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					ABSTRACT  

					ARTICLE INFO  

					Di-(2-ethylhexyl) phthalate (DEHP) is a plasticizer widely used in industrial products and known  

					to induce liver dysfunction and immune imbalance through oxidative stress and inflammation.  

					This study aimed to evaluate the protective effects of Moringa oleifera leaf extract (MOLE)  

					against DEHP-induced hepatic and immunological toxicity in rats. Thirty five male Rattus  

					norvegicus were divided into five groups: KN (normal control): 5% DMSO; K− (negative  

					control): DEHP 200 mg/kg body weight (bw); K+ (positive control): DEHP 200 mg/kg bw +  

					quercetin 20 mg/kg bw; P1 (treatment 1): DEHP 200 mg/kg bw + MOLE 200 mg/kg bw; P2  

					(treatment 2): DEHP 200 mg/kg bw + MOLE 400 mg/kg bw.. All treatments were administered  

					orally for 28 consecutive days. Liver enzymes (ALT, AST), inflammatory analysis (NF-κB, TNF-  

					α, and IL-6), and hematological parameters (leukocyte count, lymphocyte and monocyte  

					percentages) were analyzed. DEHP exposure significantly elevated serum ALT and AST levels,  

					increased NF-κB, TNF-α and IL-6 concentrations, and caused leukocytosis with a decrease in  

					lymphocyte percentage and increase in monocytes. Treatment with MOLE, especially at 400  

					mg/kg bw, significantly restored liver enzyme levels, reduced inflammatory markers, and  

					normalized hematological profiles, bringing the values closer to those of the control group. MOLE  

					demonstrates potential hepatoprotective and immunomodulatory effects against DEHP-induced  

					toxicity. These findings suggest that MOLE may possess anti-inflammatory and  

					immunomodulatory potential, as evidenced by the reduction of NF-κB, IL-6, and TNF-α levels.  

					Further studies are recommended to elucidate the molecular mechanisms and optimize its  

					formulation for biomedical applications.  
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					Once released into aquatic and terrestrial environments, DEHP  

					bioaccumulates through the food chain, thereby increasing the risk of  

					Introduction  

					Di-(2-ethylhexyl) phthalate (DEHP) is a phthalates most commonly  

					used as a plasticizer to enhance the flexibility of polyvinyl chloride  

					(PVC). DEHP is extensively present in a wide range of domestic  

					products, medical equipment, children toys, food containers, and  

					construction materials. As an endocrine-disrupting chemical, DEHP has  

					raised global concern due to its ability to interfere with hormonal  

					regulation, immune function, and metabolism in both experimental  

					animals and humans1,2. Exposure to DEHP can occur through ingestion,  

					inhalation and dermal absorption, with oral intake being the  

					predominant route since DEHP readily leaches from plastic-containing  

					food packaging.  

					chronic exposure in animals3. Following absorption, DEHP is  

					hydrolyzed into monoethylhexyl phthalate (MEHP), a mono substance  

					that is more toxic than the original. MEHP is taken up in the systemic  

					circulation and accumulates in vital organs such as liver, kidney, testis,  

					and immune tissues, where it induces a harmful effects4.  

					Hepatotoxicity is one of the main manifestations of DEHP intoxication,  

					as the liver is the primary site of xenobiotic biotransformation5. In vivo  

					studies have demonstrated that DEHP exposure induces oxidative stress  

					in the liver by increasing reactive oxygen species (ROS) levels,  

					reducing antioxidant defenses such as superoxide dismutase (SOD),  

					catalase (CAT), and glutathione peroxidase (GPx), and activating  

					proinflammatory signaling pathways including nuclear factor κB (NF-  

					κB) and the NLRP3 inflammasome6. Similarly, in vitro studies have  

					shown that long term low dose DEHP exposure alters the sensitivity of  

					hepatic stellate cells (HSCs)7. These disturbances lead to hepatocyte  

					injury, as indicated by increased serum alanine aminotransferase  

					(ALT) and aspartate aminotransferase (AST), along with pathological  

					features such as necrosis, steatosis, and inflammatory cell infiltration3.  

					Beyond hepatotoxicity effects, DEHP also impairs immune  

					homeostasis, disrupting both innate and adaptive immune responses.  

