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Introduction: This present research was designed to investigate the anti-inflammatory and immune-modulatory effects of a 50% hydroethanolic extract of “Gola” guava fruit (GF50%) and guava leaf (GL50%) against papain-induced knee osteoarthritis (KOA).

Methods: Sixty Sprague–Dawley rats were divided into five groups (10 rats/ group): T0 (negative control), T1 (positive control), T2 (200 mg/kg GF50%), T3 (400 mg/kg GF50%), T4 (200 mg/kg GL50%), and T5 (400 mg/kg GL50%). Physical parameters were evaluated throughout the trial, while biochemical, histopathological, and radiographic analyses were performed at 0, 15, and 30 days. The histopathological and radiographic analyses were evaluated using the Osteoarthritis Research Society International (OARSI) score and Kellgren–Lawrence (KL) classification systems, respectively.

Results and discussion: The T1 group demonstrated a significant increase in knee diameter, confirming successful OA induction. The T5 group maintained a significantly lower body weight at day 30, and the T3 group exhibited the highest weight gain. The high dose of GL50% (400 mg/ kg) effectively reduced knee inflammation and significantly downregulated myeloperoxidase (MPO), interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). In contrast, it significantly (p < 0.001) upregulated the serum and knee capsule tissue superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). In addition, histopathological and X-ray examinations also confirmed the chondroprotective potential of GL50% extract against OA. Consequently, 400 mg/kg GL50% exhibited anti-inflammatory and chondroprotective potential by lowering oxidative stress and pro-inflammatory cytokines and elevating antioxidant status. These findings could provide a theoretical basis for understanding the mechanism and potential medicinal value of guava fruit and leaf in treating KOA.
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1 Introduction

Osteoarthritis (OA) is a prevalent joint disorder characterized by structural and functional changes in joint tissues, including the formation of osteophytes, degradation of cartilage, and remodeling of bone. These alterations contribute to symptoms, such as pain, stiffness, swelling, and restricted joint mobility, impacting overall joint function (Allen et al., 2022; Chen, 2022). OA is the most common disability-causing condition, and its prevalence is increasing steadily, which indicates a high social burden and increases the challenges to public health. OA affected more individuals globally than any other condition between 1990 and 2019. According to Global Burden of Disease research, the crude incidence rate of OA increased by 102% between 1990 and 2017 (Quicke et al., 2022). Estimates indicate that 303 million individuals globally suffer from OA, with 61.2 million cases reported in China in 2017 (Collaborators, 2018), and in 2019, it was the 15th leading cause of years lived with disability (YLD) globally, accounting for 2% of the total global YLDs (Hunter et al., 2020).

Although OA is one of the most common and widespread joint diseases, no promising therapy is still available (Tong et al., 2022). The primary pharmacological intervention for OA mainly revolves around acetaminophen/paracetamol, oral non-steroidal anti-inflammatory medicines (NSAIDs), and intra-articular corticosteroids (Nelson et al., 2014). The long-term use of these drugs is often associated with significant side effects and toxicities (Tong et al., 2022), and it remains a significant challenge for healthcare professionals. However, the perspicacious key underlying pathways that aggravate this disease propose a plethora of bioactive agents for tackling the OA-associated complications. Nutritional approaches are gaining attention in OA prevention. Over the past 20 years, several investigations have reported that polyphenols have an advantageous function in the management of different diseases, e.g., cancer, ulcer, OA hypercholesterolemia, and toxicity, alleviating oxidative stress (Ansari et al., 2020; Ara et al., 2022; Degla et al., 2022; Mubashir et al., 2022; Nworah et al., 2022; Salsabil et al., 2022; Sirše, 2022; Swantara et al., 2022; Widowati et al., 2022; Choudhary and Tahir, 2023). Gola guava fruit and leaf (Psidium guajava L.), a member of the family Myrtaceae, possess untapped phytochemicals, e.g., gallic acid, kaempferol, ellagic acid, quercetin, chlorogenic acid, ferulic acid, ascorbic acids, m-coumaric acid, p-coumaric acid, syringic acid, and vitamin C (Nuerjiang et al., 2023). These compounds hold anti-inflammatory and antioxidant potential to repress the reactive oxygen species (ROS) and pro-inflammatory cytokine production in chondrocytes, cartilage explants, and animal OA models (Ansari et al., 2020; Sirše, 2022). Due to their potential to mitigate the OA, guava fruit and leaf antioxidant compounds are under consideration (Shahid et al., 2022a). Several studies have shown that a 50% hydro-ethanolic solvent is more appropriate to extract the bioactive compounds (ellagic acid, gallic acid, quercetin, kaempferol, chlorogenic acid, ferulic acid, ascorbic acids, m-coumaric acid, p-coumaric acid, syringic acid, and vitamin C) because of its higher capacity for extracting guava bioactive components than any other solvents (Seo et al., 2014; Tanideh et al., 2017). Another current study suggested that a 50% hydroethanolic solvent is more effective in extracting the bioactive compounds from guava fruit and leaf compared with a 70% hydroethanolic extract (Shahid et al., 2022b). Thus, this study was designed to evaluate the anti-inflammatory and immune-modulatory potential of a 50% hydroethanolic extract of white “Gola” guava fruit (GF50%) and guava leaf (GL50%) at various concentrations using a papain-induced osteoarthritis Sprague–Dawley rat model after considering this evidence. Several analyses were performed in this study, including serum and knee tissue superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and myeloperoxidase (MPO), to assess the oxidant and antioxidant levels. The immunomodulatory effects of GL50% and GF50% were assessed by evaluating interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) levels. Radiography and histopathological examinations were also performed at 0, 15, and 30 days of experiment, to examine the damage and recovery in the knee joint.



