19 ± .07 1.07

F (200 mg/kg) 1.54 ± .06 .71 ± .04* 1.25 ± .01*** 1.37 ± .10* 1.28

F (400 mg/kg) 2.18 ± .19 *** 1.1 ± .11*** 1.33 ± .01*** 1.81 ± .10*** 1.41

Results are stated as mean ± SEM, where *p < .05, **p < .01, and ***p < .001, when compared to the normal control group.
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Pharmacological screening of
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Silibinin (SIL), a flavolignan extracted from the medicinal plant “silybum marianum
(milk thistle)”, has traditionally been used to treat liver disease. This phytochemical
has displayed neuroprotective properties, its activity against schizophrenia is not
elucidated. The present studywas designed to evaluate the antipsychotic potential of
silibinin and probe its toxic potential. The acute oral toxicity studywas assessed as per
OECD 425 guidelines. Animals were divided into two groups of female rats (n = 6):
one group served as the normal control and the other group received a 2,000 mg/kg
dose of SIL. We also evaluated the antipsychotic potential of SIL. To this end, animals
were divided into six groups (n = 10) of mice for both the preventive and curative
protocols. Group I (CMC 1 mL/kg) served as the normal control and received CMC
1 mL/kg; group II was the diseased group treated with ketamine (10 mg/kg) i.p; group
III was the standard group treated with clozapine 1 mg/kg; groups IV, V, and VI served
as the treatment groups, receiving SIL 50, 100, and 200mg/kg, respectively, orally for
both protocols. Improvement in positive symptoms of the disease was evaluated by
stereotypy and hyperlocomotion, while negative symptoms (behavioral despair)
were determined by a forced swim test and a tail suspension test in the mice
models. The results suggested that the LD50 of SIL was greater than 2,000 mg/kg.
Moreover, SIL prevented and reversed ketamine-induced increase in stereotypy (p <
0.001) and behavioral despair in the forced swim and tail suspension tests (p < 0.001).
Taken together, the findings suggest that silibinin is a safe drug with low toxicity
which demonstrates significant antipsychotic activity against the positive and
negative symptoms of schizophrenia.

KEYWORDS

silibinin, acute oral toxicity, schizophrenia, ketamine, oxidative stress

1 Introduction

Phytochemicals derived from plant, animals, and marine sources have played a vital role in
alleviating major human suffering. They have demonstrated therapeutic potential in reducing
the risk of major health problems such as cancers, cardiovascular diseases, and different central
nervous system (CNS) disorders (Kumar and Khanum, 2012). Phytochemicals have gained
attention due to their therapeutic value and the fact that they have fewer adverse effects. Most
people seem to believe that natural products are free of any kind of adverse properties,
Paracelsus, known as the father of toxicology, stated that “all substances are poisons; it is the
right dose that differentiates remedy and poison.”Hence, assessing the toxic potential of natural
products is of vital importance (Newman and Cragg, 2012).
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Schizophrenia is a severely debilitating disease that affects patients’
thoughts, behavior, perception, and memory (Faludi et al., 2011). The
disease affects 1%–1.5% of the global population (Mcgrath et al., 2008)
and is rated seventh among the most costly diseases (Ross and
Margolis, 2005). Symptoms of schizophrenia cluster into three
groups: positive symptoms include hallucination, thought disorder,
and delusion; negative symptoms include lack of interest and pleasure
and low social interaction; cognitive symptoms include memory and
thinking problems (Tandon et al., 2013). The etiology of this disease is
still unclear, although the dopamine hypothesis remains its mainstay.
After 1980, the glutamate hypothesis was proposed as the establishing
basis of schizophrenia (Yadav et al., 2019).

Pharmacotherapeutic agents for schizophrenia were introduced in
1950s and have been active for positive symptoms but ineffective
against negative symptoms and cognitive deficits (Purdon et al., 2001).
Typical antipsychotics have been dopamine (D2) receptor antagonists
such as haloperidol and prochlorperazine. Second generation drugs
(clozapine and quetiapine) were then approved for negative symptoms
and cognitive impairments (Wang et al., 2019). These antipsychotic
drugs are the mainstay of treatment but are unsuccessful at
counteracting the symptoms and progression of the disease. Some
serious adverse effects as extrapyramidal symptoms, dyslipidemia,
diabetes, and hypertension are related to antipsychotic drug use
(Brown, 2012; Fell et al., 2012). Therefore, there is a need to
investigate new and more effective therapeutic alternatives with
fewer adverse effects to increase adherence and therapeutic outcomes.