					Experimental studies in rats have reported altered leukocyte profiles,  

					reduced lymphocyte counts, and elevated monocytes and neutrophils  

					hallmarks of systemic inflammation accompanied by increased  
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					proinflammatory cytokines such as tumor necrosis factor alpha (TNF-  

					α) and interleukin-6 (IL-6)8,9. These findings are of particular clinical  

					relevance, since chronic DEHP exposure in humans has been associated  

					with liver dysfunction and immune imbalance.  

					filter paper and concentrated with a rotary evaporator at 40ꢀ°C to yield  

					a viscous extract. The extract was stored in a dark glass bottle at 4ꢀ°C  

					until further use.  

					Given the widespread exposure and multisystemic toxicity of DEHP,  

					there is an urgent need to identify natural agents capable of mitigating  

					its harmful effects. The tropical plant Moringa oleifera, native to Asia  

					and Africa, has attracted increasing interest due to its pharmacological  

					potential. Its leaves are rich in bioactive components, such as flavonoids  

					(e.g., quercetin, kaempferol), which individually and synergistically  

					reveal high antioxidant, anti-inflammatory and immunomodulatory  

					activities10,11. Experimental studies have shown that M. oleifera leaf  

					extracts reduce malondialdehyde (MDA) levels, enhance endogenous  

					antioxidant defenses, and suppress inflammatory cytokine production  

					Animals and Experimental Design  

					The design of animal experiments complied with OECD guideline No.  

					407 for repeated dose 28-day oral toxicity study in rodents and was  

					based on similar immunotoxicological research19. Male Rattus  

					norvegicus strain wistar (6–8 weeks old, 200g) were used. Animals  

					were housed in plastic cages with wood shavings, fed standard diet and  

					water ad libitum, and acclimatized for seven days. The study was  

					approved by the Animal Ethics Committee of the Faculty of Dental  

					Medicine,  

					Universitas  

					Airlangga  

					(Approval  

					No.  

					0736/HRECC.FODM/VII/2025). Thirtyfive rats were randomly  

					divided into five groups (n=7) as follows: KN (normal control): 5%  

					DMSO; K− (negative control): DEHP 200 mg/kg body weight (bw);  

					K+ (positive control): DEHP 200 mg/kg bw + quercetin 20 mg/kg bw;  

					P1 (treatment 1): DEHP 200 mg/kg bw + MOLE 200 mg/kg bw; P2  

					(treatment 2): DEHP 200 mg/kg bw + MOLE 400 mg/kg bw.  

					in animal models of oxidative stress and inflammation12,13  

					.

					Several pathways have highlighted the possible protective mechanisms  

					of the M. oleifera leaf extract (MOLE). Flavonoids act as direct free  

					radical scavengers and modulators of endogenous antioxidant systems,  

					largely through activation of the nuclear factor erythroid 2–related  

					factor 2/antioxidant response element (Nrf2/ARE) signaling  

					pathway14,15. In parallel, downregulation of NF-κB suppresses TNF-α,  

					IL-6, and inducible nitric oxide synthase (iNOS), thereby reducing  

					inflammation16. MOLE immunomodulation regulates the level of  

					leukocytes, the most important of which are lymphocytes and  

					monocytes of the immune system participating in the response to  

					toxicants17.  

					Treatments were administered orally via gavage for 28 consecutive  

					days. This duration was based on previous studies20 demonstrating that  

					DEHP exposure for 28 days induces systemic effects on immune and  

					liver function. Body weight was measured on days 0, 14, and 28, along  

					with with hematological analysis to ensure consistent time points. The  

					doses of DEHP, quercetin were selected based on prior research  

					showing optimal toxic and protective responses in murine models 21, 22  

					.

					The selection of biomarkers in this study was based on their established  

					relevance in evaluating hepatic and immune toxicity. ALT and AST are  

					sensitive indicators of hepatocellular injury, while NF-κB, TNF-α, and  

					IL-6 are key proinflammatory mediators commonly elevated during  

					DEHP induced inflammation. Total leukocyte counts and and  

					differential percentages of lymphocytes and monocytes serve as  

					functional indicators of immune activation and disruption. Together,  

					these parameters provide a reliable profile for assessing hepatotoxic and  

					immunotoxic effects under oxidative and xenobiotic stress8. However,  

					there is still limited evidence integrating both hepatic and immune  

					biomarkers in the context of DEHP induced toxicity, which hampers a  

					comprehensive understanding of potential protective interventions.  

					Therefore, this study aims to evaluate the dual hepatoprotective and  

					immunomodulatory effects of MOLE in a rat model of DEHP induced  

					toxicity.  

					The selected doses of 200 and 400 mg/kg bw were far below the  

					reported oral LD₅₀ (>5000 mg/kg) in rodents23, and have shown  

					effective antioxidant and immunomodulatory effects without toxicity24.  