2 Materials and methods


2.1 Extract preparation

The hydroethanolic extracts of white “Gola” guava fruit and leaf of were prepared with distilled water and ethanol, with a concentration of 50%. The white “Gola” fruit and leaf were washed, diced, or sliced, and then dried in a dehydrator (Model R-5A, Commercial Dehydrator Systems, INC., United States) at 54°C for 48 h. The dried “Gola” guava fruit and leaf were finely ground using a blender (Model 31BL92, New Hartford, CT) (Patel et al., 2016). Then, 100 g of dried powder samples of the plant material was soaked in a mixture of ethanol and water with a volume ratio of 50:50. After 4 days, the samples were filtered using Whatman filter paper No. 4, and the resulting filtrates were concentrated at a temperature of 50°C using a rotary evaporator (VP-30, LabTech, Inc., Sorisole, Northern Italy). The resulting filtrates were freeze dried and stored at a − 18°C until further examination (Seo et al., 2014). Using this approach, the extracts were prepared and labeled as GF50% (4.76% yield) and GL50% (4.13% yield).



2.2 In vivo study

The Sprague–Dawley rats, weighing between 150 and 160 grams, were obtained and accommodated within the animal facility at the National Institute of Food Science and Technology, University of Agriculture Faisalabad, Pakistan. These rats were maintained at a consistent room temperature of 27 ± 2°C, following a 12-h light and 12-h dark cycle. Rats were acclimatized for the first week before being given intervention the following week. The biochemical parameters were tested on the 0th, 15th, and 30th days of experiment, while the physical parameters were evaluated throughout the trial. Rats were handled following the National Biosafety Regulations of 2005, Punjab Biosafety of 2014, Punjab Animal Health Act of 2019, and Bioethics Protocol guidelines (Tauser, 2003; Gupta et al., 2008). The study was approved by the Institutional Biosafety and Bioethical Committee (IBC, Ethical Issue No. 7990), UAF, Pakistan.


2.2.1 Induction of osteoarthritis

A 4% papain solution (Sigma, United States) with a 0.03 M cysteine solution (Sigma, USA) was prepared in distilled water for the OA model. In total, 0.2 mL of 4% papain was mixed with 0.1 mL of 0.03 mol L-1 L-cysteine and allowed to stand for half an hour. Then, 20 mL of papain-mixed solution was injected into the articular cavity of both knees on the 1st, 4th, and 7th days to induce OA (Murat et al., 2007).



2.2.2 Treatment plan

Sixty subjects were collected randomly and separated into groups (10 rats/group). Group T0 served as a control group. The experimental group was further divided into five groups: T1, T2, T3, T4, and T5, and all groups had osteoarthritic subjects. The T1 group contained osteoarthritic rats who were fed on a regular diet, while T2 subjects were given 200 mg/kg GF50% orally. The T3 group subjects were fed 400 mg/kg GF50%; the T4 group was treated with 200 mg/kg GL50% orally. T5 group subjects were given orally 400 mg/kg GL50%. All these groups were treated for 30 days and fed the standard diet with GF and GL extracts, except the control groups who were fed only the regular diet. Baseline values of the rats’ biochemical parameters after acclimatization were determined by decapitating the three animals. Three rats from each group were sacrificed to get the midline values for the biochemical parameters.



2.2.3 Body weight

The rats were weighed at the beginning of the trial and every third day using an electronic balance (AW320, Shimadzu, Tokyo, Japan) (Albus, 2012).



