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Abstract 
 

Paraquat (PQ) is a quaternary ammonium compound extremely toxic to humans and animals, causing multi-organ 

toxicity, particularly hepatic damage. Ochnaflavone (OCH), a biflavonoid isolated from Ochna integerrima, 

possesses potent anti-cancer, anti-inflammatory, anti-diabetic and antioxidative properties. This investigation was 

intended to estimate the dose-dependent remedial efficacy of OCH to combat PQ-mediated liver toxicity in male 

albino rats. The experimental period lasted for 8 weeks. 96 adult male rats (Rattus norvegicus; albino strain) were 

randomly allocated into 8 experimental groups: Control, PQ-intoxicated (5mg/kg), PQ+OCH1 

(5mg/kg+25mg/kg), PQ+OCH2 (5mg/kg+50mg/kg), PQ+OCH3 (5mg/kg+100mg/kg), OCH1 (25mg/kg), OCH2 

(50mg/kg), and OCH3 (100mg/kg). OCH was administered concurrently with PQ in the co-treated groups. 

Following oral administration, biochemical and liver function markers were determined along with 

histopathological observation. Results revealed that PQ intoxication downregulated the antioxidant enzymes 

activities such as glutathione reductase (GSR), heme oxygenase-1 (HO-1), catalase (CAT), glutathione peroxidase 

(GPx), superoxide dismutase (SOD) and glutathione (GSH) content, while concurrently upregulated the 

malondialdehyde (MDA) level and reactive oxygen species (ROS) concentration. Furthermore, PQ administration 

significantly provoked the concentrations of serum hepatic enzymes including aspartate aminotransferase (AST), 

alanine aminotransferase (ALT), and alkaline phosphatase (ALP), concurrently elevating the concentrations of 

inflammatory indices: tumor necrosis factor-α (TNF-α), cyclooxygenase 2 (COX-2), nuclear factor kappa-B (NF-

κB), interleukin-6 (IL-6) as well as interleukin-1β (IL-1β). Additionally, PQ-treatment instigated histopathological 

abnormalities in liver tissues. However, OCH co-treatment significantly mitigated these biochemical and 

histopathological changes instigated by PQ exposure. Therefore, OCH attenuates PQ-induced hepatotoxicity in a 

dose-dependent manner through its potent antioxidative and anti-inflammatory potential.  
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Introduction 
 

Herbicides are agrochemicals effective for weed 

control, but they pose significant toxicological risks to 

humans, fishes, and other animals (Khan et al., 2023). 

Paraquat (PQ) is classified as quaternary ammonium 

herbicide that poses severe toxic risk to organisms, 

with several incidents of acute poisoning and fatalities 

documented globally (Garcia Carrillo et al., 2025). PQ 

is widely used for its easy availability, low cost, and 

potent herbicidal effects in crops such as tobacco, rice, 

tea, coffee, and sugarcane (Manju et al., 2022). 

Conversely, persistent application of PQ has led to 

increasing environmental contamination, with 

detectable residues in soil, water and air owing to its 

relatively slow degradation (Donaher and Van den 

Hurk, 2023).  

The World Health Organization estimates that 

accidental pesticide poisoning affects ~385 million 

individuals and causes 11,000 deaths annually, 

particularly in Southeast Asia (Nihash et al., 2025). PQ 

toxicity constitutes a major public health threat in 

Asia-Pacific region, where intentional ingestion drives 

alarming rates of morbidity and mortality. In clinical 

toxicology, PQ ranks as one of the most lethal 

herbicides, with associated mortality rates spanning 

33.0–91.7% (Tajai and Kornjirakasemsan, 2023). 

Human exposure occurs mainly through oral ingestion 

or dermal contact, and acute poisoning can lead to 

death within a few hours, depending on the dose 

(Chatterjee et al., 2024). Studies have reported that 

PQ-intoxication is associated with severe systemic 

multi-organ toxicity, affecting lungs, kidneys, testes, 

brain and liver (Liu et al., 2024).  
Liver plays a vital role in maintaining metabolic 

homeostasis through enzymatic regulation and 

detoxification (Contreras-Zentella et al., 2022). In 

normal conditions, mitochondrial-derived ROS is 

usually neutralized by antioxidant enzymes to 

maintain physiological balance (Meng et al., 2025). 