					Body weight was recorded on days 0, 14, and 28 to monitor the  

					progression of DEHP-induced systemic effects and the protective  

					response to treatments. On the same days (0, 14, and 28), blood samples  

					were collected from the tail vein for hematological analysis, including  

					total leukocyte count and differential leukocyte percentages  

					(lymphocytes, monocytes, and neutrophils), to evaluate time-dependent  

					immunological alterations. At the end of the 28-day treatment period,  

					rats were euthanized via an injection of 2% xylazine at a dose of 2  

					mg/kg bw and 10% ketamine at a dose of 15 mg/kg bw intramusculary,  

					before being sacrified. Liver organ was collected for NF-κB evaluation,  

					and blood samples were collected via cardiac puncture to obtain  

					sufficient serum volume for the analysis AST, ALT, IL-6 and TNF-α.  

					Hematological Analysis  

					Materials and Methods  

					Manual hematology procedures as described by Setiyowati et al.,  

					(2021) and validated in murine immunotoxicology studies.  

					Hematological parameters included total leukocyte count and  

					differential leukocyte count (lymphocytes and monocytes). Total  

					leukocytes were manually counted using a Neubauer chamber with  

					Turk’s solution. A 20 µL blood sample was mixed with 380 µL of  

					Turk’s solution, homogenized, and loaded into the chamber.  

					Observations were made under a light microscope (400×), and cell  

					numbers in four large squares were counted and calculated using the  

					formula:  

					The main research ingredient was the Moringa oleifera leaf powder  

					developed by a trustworthy herbal supplier (PT. Karya Herbal Nasional,  

					Gresik, East Java, Indonesia). Powder used was kept in an opaque,  

					sealed container in room temperature in minimal light condition. The  

					other reagents were the DEHP, 99% (Sigma-Aldrich, USA), quercetin  

					(95%, Sigma-Aldrich), dimethyl sulfoxide (DMSO) (Merck, Germany),  

					Phosphate buffer saline (PBS) (Merck, Germany), Xylazine (Pantex  

					Holland B.V., Holland), Ketamine (Ket-A-100, Ganesha Agrotama,  

					Indonesia), Turk solution (Merck), Giemsa stain (Sigma-Aldrich), and  

					methanol (p.a., Merck), as well as ALT and AST kits (Glory Diagnostic  

					(cat. Glory, S China, Co., Ltd., USA), and ELISA kits for NF-κB-p65  

					(Reedbiotech, Wuhan, China; Cat. No. RE3044R) , TNF-α (BT Lab,  

					Shanghai, China; Cat. No. E0764Ra) and IL-6 (Reedbiotech, Wuhan,  

					China; Cat. No. RE3186R). The following equipment were used: oral  

					gavage needles, adjustable micro pips ( Eppendorf), 1.5 mL micro tubes  

					(Biologix), light microscope (Olympus CX23), microplate reader  

					(Thermo Scientific multiskan GO), centrifuge (Thermo Fisher  

					Scientific, Heraeus Pico 17 ), rotatory evaporator (Heidolph, Germany  

					), UV-VIS spectro photometer 1100 ( DLAB Scientific Co., China) and  

					a better Neubauer counting chamber (Paul Marienfeld).  

					Total leukocytes (cells/µL) =  

					20 250  

					Where 20 is the dilution factor and 250 is the conversion factor based  

					on the chamber volume (1 mm³/0.004 mm³).  

					For lymphocyte and monocyte counts, blood smears were prepared  

					using fresh blood fixed in methanol for 3–5 minutes, stained with  

					Giemsa for 15–20 minutes, then rinsed and dried. Smears were  

					examined under a microscope at 400× magnification, and 100  

					leukocytes were evaluated per smear. The proportions of lymphocytes  

					and monocytes were determined based on nuclear and cytoplasmic  

					morphology.  

					AST and ALT Analysis  

					Sample Preparation and Extraction of Moringa oleifera Leaves  

					The extraction method was adapted from optimized protocols for  

					bioactive compound preservation in herbal preparations18. One hundred  

					grams of M. oleifera leaf powder were extracted via maceration with  

					96% ethanol (1:10 w/v) for 72 hours at room temperature (250C), with  

					shaking every six hours. The extract was filtered using Whatman No. 1  

					Serum AST and ALT activities were measured using commercial kits  

					from Glory Diagnostic® (Glory Science Co., Ltd., USA) following  

					manufacturer protocols. Enzymatic activities were quantified  

					spectrophotometrically at 340ꢀnm using a UV-VIS spectrophotometer.  