2.2.4 Knee diameter

The knee inflammation and anti-inflammatory effects of the extract were determined by measuring the knee diameter of every rat after 3 days using a digital caliper (Mitutoyo Absolute Digimatic 150 mm, Japan). The hair around the knee joints was trimmed to ensure accurate palpation of the knee. Then, the joints were disinfected before measuring the diameter, and the diameter of the osteoarthritic knee joint was measured and compared with the healthy rat’s knee joint diameter (Bar-Yehuda et al., 2009).



2.2.5 Serum and tissue oxidant/antioxidant assessment

Serum and knee tissue samples from the rats were obtained in order to assess the levels of antioxidant enzymes, specifically SOD, CAT, and GPx. The experimental rat samples were carefully excised and homogenized in a 50 mM phosphate buffer with a pH of 7.4. The homogenates were then subjected to centrifugation (Eppendorf® Centrifuge 5,804, Hamburg, Germany) at 5,000 rpm for 20 min, followed by cooling at a temperature of 4°C. The resulting supernatants were transferred to Eppendorf tubes and stored at −40°C for subsequent analysis (Wu et al., 2022). The SOD activity of serum (U/ml) and knee tissues (U/mg) was estimated by following the method described by Dawood et al. (2020). The catalase activity of the rat’s serum (U/ml) and knee tissues (U/mg) was assessed based on hydrogen peroxide (H2O2) decomposition (Sinha, 1972). The serum GPx (U/ml) activity was assessed using the method described by Pilarczyk et al. (2012). According to the protocol, MPO (mU/mg) activity in knee was assessed using H2O2 solution (De Young et al., 1989). The absorbance of the samples was measured via UV–VIS spectrophotometer (PG Instruments, T80, United Kingdom).



2.2.6 Immunochemical analysis

Several blood biomarkers, such as TNF-α, IL-1β, and IL-6, were assessed using the sandwich enzyme-linked immunosorbent assay (ELISA) method (Zhao et al., 2015). For that analysis, blood samples obtained from the secondary aorta subjected to centrifugation at 100 × g for 15 min, and the resulting supernatants were used immediately to quantify TNF-α (pg/ml), IL-1β (pg/ml), and IL-6 (pg/ml) using ELOSA DSX best 2000® microtiter plate and the ELISA kits (MyBioSource, Inc.).



2.2.7 Radiography analysis

An X-ray examination was performed on osteoarthritic and control groups to examine changes in the knee joint on 0th, 15th, and 30th days of the experiment. The anesthetized rats were moved onto the animal bed and performed X-ray imaging in their dorsal recumbent position, and the results were evaluated according to the Kellgren–Lawrence (KL) classification system, which consisted of four grades (0–4): grade 0 (normal joint), grade 1 (doubtful), grade 2 (minimal), grade 3 (moderate), and grade 4 (severe) (Luijkx and Pai, 2016).



2.2.8 Histopathological examination

The joints were removed for histopathological examination and fixed in 4% paraformaldehyde at room temperature for 2 h. Then, decalcification was performed using a 10% ethylenediaminetetraacetic acid (EDTA) solution. Decalcification took 4 weeks and was performed at room temperature. From knee joints, 5 μm thick serial sections were cut after dehydrating and embedding these sections in paraffin. Before staining, paraffin wax was removed by xylene and xylene substitutes which enable Hematoxylin–Eosin (H&E) (Muto, Japan) staining of tissues in the aqueous hematoxylin solution (Feldman and Wolfe, 2014). By fluorescent microscopy (BX51, Olympus, Japan), images were captured at 40X, and the damage to the knees due to OA was assessed by the Osteoarthritis Research Society International (OARSI) scoring system (Gerwin et al., 2010) (Supplementary Data 1).




2.3 Statistical analysis

The experimental data in this study were the average of triplicate replications and were analyzed by applying two-way analysis of variance (ANOVA), and the results were reported as mean ± standard deviation. Tukey’s HSD test was employed to determine the statistical difference among groups. SPSS 20.0 software (IBM Corp., Armonk, NY, United States) and GraphPad Prism 5.04 (GraphPad Software Inc., USA) were used to evaluate the data at a p-value of <0.05. Additionally, the effect size was expressed as standardized mean differences (Cohen’s d) (Montgomery, 2019).