PQ administration produces superoxide anions, 

hydroxyl radicals, and peroxynitrites, which 

substantially reduce antioxidant enzymes activities, 

culminating in oxidative stress (OS)-driven 

histopathological anomalies (Blanco-Ayala et al., 

2014; Alizadeh et al., 2022). Moreover, PQ exposure 

triggers immune responses, elevating pro-

inflammatory cytokines and aggravating oxidative 

damage, thereby impairing liver function (Chen et al., 

2025). Evidence from human epidemiology and rodent 

models documented PQ induced hepatotoxicity (Yu et 

al., 2022). Furthermore, PQ poisoning is of serious 

concern in many developing countries, primarily due 

to absence of effective therapeutic options 

(Shahsavarinia et al., 2024).  

Traditional herbal remedies have been used for 

centuries to cure human and animal diseases (Izah et 

al., 2024). Flavonoids exhibit complex polyphenolic 

frameworks and functions as secondary metabolites in 

plants. They are abundantly present in vegetables, 

fruits, barks, roots, tea and wine (Bhatla and Lal, 

2023). They display a diverse array of 

pharmacological properties (Mohi-Ud-Din et al., 

2022). Ochnaflavone (OCH) is a naturally occurring 

and structurally complex biflavonoid mainly isolated 

from members of the Ochnaceae family, including 

Ochna integerrima, Ochna squarrosa and Ochna 

pumila (Patel and Patel, 2024). It is reported that OCH 

exhibits antidiabetic, anticancer, and anti-

inflammatory activities (Lin et al., 2024). Despite this, 

the potential hepatoprotective effects of OCH against 

PQ-induced liver injury have not yet been 

investigated. Therefore, this investigation was 

purposed to examine the dose-dependent remedial 

potential of OCH against PQ-elicited liver toxicity.   

 

Material and Methods 
 

Chemicals 
 PQ (CAS No. 75365-73-0; Molecular Weight: 

257.16; Purity: 98%) was obtained from Sigma-

Aldrich (Germany) and OCH (CAS No. 50276-96-5; 

Molecular Weight: 538.46; Purity: 98.30%) was 

obtained from MedChemExpress (USA), respectively. 

 

Animals 
Ninety-six adult male Rattus norvegicus (albino 

strain), each weighing approximately 230-250g, were 

housed in ventilated stainless-steel enclosures at UAF 

Animal Research Facility in Faisalabad. The animals 

were allowed to acclimatize for one week before the 

study commenced. Standard laboratory environmental 

parameters such as relative humidity 45±5%, 

temperature 25±1°C and a 12 h light and 12 h dark 

cycle were maintained. The rats consumed a standard 

pellet-based diet and water without restriction. All 

animal handling and experimental procedures adhered 

to the ARRIVE 2.0 guidelines (Percie du Sert et al., 

2020) and EU Directive 2010/63/EU for animal 

research. Additionally, the UAF Institutional 

Bioethics Committee formally approved the 
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experimental protocol (No. BE-1130/ORIC/15-09-

2025). 

 

Experimental layout  
96 adult male rats (albino strain) were allocated 

randomly into eight experimental groups, with n=12 

rats per group as given below: 

Group I: Served as a control group.  

Group II: PQ-administered group was provided 

5mg/kg of PQ through oral gavage. 

Group III, IV and V: Concurrently treated groups 

labeled as PQ+OCH1, PQ+OCH2 and PQ+OCH3, 

received a constant dose of 5mg/kg of PQ along with 

varying doses of OCH at 25mg/kg, 50mg/kg and 

100mg/kg, respectively, to assess the potential dose-

related efficacy of OCH against PQ-mediated hepatic 

toxicity.  

Group VI, VII and VIII: OCH was only administered 

to the groups designated as OCH1, OCH2, and OCH3, 

which received 25, 50 and 100mg/kg of OCH, 

respectively.  