					All assays were conducted in duplicate. The enzyme activity was  

					calculated using the kinetic formula:  
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					Enzyme activity (IU/L) = ∆ / min  

					Where ΔA/min is the average change in absorbance per minute  

					(measured at 1-minute intervals for 3 minutes), and the factor (1746) is  

					kit-specific, derived from Beer-Lambert law using ε = 6.22 mM⁻¹cm⁻¹  

					and a 1 cm pathlength.  

					Increased AST and ALT activities indicate hepatocellular injury  

					associated with DEHP exposure.  

					Results and Discussion  

					Body Weight and Hematological Response to DEHP Exposure and  

					Ameliorative Effect of MOLE  

					Regarding body weight, significant group differences were observed at  

					days 14 and 28 after DEHP exposure. DEHP treated rats showed  

					markedly lower body weight compared to the normal control.  

					Treatment with MOLE at both doses significantly improved body  

					weight relative to the DEHP group. The 400 mg/kg bw MOLE group  

					exhibited values comparable to the quercetin treated rats, indicating a  

					protective effect against DEHP induced systemic toxicity. Table 1  

					presents the body weight data of all treatment groups at each time point  

					(days 0, 14, and 28). DEHP exposure in the negative control group  

					significantly increased total leukocyte count on day 28 compared to the  

					normal control. The observed increase (71.8%; p < 0.05) suggests acute  

					vascular inflammation. In contrast, treatment with 200 and 400 mg/kg  

					bw MOLE significantly reduced leukocyte counts. Notably, 400 mg/kg  

					bw MOLE produced effects comparable to quercetin (positive control).  

					Table 2, shows the change in leukocyte count on 0,14, and 28 day  

					following DEHP induction.  

					Lymphocyte percentage significantly decreased in the negative control  

					group (p < 0.05), indicating immune suppression. MOLE treatment  

					restored lymphocyte levels in a dose-dependent manner, with P2 values  

					closely resembling those of K+ and KN. Conversely, monocyte  

					percentage increased in K− compared to KN (p < 0.05), reflecting  

					macrophage activation. Both P1 and P2 significantly reduced monocyte  

					levels (p < 0.05), approaching physiological values observed in K+.  

					Inflammatory Analysis (NF-κB, TNF-α and IL-6)  

					Quantification protocols for inflammatory analysis using ELISA. NF-  

					κB levels were measured in liver tissue homogenates using a rat-  

					specific NF-κB-p65 ELISA kit. Approximately 100ꢀmg of liver tissue  

					was collected, rinsed with phosphate-buffered saline (PBS), and  

					homogenized in 0.9ꢀmL of ice-cold PBS using a glass homogenizer to  

					standardize sample processing. The homogenate was centrifuged at  

					5,000ꢀrpm for 15 minutes at 4ꢀ°C to collect the supernatant. The ELISA  

					assay was performed according to the manufacturer’s protocol, and  

					absorbance was read at 450ꢀnm. NF-κB concentrations were expressed  

					as pg/mL of liver tissue homogenate, with equal tissue to buffer ratios  

					applied across all groups. Protein normalization was not performed and  

					is acknowledged as a limitation. Serum levels of IL-6 and TNF-α were  

					determined using ELISA kits specific for Rat. Blood was collected via  

					cardiac puncture on day 28 and centrifuged at 3,000 rpm for 15 minutes  

					at 4ꢀ°C to separate serum. ELISA procedures followed manufacturer  

					instructions. Absorbance was read at 450ꢀnm using a microplate reader,  

					and cytokine concentrations were determined using a standard curve.  

					Results were expressed in pg/mL for IL-6 and ng/L for TNF-α .  

					Statistical Analysis  

					Table  

					3

					and 4, presents the differential leukocyte percentage  

					Statistical analysis was performed using GraphPad Prism version 9.  

					Data were tested for normality using the Shapiro Wilk test. One way  

					ANOVA followed by Tukey’s post hoc test was applied to compare  

					differences among groups, while hematological and body weight  

					parameters were analyzed separately at each time point (days 0, 14, and  

					28). Results are expressed as mean ± standard deviation (SD), and  

					statistical significance was set at p < 0.05. Additionally, Spearman’s  

					rank correlation analysis was performed to examine associations  

					between inflammatory mediators (NF-κB, IL-6, TNF-α) and hepatic  

					injury markers (ALT, AST). Correlation coefficients (ρ) with  

					corresponding p-values were calculated, with p < 0.05 considered  

					statistically significant.  