3 Results


3.1 Body weight

The effect of treatments on the body weight of papain-induced osteoarthritis rats was observed. As shown in Figures 1A,B, statistically highly significant differences (p < 0.01) in body weight were found across all groups. The body weight was markedly increased in the T3 group followed by the T2 group. A significant decrease in weight was observed in the T5 group, followed by the T4 group. However, no significant difference in body weight was observed between the negative and positive control groups.
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FIGURE 1
 (A,B) Effect of GL50% and GF50% extracts on (A) weight (g) and (B) knee diameter (mm) of papain-induced osteoarthritis rats. T0: control group, T1: positive group, T2: 200 mg/kg GF50%, T3: 400 mg/kg GF50%, T4: 200 mg/kg GL50%, T5: 400 mg/kg GL50%. All values are mean ± SD of 10 rats in each group. Dissimilar letters indicate a significant difference (p < 0.05).




3.2 Knee diameter

The knee diameter of papain-induced osteoarthritis rats was measured throughout the study, to evaluate the anti-osteoarthritic potentiality of GF50% and GL50%. Highly significant differences were found among all treatment groups (p < 0.01). The knee joint diameter in the T5 group significantly decreased compared with other treatment groups at the end of the study. The knee joint diameter of the T4 group was significantly smaller than the T2 and T3 groups at the end of the study, as shown in Figures 1A,B.



3.3 Serum and tissue oxidant/antioxidant assessment

As presented in Table 1, the results show that papain significantly plummeted the serum antioxidants level (sSOD, sCAT, and sGPX). Non-significant differences were found in the negative control group, whereas significant differences were found among all treatment groups (p < 0.01). A significantly higher (p < 0.001) level of serum SOD, CAT, and GPX was found in the T5 group than other treatment groups. The T4 group has lower serum antioxidant level than the T5 group. In contrast, the T2 group exhibited a plummet level of serum antioxidants compared with the T3 group. A similar trend of the antioxidant and oxidant contents for the knee capsule tissue has been found. Figures 2A,B presented a significantly high (p < 0.001) level of knee MPO and significantly low level of knee SOD in the T1 group. The knee capsule tissue SOD significantly (p < 0.001) leaped while knee capsule MPO significantly decreased than other treatments.



TABLE 1 Serum values (mean ± SD) of SOD (U/ml), CAT (U/ml), GPX (U/ml), TNF- α (pg/ml), IL-1 β (pg/ml), and IL-6 (pg/mL) of papain-induced osteoarthritis rats treated with GL50% and GF50% at different doses.
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FIGURE 2
 (A,B) Effect of GL50% and GF50% extracts on (A) kMPO (mU/mg) and (B) kSOD (U/mg) of papain-induced osteoarthritis rats. T0: control group, T1: positive group, T2: 200 mg/kg GF50%, T3: 400 mg/kg GF50%, T4: 200 mg/kg GL50%, T5: 400 mg/kg GL50%. All values are mean ± SD of 10 rats in each group.




3.4 Immunochemical analysis

As presented in Table 1, the results show a significantly high (p < 0.001) activity of TNF-α, IL1-β, and IL-6 in the T1 group compared with the positive control group. TNF-α, IL1-β, and IL-6 concentrations in the T5 group were significantly lower compared with other treatment groups. The intra-comparison of the T2 and T3 groups manifested that the T3 group exhibited a plummet level of TNF-α, IL1-β, and IL-6 compared with the T2 group, and the T5 group has significantly lower concentrations of TNF-α, IL1-β, and IL-6 than the T4 group.



3.5 Radiography analysis

The radiographic analysis (Figures 3, 4) conducted on the 15th and 30th days of the experiment revealed that the knee joints of the T0 group were in a healthy condition with normal articular surfaces, graded as “0” according to the KL classification system. Groups T1, T2, and T3 exhibited the development of osteophytes and marked joint space narrowing (JSN), and these radiographs were graded as “4.” Group T4 has multiple osteophytes and was graded as “3.” Group T5 has mild damage with possible JSN, and this radiograph is graded as “2.” The radiographs of groups T2 and T3 on day 30 showed a minor improvement and were graded as “4.” The overall joint health and medical conditions in groups T4 and T5 showed substantial improvement at the end of the study. The group T4 was graded as “3.” In group T5, the bone surface returned to a nearly normal state, yet it exhibited possible JSN and minor reactive alterations and was graded less than “1” but not “0,” according to the KL classification.
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FIGURE 3
 Comparative X-rays of papain-induced osteoarthritis rats treated with GL50% and GF50% on day 15 of the experimental study. T0 (control group) has no structural changes or joint space narrowing (JSN); T1 (positive group) has marked JSN, severe sclerosis, and osteophytes; T2 (200 mg/kg GF50%) has structural deformities, severe sclerosis, and JSN; T3 (400 mg/kg GF50%) has definite JSN, moderate osteophytes, and sclerosis; T4 (200 mg/kg GL50%) has osteophytes, sclerosis, and definite JSN; T5 (400 mg/kg GL50%) has JSN and osteophyte.