The study was conducted for 8 weeks. The specific 

OCH doses (25, 50 and 100mg/kg) were selected from 

the study performed by Wei et al. (2024), involving 

ginkgetin, a structurally similar biflavonoid with well-

documented pharmacological and antioxidative 

properties. The 5mg/kg dose of PQ was selected from 

Edward et al. (2024). Following the experimental 

period, rats were anaesthetized with xylazine (6mg/kg) 

& ketamine (60mg/kg) via intraperitoneal injection, 

and subsequently decapitated. Blood samples were 

obtained from the trunk using syringes containing 

heparin as an anticoagulant. Plasma was isolated from 

blood via centrifugation at 2000 x g for 15 minutes and 

stored at -20°C. The liver was excised and divided into 

two halves. For subsequent biochemical evaluations 

one half was stored in resealable polyethylene bags at 

-80°C, and the remaining portion was fixed in a 10% 

neutral-buffered formalin solution for 

histopathological analysis.  

 

Biochemical assay 
Antioxidant enzymes GST, CAT, HO-1, GSR, GPx, 

and SOD activities, were measured by the techniques 

of Habig et al. (1974); Aebi (1984); Tenhunen et al. 

(1968); Carlberg and Mannervik (1975); Rotruck et al. 

(1973) and Kakkar et al. (1984) respectively. GSH 

content was estimated with the help of established 

protocol of Moron et al. (1979). ROS concentration as 

well as MDA level were measured according to the 

technique of Hayashi et al. (2007) and Ohkawa et al. 

(1979) respectively.  

 

Estimation of hepatic function parameters 
Hepatic function markers such as ALP, ALT and AST 

were measured through ELISA kits bought from AMP 

diagnostics, Abcam, MA (USA). The process was 

carried out in accordance with the manufacturer’s 

instructions. 

 

Estimation of inflammatory parameters  
Key inflammatory mediators, including IL-6, TNF-α, 

COX-2, IL-1β, and NF-κB were quantified by using 

ELISA kits bought from Cusabio Technology LLC, 

Houston, Texas, USA. Every step strictly followed the 

manufacturer’s guidelines. 

 

Histopathological assessment 
Hepatic tissue samples were fixed by immersion in 

10% neutral-buffered formalin for 24 hours. 

Subsequently, tissues were dehydrated through an 

ascending ethanol gradient (80, 90, and 100%), 

encased in paraffin wax, and sectioned at a thickness 

of 4-5 µm using a microtome. Afterwards, 

hematoxylin and eosin staining was applied to the 

sections, which were then placed on glass slides using 

a permanent mounting medium. Histopathological 

assessment was performed by a pathologist blinded to 

the treatment groups to ensure an unbiased evaluation. 

Finally, a Leica microscope was employed to examine 

the prepared slides at a magnification of 200x. 

 

Statistical analysis 
Data were presented as Mean ± SE. For statistical 

comparisons, a one-way ANOVA was performed, and 

differences between groups were calculated using 

Tukey’s post hoc test via Minitab 17 statistical 

software, with significance evaluated at p < 0.05 

threshold. 

  

Results  
 

Effect of treatments on biochemical assay 
PQ administration noticeably (p < 0.05) reduced the 

antioxidant enzymes activities, whereas escalated 

MDA level and ROS concentration in PQ-exposed 

animals in comparison to the control group as 

presented in Table 1 and Table 2. Nonetheless, 

OCH+PQ co-administration improved antioxidant 

enzymes activities in a dose-related manner, while 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/alanine-aminotransferase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/alkaline-phosphatase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aspartate-transaminase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/enzyme-linked-immunosorbent-assay
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substantially reducing the concentrations ROS & 

MDA as compared to PQ-intoxicated group. 

Additionally, OCH3 at a dose of 100mg/kg exhibited 

maximum elevation in antioxidant enzymes activity. 

Notably, the OCH only treated groups displayed no 

significant change in the aforementioned markers 

versus control rats. 

 

 

Table-1. Effects of OCH and PQ treatments on hepatic antioxidant enzymes activities in albino rats. 