Silibinin (SIL) is a flavolignan derived from silymarin, a
compound that is extracted from the seeds and fruit of the milk
thistle herb (Silybum marianum). This plant belongs to the Asteraceae
family and its fruit has been famous for use in medicines for centuries.
Silybin A and Silybin B are two stereoisomers of silibinin (Mashhadi
Akbar Boojar et al., 2020). Flavonoids are known for their antioxidant
antiviral, anti-inflammatory, and neuroprotective effects (Hassan
et al., 2022). According to previous findings, SIL acts as an
antioxidant, anti-inflammatory, anticarcinogenic, and growth
promoting agent and is used as a hepatoprotective
agent—especially for liver cirrhosis (Chu et al., 2004; Shanmugam
et al., 2008; Yin et al., 2011). Moreover, it is also useful for
dermatological conditions and skin aging and can act as an
antiviral and protective agent against retinal diseases (Singh and
Agarwal, 2009; Ahmed-Belkacem et al., 2010). Furthermore, SIL is
a neuroprotective agent against neural damage, ethanol-induced brain
damage, Aβ-induced memory impairment, and neurotoxicity
associated with lipopolysaccharide. Its antidepressant activity is also
established (Mazzio et al., 1998; Yan et al., 2015), but its antipsychotic
property has not been investigated. Acute toxicity study is basic and
preliminary to evaluating the general safety and toxicity of a substance
(Baig et al., 2022); however, despite its wide usage, toxicity data is not
yet available for SIL (Kennedy et al., 1986).

Hence, the present study aims to evaluate the acute oral toxicity of
SIL and determine its antipsychotic potential.

2 Materials and methods

2.1 Drug and chemicals

This study used silibinin (CAS # 22888-70-6), ketamine (CAS #
1867-66-9), clozapine (CAS # 5786-21-0), sodium hydroxide (CAS #

1310-73-2), sodium carboxymethyl cellulose, isoflurane (CAS #
26675-46-7), pyrogallol (CAS # 87-66-1), DTNB (5, 5-dithiobis-(2-
nitrobenzoic acid) (CAS # 2516-96-3), Folin-Ciocalteu (CAS # F9252),
potassium phosphate monobasic, and sodium phosphate monobasic.
All chemicals were of analytical grade and were purchased from Sigma
Aldrich (China).

2.2 Animals

Adult Wister female rats weighing 200–300 g were used to
examine acute toxicity. Male and female Swiss albino mice
(approximately 30 g) were purchased from Government College
University Faisalabad, Pakistan, and were used for behavioral
studies of schizophrenia. The animals were kept in the
department’s animal house at 22 ± 2ᵒC with a relative
humidity of 44%–56% and a 12 h light–dark cycle. They were
provided with a standard rodent pellet diet and water. The
animals were acclimatized to handling and the room and
apparatus before experimentation commenced. Ethical approval
for the animal studies was obtained from the Animal Ethics
Committee of Government College University Faisalabad,
reference number GCUF/ERC/2015.

2.3 Acute oral toxicity studies

The OECD’s (Organization for Economic Co-operation and
Development) 425 Guidelines were followed for performing an
acute oral toxicity study. In this study, two groups of healthy adult
Wister rats were used (n = 6). The animals were fasted overnight but
were allowed access to water. Group I received 0.5% carboxy methyl
cellulose (CMC) (1 mL/100 g) and was designated as normal control.
Group II, the treatment group, received 2000 mg/kg of SIL orally.
Initially, only one animal received SIL (2000 mg/kg) by a single oral
dose and observations were made for 24 h. If the animal survived, four
further animals were administered single oral doses of SIL
(2,000 mg/kg). The animals were observed for mortality, changes in
general behavior, weight change, and any kind of allergies for 14 days
(Choi et al., 2021).