[image: Figure 4]

FIGURE 4
 Comparative X-rays of papain-induced osteoarthritis rats treated with GL50% and GF50% on day 30 of the experimental study. T0 (control group) has no radiographic features of OA; T1 (positive group) has large osteophytes, marked JSN, and severe sclerosis; T2 (200 mg/kg GF50%) has osteophytes, structural deformities, definite JSN, and severe sclerosis; T3 (400 mg/kg GF50%) also has definite JSN, osteophytes, and sclerosis; T4 (200 mg/kg GL50%) has multiple osteophytes, possible JSN, and sclerosis; T5 (400 mg/kg GL50%) has doubtful JSN.




3.6 Histopathology

Histopathologic samples collected on the 15th and 30th days of the study were observed to evaluate the osteoarthritis-related lesions (Figures 5, 6), respectively. On the 15th day of the experiment, the T0 slide indicated the knee joint as entirely normal with smooth articular surfaces, and this slide scored “0” according to the OARSI score system. In the T1 group, evident basophilic infiltration, chondrocyte proliferation, and irregular areas of fibro hyaline cartilage, marked by the black arrowhead, were observed. According to the OARSI score system, the damage is almost 75%; thus, the T1 slide can be scored as “5”. Group T2 slide showed basophilia and fissures in the cartilaginous matrix. Osteophyte formation is also evident in this group and is scored as “5”. The irregularly organized cluster of some newly deposited chondrocytes is conspicuous in the T3 group, with vertical clefts in the calcified cartilage extending to 50% of the articular cartilage. This slide is scored as “4”. The newly deposited chondrocytes in an irregular pattern corroborate the regeneration of cells in the T4 group with fissures, and this slide is scored as “4”. The slide of the T5 group is scored as “2” as minimal degradation is evident with newly formed chondrocyte depositions and arrangements. The cartilage cell development over the calcified region is better in this slide than in all previous slides.

[image: Figure 5]

FIGURE 5
 Comparative histomicrographs of papain-induced osteoarthritis rats treated with GL50% and GF50% on day 15 of the experimental study. T0 (control group): Normal articular structure with intact surface and chondrocytes; T1 (positive group): Complete cartilage erosion, severe proteoglycan loss, and matrix discontinuity; T2 (200 mg/kg GF50%): hypocellularity in transitional and radial zones, and clefts until tide mark; T3 (400 mg/kg GF50%,): Cartilage erosion, fissure, and proteoglycan loss; T4 (200 mg/kg GL50%,): proteoglycan loss and cartilage loss; T5 (400 mg/kg GL50%): Small fibrillations without loss of cartilage.
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FIGURE 6
 Comparative histomicrographs of papain-induced osteoarthritis rats treated with GL50% and GF50% on day 30 of the experimental study. T0 (control group): smooth surface and regular chondrocytes; T1 (positive group): matrix discontinuity, disorganized chondrocytes, cartilage, and proteoglycan loss; T2 (200 mg/kg GF50%): matrix discontinuity and cartilage loss; T3 (400 mg/kg GF50%,): fibrillation, fissures, and inflammatory infiltration; T4 (200 mg/kg GL50%): Fibrillation and fissures; T5 (400 mg/kg GL50%): intact surface with minor superficial fibrillation.


On the 30th day of research, the score remained the same for the T0 group. However, the score for the T1 group increased from “5” to “6”, and the score for the T2 group did not change. The T3 group showed healing, but its score did not decline from “4”. The T4 group slide received a score of “3”. While tremendous histopathological improvement is prominent in the T5 group, it secured a score close to “0” (Supplementary Data 2).




4 Discussion

In the current study, 50% hydroethanolic “Gola” guava fruit and leaf extracts were prepared and their anti-inflammatory and immunomodulatory activities were evaluated against the papain-induced knee OA (KOA) rat model. Papain injection is the most common and popular drug used for establishing the OA animal model analogous to OA in humans. The advantages of this model are high success rate, quick modeling time, and strong repeatability (Cheng et al., 2019). Excessive weight gain, or obesity, is a decisive risk factor for OA. The OARSI recommendations for KOA observed that weight loss was suggested as a primary treatment in 13 worldwide recommendations (Wu et al., 2022). A high body mass index is a risk factor for KOA and OA (King and March, 2013). Because of this close relationship between weight and KOA, weight gain and loss patterns were observed in this study. A significant difference in the body weight of osteoarthritic rats fed on GL and GF extracts was observed, as agreed with the previous study, which reported that low weight was observed in the group fed on guava leaf extract (Kawasaki et al., 2018). These findings concord with the result of our study, as high weight gain was not observed in rats fed on GL extract compared with groups fed on GF extract (T3 and T2), which showed the weight gain trend. The findings of another study justified the low weight gain trend in rats (T4 and T5) fed on GL extract (Rahman et al., 2013). This previous study incorporated the GL meal into the broiler’s diet to assess its effect on broiler growth and found that 2.5 to 4.5% GL meal significantly decreased broiler fat. Oliveira et al. (2018) investigated the effect of guava fruit byproducts on broiler weight. After 7 days, the trial showed a significant weight gain. Adding guava fruit waste to a broiler diet linearly boosted weight gain. As guava fruit byproduct integration increased, the thiobarbituric acid reactive substances (TBARSs) declined to 0.72%, showing enhanced lipid stability in thigh meat (Oliveira et al., 2018). These findings concord with the current study results, as the rats of T3 and T2 groups fed on “Gola” guava fruit extracts demonstrated the highest weight gain at the end of the study.