					(lymphocytes and monocytes) among groups on days 0, 14, and 28 after  

					DEHP exposure. DEHP exposure significantly increased total  

					leukocyte count compared to the normal control. This leukocytosis may  

					be interpreted as an immune response to the toxicity of phthalates,  

					which are known environmental immunomodulators. Elevated  

					leukocyte levels are commonly associated with the activation of the  

					immune system. In line with this, Lyu et al., (2023) reported that DEHP  

					can increase circulating leukocyte through ROS mediated signaling and  

					upregulation of inflammatory cytokines.  

					Table 1: Effect of Moringa oleifera leaf extract on body weight after induced DEHP  

					Body weight (grams)  

					Group  

					Day 0  

					Day 14  

					Day 28  

					239.30 ± 5.80a  

					KN (normal control)  

					(DMSO 5%)  

					200.90 ± 1.57a  

					224.20 ± 4.18a  

					K+ (positive control)  

					(DEHP 200 mg/kg bw +  

					quercetin 20 mg/kg bw)  

					200.70 ± 2.54a  

					215.90 ± 2.66ab  

					233.40 ± 5.45ab  

					K- (negative control)  

					(DEHP 200 mg/kg bw)  

					201.50 ± 1.56a  

					201.10 ± 1.96a  

					193.80 ± 2.27c  

					211.60 ± 5.02b  

					177.80 ± 4.31c  

					223.70 ± 6.40b  

					P1 (treatment 1)  

					(DEHP 200 mg/kg bw +  

					MOLE 200 mg/kg bw)  

					P2 (treatment 2)  

					201.00 ± 2.00a  

					217.90 ± 6.90ab  

					234.70 ± 6.83ab  

					(DEHP 200 mg/kg bw +  

					MOLE 400 mg/kg bw)  

					Values are mean ± SEM (n = 7). Different letters indicate significant differences at p < 0.05 (One-way ANOVA with Tukey’s post hoc test).  
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					Table 2: Effect of Moringa oleifera leaf extract on leukocyte count after induced DEHP  

					Leukocyte count (x103 cells/µL)  

					Group  

					Day 0  

					Day 14  

					Day 28  

					KN (normal control)  

					(DMSO 5%)  

					6.76 ± 0.19a  

					6.45 ± 0.19a  

					6.27 ± 0.27a  

					K+ (positive control)  

					(DEHP 200 mg/kg bw +  

					quercetin 20 mg/kg bw)  

					K- (negative control)  

					(DEHP 200 mg/kg bw)  

					P1 (treatment 1)  

					6.56 ± 0.11a  

					7.03 ± 0.31b  

					6.65 ± 0.34ab  

					6.40 ± 0.21a  

					6.65 ± 0.34a  

					9.11 ± 0.35d  

					7.63 ± 0.28c  

					10.77 ± 0.63c  

					7.17 ± 0.19b  

					(DEHP 200 mg/kg bw +  

					MOLE 200 mg/kg bw)  

					P2 (treatment 2)  

					6.41 ± 0.18a  

					7.01 ± 0.32b  

					6.73 ± 0.13ab  

					(DEHP 200 mg/kg bw +  

					MOLE 400 mg/kg bw)  

					Values are mean ± SEM (n = 7). Different letters indicate significant differences at p < 0.05 (One-way ANOVA with Tukey’s post hoc test).  

					Exposure to DEHP also significantly reduced lymphocyte percentages,  

					suggesting impaired adaptive immune function. This finding aligns  

					with previous reports linking DEHP to lymphoid tissue disruption and  

					functional immune suppression9,27. Treatment with MOLE partially  

					reversed this effect, indicating potential restoration of immune  

					homeostasis. While this aligns with evidence that MOLE enhances T/B-  

					cell activity28, the absence of flow cytometric data on lymphocyte  

					subsets limits our ability to confirm whether this represents true  

					immune recovery or a generalized hematological adjustment.  

					An elevated monocyte percentage was observed in the DEHP-exposed  

					group likely indicative of acute inflammation. Monocytes, as precursors  

					to macrophages and dendritic cells and are often upregulated during  

					sustained pro inflammatory condition. MOLE administration  

					normalized monocyte levels, possibly due to the synergistic anti-  

					inflammatory effects of its polyphenolic constituents29. However,  

					without neutrophil and eosinophil data, the broader characterization of  

					the immune response remains incomplete. The diverse bioactive profile  

					of MOLE may offer broader immunoregulatory benefits than isolated  

					compounds such as resveratrol, which also mitigates DEHP-induced  

					leukocyte imbalances30.  

					suggest that MOLE, particularly at 400 mg/kg bw (P2) (figure 1a–b).  