2.4 Hematological and biochemical analysis

After 14 days, animals were anesthetized with 3%–5% isoflurane
diluted with oxygen. Blood samples were collected after anesthesia by
cardiac puncture, and hematological and biochemical parameters were
evaluated. Hematological parameters included WBC, RBC, Hb,
platelet count, hematocrit (HCT) value, mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular volume
(MCV), and mean corpuscular hemoglobin (MCH) using a
hematology analyzer (Norma, USA). For biochemical tests, plasma
and serum were separated and biochemical parameters were
estimated. The lipid profiling of cholesterol and triglycerides was
measured using their specific kits (CC1132, and CC1302 by MTD
Diagnostic, Italy, respectively). Liver function tests for alanine
transaminase (ALT) and aspartate transaminase (AST) were
performed using their appropriate kits (CC1223, CC1213 by MTD
Diagnostic, Italy, respectively) (Steinberg et al., 2019).
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2.5 Determination of oxidative stress markers

2.5.1 Preparation of organ tissue homogenates
After euthanasia with 3%–5% isoflurane anesthesia diluted with

oxygen, the mice brains were collected from all animals in each group
with scarification; the brains were washed in a cold solution of normal
saline. Brain tissue homogenates were prepared by adding a 0.1 M
phosphate buffer of pH 7.4 in a 1:10 ratio. Homogenates were then
centrifuged at 6,000 rpm at 4ᵒC for a period of 10 min. Supernatants
were then separated for performing different biochemical tests.
Organs such as the heart, kidney, lung, liver, and spleen were also
collected and weighed separately. Tissue homogenates were prepared
similarly to brain homogenate.

2.5.2 Estimation of glutathione level
In 1 mL of tissue homogenate of each of the above organs (heart,

brain, kidney, liver, and spleen), 10% trichloroacetic acid (1 mL) was
added for precipitation of protein. In 4 mL of phosphate solution,
supernatant and 5,5-dithiobis-2-nitrobenzoic acid (DTNB) reagent
(0.5 mL) were added and absorbance was measured at 412 nm. The
level of GSH is expressed in μg or level of glutathione per mg of
protein. GSH level was then measured using the formula (Bhangale
and Acharya, 2016):

GSH level � Y − 0.00314 ÷ 0.0314 × DF ÷ Bt × Vu

where Y is the absorbance at 412 nm, Bt is homogenate of brain tissue,
DF is dilution factor, and Vu is the aliquot volume (1 mL).

2.5.3 Estimation of the catalase level
Mixed into 0.05 mL of supernatant (tissue homogenate of each

organ—heart, brain, kidney, liver, and spleen) was 1.95 mL of
phosphate buffer (50mM, pH 7.0). The above solution was mixed
with 1 mL of 30 mM hydrogen peroxide (H2O2) and absorbance was
recorded at 240 nm. Values were expressed in micromoles of H2O2

oxidized/min/mg of protein. The catalase level was determined by
formula (Anwar et al., 2021).

CATactivity � O.D ÷ E × vol. of sample × mgofprotein

where O.D is the change in absorbance/minute while E is the
extinction coefficient (0.071 mmol4/cm) of H2O2.

2.5.4 Estimation of superoxide dismutase level
Tissue homogenates (0.1 mL) of heart, brain, kidney, liver, and

spleen were added to 2.8 mL of 0.1 M potassium phosphate buffer
(pH 7.4) and 0.1 mL pyrogallol solution. The absorbance of the
mixture was measured on a UV spectrophotometer at 325 nm (X.
Li, 2012).

By using a regression line equation, SOD level was thus
determined:

Y � 0.0095 x + 0.1939

2.5.5 Determination of malnodialdehyde level
The supernatant of 1 mL of each organ (heart, brain, kidney, liver,

and spleen) and 1 mL of thiobarbituric acid (4.0 mM) were mixed in
100 mL of glacial acetic acid. A mixture of 3 mL of sample was shaken
and set aside for 15 min and kept for cooling. Centrifugation was done
at 35,000 rpm for 10 min. Absorbance was taken at 532 nm.