Inflammation of joints is a clinical feature of OA, and now more than ever, the role of inflammation in the development and progression of OA is widely accepted. In many studies on OA, joint diameter is used as an evaluator parameter to assess the anti-inflammatory effect of the active ingredient (Möller et al., 2019). The current study used papain injections in the articular cavity to induce OA. The knee diameter of the T0 group was significantly smaller compared with the T1 group, which showed that T1 recapitulated the OA features, manifesting the successful induction of OA through papain injections (Murat et al., 2007). After 30 days of extract administration, rats fed on GL (T5 and T4) had a significantly smaller knee diameter than rats fed on GF (T2 and T3). The intra-comparison of the groups T4 (200 mg/kg GF50%) and T5 (400 mg/kg GL50%) manifested that a high dose of GL50% 400 mg/kg was more effective in reducing the inflammation than 200 mg/kg GL50%. The results of this study agree with the previous study, which manifested the anti-inflammatory properties of guava leaf extract (Weni et al., 2011). In vitro investigations have demonstrated the capacity of guava leaf extract to diminish the expression of pro-inflammatory mediators induced by lipopolysaccharide, suggesting its potential benefits for enhancing biological cell activity (Choi et al., 2008). The result of the current study corroborated that GL50% at a high dose (400 mg/kg) has significantly higher anti-inflammatory potential than GF50%, and the justification for this result is that guava leaves have a higher polyphenol content (gallic acid, ellagic acid, etc.) than guava fruit (Zhao et al., 2022), which signifies the anti-inflammatory properties by suppressing the expression of the cyclooxygenase-2 (COX-2) enzyme (Umesalma and Sudhandiran, 2010).

Due to the eccentric nature of OA, the pathophysiological basis of OA is not yet fully understood, although the incrimination of reactive oxygen species (ROS) in its pathogenesis is evident. The adverse effects of ROS are usually blocked by the natural antioxidant defense system of the body, including SOD, CAT, and GPx. However, in the pathological state of OA, either the antioxidant levels deplete or/and excess ROS accumulates in cartilage and synovium, disrupting the equilibrium between antioxidants and oxidative stress level (Gui et al., 2022). The result of the study showed that rats in the group T5 that were fed a high dose of GL extract (400 mg/kg) have elevated serum and joint capsule SOD, CAT, and GPx than the rats fed on a lower dose of GL extract (T4) and GF extract (T2, and T3). The restoration of antioxidant level to the standard levels in the T5 group indicates that a 400 mg/kg GL50% extract has a high antioxidant activity. The findings of this study similar to numerous other studies signify that ellagic acid, quercetin, and gallic acid are the principal antioxidants in guava leaves that repress oxidative stress and inflammation (Vijayababu et al., 2006; Naseer et al., 2018; Sampath Kumar et al., 2021). Wen et al. (2015) concluded this study that gallic acid ascends the serum SOD level and has a chondroprotective role that can be used as a potential drug for OA. A review conducted in 2019 elucidated the role of gallic acid in oxidative stress reported that gallic acid significantly alleviates the oxidative stress and elevates the GPx level (Gao et al., 2019). Oral administration of quercetin repressed the bone loss of diabetic osteopenia by significantly increasing urinary deoxypyridinoline, serum GPx, SOD, CAT, alkaline phosphatase activity, and osteocalcin in diabetic rats (Liang et al., 2011).