 

 

 

Groups 

Parameters 

CAT 

(U/mg 

protein) 

SOD 

(U/mg 

protein) 

GPx (U/mg 

protein) 

GSR 

(nM 

NADPH 

oxidized/min

/mg tissue) 

GST 

(nM/min/m

g protein) 

GSH 

(μM/g tissue) 

HO-1 

(pmole 

bilirubin/m

in/mg 

protein) 

Control 17.83±0.77abc 17.08±0.88a 30.97±1.19a 12.52±0.85a 38.49±0.68a 23.96±0.79a 459.94±7.33a 

PQ 8.17±0.58d 6.33±0.55c 10.86±0.95d 4.71±0.38c 14.84±0.87e 10.04±0.87c 79.84±3.27e 

PQ+OCH1 14.75±0.58c 10.64±0.40b 19.15±0.87c 8.80±0.60b 26.67±0.65d 15.34±0.40b 263.19±5.95d 

PQ+OCH2 15.48±0.60bc 15.01±0.79a 23.43±0.53bc 11.26±0.44ab 30.71±0.91c 17.14±0.22b 318.19±7.04c 

PQ+OCH3 17.67±0.55abc 17.41±0.53a 25.54±0.66b 11.57±0.26ab 34.67±0.79b 18.46±0.55b 384.72±8.93b 

OCH1 18.13±0.74ab 17.47±0.85a 31.25±1.26a 12.75±0.88a 38.88±0.75a 24.11±0.82a 464.29±6.99a 

OCH2 18.91±0.69a 17.82±0.88a 31.51±1.35a 12.96±0.92a 39.49±0.64a 24.21±0.79a 468.86±7.41a 

OCH3 19.88±0.47a 18.26±0.90a 32.11±1.46a 13.43±0.80a 39.82±0.69a 24.59±0.98a 471.89±8.18a 
Values represent Mean±SE. Different superscripts (a-e) within a column show statistically significant variation between the 

groups. 

 

Table-2. Quantitative assessment of oxidative stress indicators in response to treatments. 

 

 

Groups 

Parameters 

MDA (nmol/mg protein) ROS (μmol H2O2 

equivalents/mg protein) 

Control 0.59±0.20d 1.23±0.29d 

PQ 4.21±0.25a 8.14±0.51a 

PQ+OCH1 2.17±0.14b 3.71±0.27b 

PQ+OCH2 1.66±0.18bc 3.21±0.19bc 

PQ+OCH3 1.10±0.27cd 2.04±0.16cd 

OCH1 0.54±0.21d 1.14±0.28d 

OCH2 0.47±0.22d 1.08±0.31d 

OCH3 0.32±0.17d 1.01±0.34d 

Values represent Mean±SE. Different superscripts (a-e) within a column show statistically significant variation between the 

groups. 

  

Effect of treatments on serum hepatic 

parameters 
The impacts of OCH and PQ on serum hepatic 

enzymes are displayed in Table 3. Results highlight 

that, PQ intoxication remarkably (p < 0.05) raised liver 

markers (AST, ALT and ALP) levels in contrast to the 

control group. However, OCH+PQ co-treatment 

dose-dependently reduced the elevation of AST, 

ALT and ALP levels in 25, 50 and 100mg/kg 

treatment groups compared to PQ intoxicated group. 

Nevertheless, the most prominent reduction was seen 

in PQ+OCH3 group. In addition, OCH1, OCH2 and 

OCH3 only treated groups displayed no significant 

variations in liver function markers relative to the 

control group.
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Table-3.  Displays the effects of treatments on serum hepatic markers. 

 

Groups 
Parameters 

AST (U/I) ALT (U/I) ALP (U/I) 

Control 82.97±1.02e 39.53±1.34d 97.45±1.23e 

PQ 224.61±3.62a 85.64±1.10a 379.28±5.43a 

PQ+OCH1 157.83±2.70b 62.29±1.14b 284.13±4.02b 

PQ+OCH2 129.34±1.74c 56.22±1.21b 223.12±2.75c 

PQ+OCH3 113.38±2.68d 47.77±0.97c 168.45±5.18d 

OCH1 81.87±1.21e 39.13±1.47d 96.73±0.99e 

OCH2 81.22±1.56e 38.95±1.44d 95.60±0.91e 

OCH3 80.49±1.49e 38.70±1.51d 96.41±1.14e 

Values represent Mean±SE. Different superscripts (a-e) within a column show statistically significant variation between the 

groups. 

 

Effects of treatments on inflammatory 

biomarkers 
 PQ administration evidently (p < 0.05) upregulated 

inflammatory parameters (COX-2, IL-6, NF-κB, IL-

1β, and TNF-α) concentrations versus control rats. 