Malnodialdehyde was quantified as micromole per mg of protein.
The following formula was used for MDA quantification:

Conc. ofMDA � Abs532 × 100 × Vt ÷ 1.56 × 105( ) × wt × Vu

where Abs 532 is absorbance, Vt is mixture volume (4 mL), 1.56 × 105 is
the molar extinction coefficient,wt is the weight of brain, andVu is the
volume of aliquot (1 mL) (Bhangale and Acharya, 2016).

2.5.6 Estimation of nitrite level
Griess reagent was used to determine nitrite level by

spectrophotometer. A mixture was made by adding equal
quantities of Griess reagent and tissue homogenate of each organ
(heart, brain, kidney, liver, and spleen). Incubation was done for
10 min and then absorbance was taken at 546 nm. Nitrite level was
calculated by the following regression line equation for sodium nitrite
(Anwar et al., 2021):

Y � 0.003432x + 0.0366

2.5.7 Estimation of protein content
Three solutions were prepared. A) 1% NaK tartrate in H2O; B)

0.5% CuSO4.5H2O; C) 2% Na2CO3 dissolved in 0.1 N NaOH in water.
Reagent 1 was formed by mixing Solutions A (48 mL), B (1 mL), and C
(1 mL). Reagent 2 was prepared in 2:1 part (one part folin-phenol
[2 N]: one part H2O). For protein content determination, we added
0.2 mL tissue homogenate of each organ (heart, brain, kidney, liver,
and spleen) to 4.5 mL of reagent and then incubated it for 10 min.
Reagent 2 (0.5 mL) was then added to the mixture and incubated again
for 30 min. The absorbance of the mixture was noted at 660 nm. The
protein contents were determined by the following regression line
equation of BSA and expressed in μg/mL (Lowry et al., 1951):

Y � 0.00007571x + 0.0000476

2.6 Evaluation of antipsychotic potential

2.6.1 Study protocol
The effect of SIL on ketamine-induced schizophrenia-like

behavioral alterations was evaluated by a procedure following Ben-
Azu et al. (2018) with modifications for both the preventive and
treatment protocols. Animals were grouped in two phases, with six
groups for the preventive study and six groups for the curative
tests (n = 10).

Ketamine was given to all groups except group I1; group III
received clozapine; groups IV, V, and VI received SIL with a
30 min interval after ketamine. In the preventive protocol, SIL was

Group I Vehicle control group (0.5% CMC 1 mL/kg i.p)

Group II Negative control group (ketamine 10 mg/kg i.p)

Group III Positive control group (clozapine 1 mg/kg i.p)

Group IV SIL 50 mg/kg

Group V SIL 100 mg/kg

Group VI SIL 200 mg/kg orally
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administered 30 min before ketamine in groups IV, V, and VI while, in
the curative protocol, SIL was given to these groups after 30 min of
ketamine administration.

2.7 Behavioral tests

2.7.1 Ketamine-induced stereotypy
The effect of SIL on stereotypy induced by ketamine was assessed

by any repetitive, functionless activity of mice in a transparent
observation cage (23 × 20 × 20 cm). Stereotypical behavior was
counted as head movement, intermittent sniffing, licking, and
chewing for 2 min after 5, 10, 15, 30, and 60-min intervals. After
each observation, the chamber was cleaned with 70% ethanol to
remove any odor.

Initially, animals were individually placed in cylindrical metal
cages for 15 min prior to the test to acclimatize to the environment.
After ketamine administration, the mice were immediately placed in a
cage at the base. Scoring for stereotypy was set as:

0 = no stereotypy,
1 = head movements,
2 = intermittent sniffing,
3 = chewing,
4 = licking intensely (Eneni et al., 2020).

2.7.2 Ketamine-induced hyperlocomotion
Locomotor activity was measured by an activity meter. An

acclimatization time of 10 min was given to each animal before
testing. After acclimatization, animals were individually placed in
an actophotometer, and total locomotor activity was counted for
5 min. Before and after ketamine administration, animals were
placed in the actophotometer. Observations were made in a square
closed arena of 30 cm that was equipped with infrared-light-sensitive
photocells. The total number of crossings was automatically calculated
for 5 min. After each test session, the chamber was cleaned with 70%
ethanol (Bishnoi et al., 2008).