One of the decisive pro-inflammatory cytokines involved in the pathogenesis of OA is IL-1β, which activates the major signaling pathway NFκB, and then, NFκB activates the synthesis of various pro-inflammatory cytokines, such as TNF-α and IL-6 (Grässel and Aszodi, 2019; Sirše, 2022; Socol et al., 2022) According to Vincent (2020), a number of therapeutic research studies have shown that blocking the IL-6 declined the OA progression. The current research outcomes ascertained the potential of “Gola” guava leaf extract to repress the IL-1β, IL-6, and TNF-α that are crucial in OA pathogenesis. A significant increase in inflammatory cytokines was discernible in the group T1 on the 15th and 30th day of the study. The results of this study are similar to previous studies. El-Seweidy et al. demonstrated that TNF- α expression is high in osteoarthritic rats compared with the negative control groups (El-Seweidy et al., 2016). These findings supported the current study’s TNF- α expression result, which was higher in osteoarthritic rats than in the negative control group. These findings supported the current study’s TNF- α expression result, which was higher in osteoarthritic rats than in the negative control group. While the rats fed a high dose of GL50% (400 mg/kg) had significantly lower expressions of TNF-α, IL1-β, and IL-6 than the rats fed a lower dose of GL50% (T4) and GF50% (T2, and T3), indicating the potential of “Gola” guava leaf extract (400 mg/kg) in attenuating the inflammatory cytokines. The result of the study similar to a previous study manifested that guava leaf extract significantly suppressed the lipopolysaccharide (LPS)-induced pro-inflammatory cytokine expression in RAW 264.7 macrophages. Furthermore, guava leaf extract also suppressed TNF-α, IL1-β, and IL-6 significantly in different animal models of inflammation (Jang et al., 2014). Another author stated that gallic acid can significantly alleviate TNF- α and IL-6 expression and protect against inflammation (Wu et al., 2022). Quercetin, gallic acid, and ellagic acid repress the inflammatory cytokines, but particularly ellagic acid suppresses IL-6 and TNF- α expression in LPS-treated RAW 264.7 cells (Seo et al., 2016).

The radiographs of rats at 0th, 15th, and 30th days of the experiment manifested the healing potential of “Gola” guava leaf extract for OA-affected joints. A greater degree of healing was observed for T5 than T4, T3, and T2 groups. The result of the current study is in accordance with previous studies that “Gola” guava leaf extract has ameliorative potential to alleviate OA progression (Kakuo et al., 2018; Kawasaki et al., 2018).

A histological assay is crucial for evaluating the changes and degradation of the joint tissue caused by degenerative joint diseases in animal and human models. The histological characteristics of diseases are critical and well suited for demonstrating the alteration in the early stage of OA (Grässel and Aszodi, 2019). For accurate histological assessment, the staining method is crucial. Various staining methods are recommended, but we used Hematoxylin and Eosin (H&E) because it is sensitive enough to demarcate the chondrocytes, tidemark, and other important features critical to accurately assess the articular cartilage damage (McNulty et al., 2011). In this current study, on the 15th and 30th days of the research, the cartilage matrix can be observed as normal across the slide, which is also marked with an arrowhead in T0 slide. In the T1 group, the severe basophilia and chondrocyte proliferation were profound in this slide; the black arrowhead marked these small, packed cyst-like enclosures. The calcified cartilaginous tissues are prominent in this slide. These findings supported the previous study that articular cartilage destruction aggravates in papain-induced OA rats over time (Cheng et al., 2019). Another study also aligned with the current findings and reported that papain caused condyle deformation, middle-layer chondrocyte disorientation, deep zone proliferation, and increased extracellular matrix which worsen with time (Molinet et al., 2020). The T3 and T4 slides showed irregularly arranged clusters of some locally deposited chondrocytes, upregulated cellular growth, and ossification, whereas the T4 slide showed greater healing than the T3 slide. However, the chronicity of this disease was not fully cured with these extracts. The T5 slide has highly irregularly distributed subchondral bony tissue development, which indicated significant healing and recovery in that slide on the 15th day. On the 30th day, this slide depicted the preeminent improvement compared with all other slides. The papain-induced KOA substantially improved with a higher dose of “Gola” guava leaf extract, and on the 30th day of the experiment, the structure of that slide is analogous to the negative control slide. Damage and regeneration for that slide can be rated slightly lower than “1” but not “0” on the OARSI scale (Supplementary Data 3).

This improvement corroborates that “Gola” guava leaf extract exhibited a dose-related effect for healing of OA-affected structures based on both histopathological and radiological features; a greater degree of healing was observed after 400 mg/kg treatment than that after 200 mg/kg treatment. In another study, the same trend has been observed in KOA histograms that guava leaf extract enhances the regeneration of chondrocytes and cartilage tissues (Kawasaki et al., 2018). Based on the findings of that study, it can be deduced that GL50% at a high dose can suppress inflammation by repressing the inflammatory cytokines, reducing the activation of the immune response, and elevating the natural antioxidants more than GF50%. The explanation for the result is that guava leaves have a higher polyphenol content than guava fruits (Gerwin et al., 2010). Shahid et al. (2022b) also found that 50% “Gola” guava leaf extract has higher antioxidant and polyphenol contents than 50% “Gola” guava fruit extract.