Nonetheless, PQ+OCH co-treatment, in a dose-related 

manner, substantially lowered the concentrations of all 

above-mentioned inflammatory indices in contrast to 

only PQ exposed group. However, the most 

pronounced reduction was observed in PQ+OCH3 co-

treated group. Furthermore, no substantial differences 

were observed in OCH1, OCH2 and OCH3 

supplemented groups versus control (Table 4). 

 

Table-4. Shows the effects of treatments on key inflammatory parameters. 

 

 

Groups 

Parameters 

NF-κB 

(ng/g 

tissue) 

TNF-α 

(ng/g 

tissue) 

IL-1β 

(ng/g 

tissue) 

IL-6 

(ng/g 

tissue) 

COX-2 

(ng/g 

tissue) 

Control 22.75±1.35d 22.51±0.59e 19.08±0.93de 9.55±0.69d 14.63±0.53d 

PQ 86.84±1.51a 93.19±1.27a 78.99±0.87a 66.91±0.73a 53.70±1.41a 

PQ+OCH1 38.42±1.19b 43.91±0.90b 35.86±0.71b 22.51±1.23b 27.94±0.86b 

PQ+OCH2 33.36±1.05bc 36.95±0.85c 29.42±1.06c 16.51±0.43c 23.71±0.60c 

PQ+OCH3 27.88±0.95cd 32.06±1.22d 22.70±0.78d 12.65±0.88cd 17.42±0.63d 

OCH1 22.50±1.41d 22.19±0.72e 18.61±0.97de 9.32±0.72d 14.44±0.48d 

OCH2 21.98±1.48d 22.05±0.47e 18.16±0.86e 9.14±0.68d 14.14±0.60d 

OCH3 21.70±1.53d 21.54±0.65e 17.86±0.91e 8.79±0.84d 13.97±0.55d 
Values represent Mean±SE. Different superscripts (a-e) within a column show statistically significant variation between the 

groups. 

 

Effect of treatments on liver histology 
Figure 1 illustrates the impacts of PQ and OCH on 

histology of liver tissues. PQ intoxication considerably 

(p < 0.05) elicited histopathological alterations, 

resulting in sinusoid dilation, damage to central 

venules, necrosis as well as obscured hepatocyte 

boundaries among PQ exposed rats as compared to the 

control rats. Conversely, concurrent treatment with 

OCH and PQ in a dose-related manner mitigated the 

severity of aforementioned histopathological changes 

and normalized the structural organization of 

hepatocytes as compared to PQ administered group. 

Nonetheless, the most prominent attenuation of 

histological damage was observed in PQ+OCH3 

group. Moreover, OCH1, OCH2 and OCH3 only 

treated groups exhibited normal histology similar to 

control rats. 
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Figure-1. Illustrates dose-dependent protective efficacy of OCH to counteract PQ prompted histological damages 

in different groups such as: A) Control, B) PQ (5mg/kg), C) PQ+OCH1 (5mg/kg+25mg/kg), D) PQ+OCH2 

(5mg/kg+50mg/kg), E) PQ+OCH3 (5mg/kg+100mg/kg), F) OCH1 (25mg/kg), G) OCH2 (50mg/kg), H) OCH3 

(100mg/kg); Sinusoidal dilation (arrow), Central Venule (CV) and pyknotic nuclei (chevron).  
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Discussion 
 

Paraquat is a widely used herbicide that exerts severe 

toxic effects on living organisms (Ghafoor et al., 

2026). Exposure to PQ causes severe hepatic injury by 

generating excessive free radicals and compromising 

the antioxidant defense system, which triggers OS 

inflammation, and degenerative histopathological 

alterations in the liver (Ijaz et al., 2024). In contrast, 

OCH is a biflavonoid known to exhibit a wide range 

of therapeutic properties (Lin et al., 2024). Therefore, 

this investigation was intended to analyze the dose-

dependent effects of OCH in combating PQ-elicited 

hepatotoxicity.  