2.7.3 Ketamine-induced immobility
2.7.3.1 Immobility in forced swim test

The mice were acclimatized in a glass cylinder of 33 cm height and
20.5 cm diameter that contained water 20 cm deep at 25ᵒC. They
were removed after 15 min and returned to the cage. This was referred
to as “training day”. The next day, the mice were again placed in a
cylinder for 6 min. Their swimming activity was recorded after the
initial first 2-min period. Their duration of immobility was
determined where “immobility” refers to a condition when no
other activity was present despite that needed to keep the animal`s
head above the water. The animals were then dried with a towel after
the test was completed (Chen et al., 2021).

2.7.3.2 Immobility in tail suspension test
To determine immobility, a tail suspension test was performed.

The mice were suspended from a tail hanger with adhesive tape that
was wrapped around their tails from about 2 to 3 cm from the tip, and
about 30 cm above the floor in a box (25 × 25×30 cm). The animals
were observed for 6 min and the duration of their immobility was
measured manually. Immobility was determined when the animal
hung passively and remained motionless (Arruda et al., 2008).

2.8 Statistical analysis

All results were presented as mean ± SEM. Statistical significance
difference was analyzed by one-way ANOVA followed by Dunnett`s
t-test and two-way ANOVA followed by Bonferroin`s multiple
comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001 denoted
mild, moderate, and high levels of significance.

3 Results

3.1 Acute toxicity studies

3.1.1 Effect of treatments on body and organ weight
The body weights of the treatment groups were measured daily

until the 14th day. Significant increases in body weight were seen in
group (SIL 2,000 mg/kg) treated animals compared with Day 1
(Table 1). There was no significant difference in the weights of the
selected organs compared with the normal control group (Table 2).

3.1.2 Treatment effect on hematology parameters
On the 14th day, blood was collected from each group through

cardiac puncture. Table 3 showed that, except for the platelet andWBCs
count, all parameters show a non-significant difference compared to the
control group. The platelet count significantly decreased and the WBCs
count was significantly increased compared to the control group.

3.1.3 Effect of treatments on biochemical markers in
the acute oral toxicity study

The SIL (2,000 mg/kg) treated group showed a significant increase
in all biochemical markers (renal, hepatic, and lipid profile) compared
with the normal control group. Uric acid and protein levels had
parallel values as compared to control (Table 4).

TABLE 1 Estimation of mice body weights during acute oral toxicity study.

Groups Body weights g)

Treatments Day 1 Day 7 Day 14

Normal control 228.5 ± 3.86 233.83 ± 3.80 238.50 ± 3.86

SIL (2,000 mg/kg) 239.3 ± 5.50 253.50 ± 6.92* 264.50 ± 7.28**

Values expressed as mean ± SEM; n = 6, where *p < 0.05, **p < 0.01 compared to Day 1.

TABLE 2 Estimation of organ weight in treatment groups during acute oral
toxicity study.

Organs Weights g)

Normal control SIL (2000 mg/kg)

Liver 3.31 ± 0.38 3.30 ± 0.12

Heart 0.31 ± 0.13 0.33 ± 0.21

Lung 0.74 ± 0.11 0.80 ± 0.45

Spleen 0.28 ± 0.13 0.31 ± 0.08

Kidney 0.82 ± 0.27 0.83 ± 0.31

Data presented as mean ± SEM, n = 6.
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3.1.4 Oxidative stress markers in acute toxicity
studies

Oxidative stress biomarkers were estimated in selected organs
(heart, brain, kidney, liver, and spleen) to identify signs of toxicity and
cellular destruction. A significant reduction in endogenous
antioxidants (SOD, GSH, and CAT) was observed in the kidney
while MDA levels in the kidney had risen when compared to the
control group. The spleen and liver displayed a significant rise in SOD
and CAT versus control. MDA and nitrite levels were significantly
reduced in the brain and heart compared to normal control groups
(Figure 1).

3.1.5 Histopathological analysis
Histopathological analysis showed normal cellular architecture,

and no significant change was observed in selected organs after
treatment compared to the normal control group (Figure 2).