5 Conclusion and future perspective

The findings of this study suggest that GL50% has higher therapeutic and restorative effects than GF50% in treating papain-induced OA in rats because of its higher antioxidant and polyphenol contents than GF. GL50% at a high dose (400 mg/kg) showed that chondroprotective effects were mediated by the modulation of pro-inflammatory mediators (TNF-α, IL-1β, and IL-6) and antioxidant/oxidative stress markers (SOD, CAT, GPx, and MPO) without endangering hepatic or renal health (Supplementary Table S1). However, it should be noted that this study has examined only Sprague–Dawley rat models; therefore, at present, it is not clear if there are unwanted side effects in practical clinic applications. Due to time and funding constraints, we did not study the potential of “Gola” guava fruit and leaf extract to mitigate the inflammatory cytokines in synovial fluid and its effect on gene expression in the OA models. Therefore, further studies are required to investigate the effects of guava fruit and leaf extract in modulating gene expression pathways involved in OA and evaluate bioavailability, pharmacokinetic activities, and interaction of active compounds with other compounds. Future studies of guava fruit and leaf extract should focus on their synergistic effects in combination with other conventional therapies. These investigations are crucial to understand the potential benefits and limitations of these extracts for OA treatment in humans, which can pave the way for the formulation of functional foods and drugs from “Gola” guava leaf extract.
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I 10.06£0.583* 0,001 10.06+1.032% 0.40° 10.02£0.643%
T2 7390722 054 73541322 vy 734£1.032%

T3 9.35:41.001™ 050 930 1492 008" 9.29:+1.302%
T4 81220073 2894 57740843 087 572£1.021%

TS 4540583 0,001 45420922 163 44620643

TNE-a (pg/mL)

To 30.27 £0.943% 0.074 30.29+0.742" 4910 31.78+0.722"
T1 30.25£0.753% 19.277 66.32+1.045™ 30.637 86.64+1.001%
T2 30.31£0.292* 30,987 70.02+1.053* 1584 58.93+0.073%
T3 30.24+0.854M" 22267 67.22+0.492%" 28.08 48.34+0.583™
T4 30.32£0.744 29.73A 69.65+0.7434% 043 55.42+0.983%
T5 30.34+1.0424 79.207 54.37£0.742°" 34.83 35.43+1.032°"
11§ (pg/mL)

To 97.52£0.933¢ 3.290 100.73+0.643" 0.10n 100.83 +1.492°
TL 96.31+0.892™ 10.467 202.69+1.322" 26.78" 256.98+0.843%
”n 99.51+1.0424 19.724 218.6410.743% 1418 187.64£0.922%
T3 97.9741.954%" 01517 197.42£0.492% 495" 187.64+0.742%"
T4 98.02+0.833" 22930 218.51+0.843% 20.19° 174.40 £0.643%
TS 99.39+1.0224 32,007 131.19£0.733™° 20,83 103.86+ 1,032
1L-6 (pg/mL)

TO 6.0410.853" 0.067 6.04:+0.854" 0.330 6.06+1.021°
T1 6.0410.984" 25.180 19.63+0.593% 41.877 27.85+0.643%
T2 6.06+0.843% 96.977 24.06+1.422% 20.55 19.11+1.492%
R 6.04£0.892" 89.290 23.51£0.733%* 1871 19.11£1.032"*
T4 6.0411.042% 04317 24.41£0.754" 32.98 16.36:+1.302
TS 5.99+1.954™" 90.827 17.4240.583™" 42,63 9.99+0.722%"

T,: Control group, T: Positive group, T 200 mg/kg GES0%, T.: 400 mg/kg GF50%, T.: 200 me/kg GLS0%, T:: 400 mefkg GLS0% sSOD, SerumSuperoxide dismutase; SCAT, serum catalase;
SGPX, serum Glutathione peroxidase; TNF- @, Tumor necrosis factor- @ IL-1 , Interlekuin-1 i IL-6, Inerlekuin-6. Capital letters show comparison between T,and T, Smallleters show
comparison between T, and T;, Colored letters show comparison between T, and Ts. Effect DO-DIS: (40-y15)/SD, Effect DI5-30: (415-y30)/SD,  Effect size increase; " Effect size decrease.
Means sharing the same letters in a column are non-significantly different from each other at a p-value of <0.05.
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