In this work, biochemical analysis demonstrated that 

PQ intoxication markedly downregulated the 

antioxidative parameters, while escalating MDA and 

ROS levels. Antioxidant enzymes constitute 1st line of 

defense against free radicals, providing protection to 

the essential biomolecules (Roy et al., 2023). A 

reduction in the activities of antioxidant enzymes 

results in elevated ROS concentrations, thereby 

triggering OS (Jomova et al., 2024). Furthermore, OS 

induces lipid peroxidation that leads to membrane 

disruption and dysregulation of cellular functions 

(Wang et al., 2023). These findings indicate that PQ 

triggers severe oxidative imbalance and lipid 

peroxidation in hepatic tissues, aligning with earlier 

observations by Zhang et al. (2021). Contrarily, co-

treatment with OCH and PQ substantially attenuated 

the decline in antioxidant enzymes activities and 

attenuated ROS and MDA levels in a dose-dependent 

manner. These protective effects may be associated 

with the phenolic hydroxyl groups in biflavonoids, 

which enable them to scavenge free radicals and 

stabilize reactive species (Devireddy and Lakshmi, 

2026). As OCH is a biflavonoid, it is hypothesized that 

its phenolic hydroxyl groups contribute to its 

antioxidant potential.  

PQ administration considerably increased the 

concentrations of hepatic serum markers (AST, ALP, 

and ALT), indicating membrane damage and 

hepatocellular injury. Jain et al. (2023) described that 

elevated concentrations of these markers in blood 

normally indicate liver dysfunction as well as OS. The 

present findings corroborate with earlier observations 

by Chikere et al. (2025), who validated that PQ 

exposure augmented the level of ALT, AST, and ALP 

in rats. However, our data suggested that co-treatment 

with OCH and PQ in a dose-related manner markedly 

attenuated these alterations. The hepatoprotective 

efficacy of OCH may be attributed to its antioxidative 

potential and its capacity to preserve membrane 

integrity against PQ-induced cellular damage. 

Paraquat administration substantially instigated 

inflammatory cascade in hepatic tissues as 

demonstrated by augmented level of inflammatory 

indices; such as IL-1β, IL-6, TNF-α, NF-κB, and 

COX-2 in rats. During inflammatory process, NF-κB 

serves as a critical transcription factor that mediates 

the production of of IL-6, IL-1β, and TNF-α (Guo et 

al., 2024). Our results are in line with the study of 

Elkholy et al. (2023) who reported that PQ exposure 

increased the level of TNF-α and NF-κB in rats. 

Nonetheless, co-treatment with OCH along with PQ in 

a dose-related manner, lowered the concentrations of 

inflammatory indices that may be attributed to the 

anti-inflammatory properties of OCH.  

Histopathological examination of liver tissues further 

supported the biochemical observations. PQ exposure 

caused severe histological alterations such as necrosis, 

dilations of sinusoids, pyknotic nuclei and damaged 

central venules. These pathological changes are likely 

to be associated with excessive production of free 

radicals and LP in hepatocytes. Similar histological 

abnormalities following PQ exposure have also been 

previously reported in the studies of Kheiripour et al. 

(2021) and Edward et al. (2024). Conversely, OCH 

treatment substantially ameliorated these 

histopathological alterations and restored hepatic 

architecture that further supports its protective 

efficacy against PQ-induced hepatic injury. These 

ameliorative effects of OCH may be attributed to the 

free radicals neutralizing as well as anti-inflammatory 

potentials of OCH. 

 

Conclusion 
 

PQ intoxication caused hepatotoxicity via triggering 

OS, as evidenced by elevated inflammatory markers, 

hepatic serum enzymes, and oxidative stress 

biomarkers, along with downregulated antioxidant 

enzymes activities and GSH content. Additionally, PQ 

administration resulted in notable histopathological 

anomalies in rat liver tissue. Conversely, OCH 

supplementation potentially mitigated the 

aforementioned PQ-elicited injuries in a dose-related 

manner owing to its anti-inflammatory and ROS-

scavenging properties. Therefore, these findings 

suggest that OCH supplementation may exert 

protective effects against PQ-mediated hepatotoxicity 

by mitigating OS and inflammation. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/free-radical
https://www.sciencedirect.com/science/article/pii/S0040816626005240#bib41
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anabolism
https://www.sciencedirect.com/science/article/pii/S0269749121021540#bib42
https://www.sciencedirect.com/science/article/pii/S0269749121021540#bib42
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Limitations of the study 
A limitation of the current investigation is the use of 

an animal model, which may restrict direct 

extrapolation to human physiology. However, further 

clinical trials are required to translate these findings to 

humans.  
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