3.2 Behavioral observations

3.2.1 Effect of SIL on ketamine-induced stereotypy in
preventive and treatment protocols

Stereotypy (in minutes) was counted in all treatment groups in
both the preventive and treatment protocols. Animals treated with

ketamine showed significant stereotypic behaviors compared to the
control group. Observations were made between 10 and 30 min in
both the treatment and preventive protocols. SIL at all dose levels
reduced the stereotypy counts compared to the ketamine group in the
treatment protocol, and hence, there was a highly significant (p <
0.001) and dose-dependent response to decreasing stereotypy
(Figure 3B). In the preventive protocol, SIL at 100 mg/kg showed a
significant (p < 0.01) reduction in stereotypy while SIL (200 mg/kg)
and clozapine showed highly significant (p < 0.001) decreases in the
stereotypy score (Figure 3A).

3.2.2 Effect of SIL on ketamine-induced
hyperlocomotion in preventive and treatment
protocols

In the open field test, locomotor activity was significantly
increased in the ketamine group when compared with control in
both the preventive and curative treatment protocols. While the
results showed SIL at all doses and clozapine significantly (p < 0.001)
reduced the hyperlocomotion induced by ketamine in both
protocols. Moreover, in the preventive protocol, SIL at 100 mg/kg
showed a significant reduction (p < 0.01) in the number of crossings.
Hence SIL represented a dose-dependent decrease in
hyperlocomotion in comparison to the ketamine group
(Figures 4A, B).

TABLE 3 Estimation of hematological parameters in acute oral toxicity.

Parameters Control SIL (2000 mg/kg)

Hb (g/dL) 12.33 ± 0.42 14.25 ± 0.44

Total RBC’s (x106/ml) 05.93 ± 0.15 06.26 ± 0.09

HCT (%) 31.53 ± 0.84 34.88 ± 1.04

MCV (fL) 54.81 ± 0.35 56.51 ± 0.46

MCH (pg) 20.04 ± 0.88 21.69 ± 0.96

MCHC (g/dL) 37.50 ± 0.92 40.00 ± 1.21

W.B.C (X103/ml) 03.63 ± 0.06 09.60 ± 0.18*

Platelet count (X103/ml) 819.16 ± 1.95 547.3 ± 6.85̂

Data represented as mean ± SEM; n = 6, *p < 0.05 significant increase, p̂ < 0.05 significant decrease vs. control group.

TABLE 4 Estimation of biochemical markers in acute oral toxicity.

Biochemical markers Normal control SIL (2000 mg/kg)

Cholesterol (mg/dL) 57.93 ± 1.20 79.23 ± 1.63***

Triglycerides (mg/dL) 56.1 ± 1.43 81.08 ± 1.54***

ALT (U/L) 39.33 ± 1.60 55.17 ± 2.28***

AST (U/L) 63.33 ± 1.56 77.5 ± 1.76***

Uric acid (mg/dL) 05.2 ± 1.62 3.45 ± 1.23

Protein (g/dL) 07.12 ± 2.13 7.93 ± 2.02

Creatinine (mg/dL) 1.16 ± 1.23 2.13 ± 1.18*

Bilirubin (mg/dL) 1.5 ± 1.21 2.74 ± 1.13*

Data represented as mean ± SEM; n = 6, *p < 0.05 significant increase, ***p < 0.001 high significant increase vs. control group.
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3.2.3 Effect of SIL on ketamine-induced immobility
by forced swim test in preventive and treatment
protocols

Behavioral despair was evaluated by immobility time in the forced
swim test in all treatment groups in the preventive as well as treatment
protocols. Ketamine injection produced a marked increase in

immobility time that connotes behavioral despair when compared
with the saline group. SIL showed a significant (p < 0.001) and dose-
dependent reduction in immobility in all treatment groups in the
treatment protocol. In the preventive protocol, only the highest dose
group of 200 mg/kg exhibited a significant reduction in immobility
time (Figures 5A, B).

FIGURE 1
Effect of normal control and SIL treatment on oxidative stress markers. Data presented asmean ± SEM. n = 6. Here, ***p < 0.001 high significant increase
vs. the control group, and ***p < 0.001 significant decrease compared with the normal control group.

FIGURE 2
Histogram of selected organs in treated groups in acute toxicity study.
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FIGURE 3
Effect of SIL on ketamine-induced stereotypy in preventive (A) and curative (B) protocols. Values expressed here asmean± SEM; n = 10, where **p < 0.01,
***p < 0.001 compared to the ketamine group.

FIGURE 4
Effect of SIL on ketamine-induced hyperlocomotion in preventive (A) and curative (B) protocols. Values are expressed as mean ± SEM; n = 10, ***p <
0.001 as compared to the ketamine group.

FIGURE 5
Effect of SIL on ketamine-induced immobility in forced swim test in preventive (A) and treatment (B) protocols. Values are represented here as mean ±
SEM; n = 10, where **p < 0.01, ***p < 0.001 compared to the ketamine group.
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3.2.4 Effect of SIL on ketamine-induced behavioral
despair by tail suspension test in preventive and
treatment protocols

Behavioral despair was also evaluated by the tail suspension test in
treatment and preventive protocols (Figures 6A, B). Ketamine
(10 mg/kg) significantly induced immobility and behavioral despair
compared with the control group. In the curative protocol, SIL
significantly (p < 0.001) and dose dependently reduced immobility
time in mice. Only clozapine and SIL 200 mg/kg showed a highly
significant (p < 0.001) reduction in ketamine-induced immobility
(Figures 6A, B).

4 Discussion

Phytochemicals are derived from natural origins and provide cost-
effective, valuable, and relatively safe alternatives for allopathic
medicines (Saleem et al., 2022; Datta et al., 2021). The WHO and
FDA have emphasized the validation of safe and effective uses of
natural chemicals by conducting scientific studies (Saleem et al., 2017)
and preliminary toxicity studies are important for the safe use of
phytochemicals. Silibinin is known for its various pharmacological
properties, like treating diabetes, hypertension, dyslipidemia; it has
been utilized in China, the USA, and Europe for thousands of years for
its folkloric properties against liver diseases and its hepatoprotective
properties (Mazzio et al., 1998; Takke and Shende, 2019). However,
comprehensive knowledge about its safety and toxicity is still lacking.
Hence, this study was designed to evaluate the LD50 of SIL by following
OECD guidelines in an animal model which will help to determine the
safe dose range for managing its adverse effects in clinical practice
(Anwar et al., 2021). The main purpose of this study was to observe
animals after a single high-dose administration for any life-
threatening toxicities or adverse effects. The results of this study
provide evidence that SIL, according to the globally harmonized
classification system, can be placed in the fifth group where LD50 >
2000 mg/kg in a lower toxicity class (Saleem et al., 2017). Undeniably,
hematological and biochemical estimations remain the hallmarks of
the health status of the body, as these are sensitive to changes produced
by chemical toxins. Platelets are known to play an important role in
coagulation (Li et al., 2008); results have revealed a decrease in the level
of platelet counts, which might be linked to the hemostatic property of
SIL. Moreover, the elevated WBC count is suggestive of the

immunopotentiation property of SIL by endogenous defense system
to the adverse effects of silibinin. As the liver and kidney are primary
organs for the metabolism and elimination of chemicals, alterations in
the liver’s function parameters and renal function tests are known to
be connected to the toxicity of said organs (Moses et al., 2018).
Moreover, an increase in cholesterol and triglyceride showed the
hyperlipidemic effect of SIL, while elevation in ALT and AST
might show some hepatic injury. Liver damage may cause
increased permeability of cell membranes that could result in a
release of aminotransferases into the blood (Ogunlana et al., 2013).
These findings also demonstrate that elevated renal function
parameters may also be related to mild renal injury. Moreover,
histopathological findings appear quite normal, and no significant
change appeared in the selected organs studied.

Continuous exposure to reactive oxygen species in the living
system causes oxidative stress damage, adversely affecting proteins,
lipids, nucleic acid, and whole-body systems. Necrosis, apoptosis, and
irreversible cellular damage are linked with oxidative stress (Jones and
Libert, 2006; Nair et al., 2015). The current studies estimated the
endogenous levels of oxidants and antioxidants in the major organs of
animals’ bodies after treatment with SIL. There was a significant
reduction in antioxidants (GSH, CAT, and SOD) in the kidney and
an increase in the oxidant MDA. SIL as a lipophilic compound might
be excreted through the kidney, indicative of a decrease in its
antioxidant parameters. Moreover, an increase in the level of
antioxidants (SOD and CAT) in the liver and spleen and a
reduction in MDA and nitrite in the brain and heart shows the
increased antioxidant property of SIL in these respective organs.

Another aim of the present study is to demonstrate the efficacy of
SIL in protecting and reversing ketamine-induced psychosis-like
behavioral manifestations. In recent research on schizophrenia, the
use of animal models that can present different symptoms of
schizophrenia (positive, negative, and cognitive) has become more
popular (Chatterjee et al., 2012b). Schizophrenia, being a complex
neuropsychiatric disease, involves different neurochemical alterations,
including the effect of dopamine, gamma amino butyric acid (GABA),
and glutamate on motor neuron function (Vasconcelos et al., 2015).
Our results support previous findings that ketamine (an NMDA
blocker) can induce multifarious behavioral alterations
(i.e., stereotypy, hyperlocomotion, and behavioral despair) that are
relevant to the positive and the negative symptoms of the disease.
Ketamine-induced stereotypy and hyperlocomotion have remained

FIGURE 6
Effect of SIL on ketamine-induced immobility by tail suspension test in preventive (A) and treatment (B) protocols. Values expressed as mean ± SEM;
n=10, ***p<0.001 compared to the ketamine group.
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important measures of positive symptoms (Ben-Azu et al., 2016).
These symptoms have been previously linked with the NMDA
receptor blockade that is present in inhibitory GABA neurons in
the mesolimbic region of the brain. This inhibition causes behavioral
alterations called stereotypy that are characterized by aimless and
repetitive motor activity (Chatterjee et al., 2012b). Furthermore,
ketamine may act as an indirect dopamine agonist, which might
also explain its valuable role in behavioral stimulations (Irifune
et al., 1991). Clozapine is a widely used drug for schizophrenia
patients in clinical settings as well as a reference drug for
researchers on schizophrenia (Vasconcelos et al., 2015). Thus, our
study demonstrated the effect of SIL to prevent and reverse ketamine-
induced stereotypy (as evidenced through decreased stereotypic head
movements, intermittent sniffing, intense licking, and chewing in
mice) and hyperlocomotions (number of crossings), revealing its
antipsychotic potential against positive symptoms (Ben-Azu et al.,
2018).

Furthermore, SIL was also evaluated for its effect on negative
symptoms of schizophrenia by ketamine-induced immobility duration
by a forced swim test and tail suspension test. Bothmodels represented
behavioral despair and a lack of motivational behavior suggestive of
the negative symptoms of disease (Chatterjee et al., 2012a). Our
findings are in line with previous research as intraperitoneal
injection of a sub-anesthetic dose of ketamine demonstrates
behavioral despair related to negative symptoms of schizophrenia
represented by increased immobility in the forced swim and tail
suspension tests (Eneni et al., 2020). The administration of SIL
reduced the immobility period in these tests comparable with
clozapine. This and other antipsychotic drugs act to manage the
negative symptoms of schizophrenia, generally acting as antagonists
on 5HT2 receptors (Glatt et al., 1995; George et al., 2020). Accordingly,
our findings imply that SIL can act as antipsychotic drug and may
attenuate the positive and negative symptoms of schizophrenia,
warranting further investigation of its mechanism of action.

Conclusion

From the findings of this acute toxicity study, it can be concluded
that the LD50 of SIL is more than 2000 mg/kg, and there was no sign of
morbidity andmortality seen in animals, except for some alterations in
renal function test parameters and lipid profile. More importantly, this
study revealed that SIL can attenuate positive and negative symptoms
of schizophrenia and can act like an atypical antipsychotic. However,
the results suggest that it must be evaluated in future chronic and

repeated administration of silibinin to completely ensure its safety.
Antipsychotic potential can be determined in more detail by long-
term studies. Furthermore, a more scientific approach can further
identify the mechanistic study of silibinin as an antipsychotic drug.
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