					Of note, oral administration of MOLE resulted in a dose-related  

					attenuation of serum ALT and AST elevations. The group receiving  

					200ꢀmg/kgꢀbw exhibited a moderate decrease in both enzymes, whereas  

					the 400ꢀmg/kgꢀbw group showed a more substantial reduction to AST  

					and ALT, values closely approximating those of the normal control.  

					These findings underscore the potential hepatoprotective effect of  

					MOLE, which may be linked to its antioxidant-rich phytoconstituents.  

					The elevation in serum transaminases is a characteristics indicator of  

					hepatocellular injury. DEHP disrupts mitochondrial integrity and  

					promotes lipid peroxidation in hepatocytes, ultimately compromising  

					membrane stability and allowing intracellular enzymes such as ALT  

					and AST to leak into circulation31.  

					This hepatoprotective activity is further supported by several recent in  

					vivo studies involving different models of hepatic injury. The curcumin,  

					quercetin, and also kaempferol compound in the MOLE has been shown  

					to significantly reduce ALT and AST activities in CCl₄-induced,  

					paracetamol-induced, Bisphenol-A (BPA)-induced, and lead acetate-  

					induced hepatotoxicity32,33,34. In addition to its antioxidant capacity,  

					MOLE may also exert hepatoprotection by preserving mitochondrial  

					membrane integrity and downregulating hepatic inflammation35. These  

					converging lines of evidence highlight the broad-spectrum hepatic  

					benefits of MOLE beyond a single toxicant model.  

					Mechanistically, MOLE appears to be mediated by a distinct  

					antioxidant mechanism. Rather than acting solely through anti-  

					inflammatory pathways, the phytochemicals in MOLE notably  

					flavonoids, ascorbic acid, and tocopherols may also activate  

					cytoprotective gene networks36. Recent studies indicate that MOLE  

					may trigger the Nrf2–ARE signaling cascade, leading to the  

					transcriptional upregulation of detoxifying enzymes such as heme  

					oxygenase-1 (HO-1), NADPH Quinone Oxidoreductase 1 (NQO1), and  

					Glutathione S-Transferase (GST). This cellular response may enhance  

					the antioxidant defense system14,37.  

					The positive control group, treated with quercetin 20 mg/kg bw (figure  

					1a-b), also exhibited reduced transaminase levels, underscoring the  

					comparable antioxidant capacity of both interventions. Comparable  

					hepatoprotective effects have been observed with α-tocopherol (10  

					mg/kg bw) which significantly decreased serum ALT and AST levels  

					in phthalate-induced liver injury models by attenuating oxidative stress  

					and preserving mitochondrial integrity38.  

					In this study, MOLE not only restored immune profiles but also  

					supported recovery of body weight, suggesting a dual role in mitigating  

					inflammatory and metabolic consequences of DEHP toxicity. The  

					concurrent improvement in leukocyte distribution and body weight  

					likely reflects a systemic rebalancing of oxidative and inflammatory  

					homeostasis,  

					consistent  

					with  

					the  

					hepatoprotective  

					and  

					immunoregulatory functions. Nonetheless, further studies are needed to  

					clarify whether these effects are synergistic or mediated through  

					specific signaling pathways.  

					Liver Enzymes (ALT and AST) as Biomarkers of Hepatotoxicity and the  

					Ameliorative Effect of MOLE  

					Serum ALT activity significantly increased in the DEHP-treated group  

					compared to the normal control (pꢀ<ꢀ0.0001), indicating hepatocellular  

					injury. MOLE treatment reduced ALT representing 27–34% decreases  

					relative to K−. The quercetin-treated group (K+) showed no significant  

					difference from P2 or KN (pꢀ>ꢀ0.05), confirming similar protective  

					efficacy. A similar pattern was observed for AST. DEHP (K-)  

					significantly elevated AST up to 57.6%, pꢀ<ꢀ0.0001 compared with KN.  

					MOLE administration attenuated AST levels, with P2 values closely  

					approaching those of the quercetin group (pꢀ>ꢀ0.05). These findings  
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					Figure 1: Effect of Moringa oleifera leaf extract on liver enzyme activities (ALT and AST) parameters in DEHP exposed. (a) serum  

					ALT (IU/L); (b) serum AST (IU/L). Data are presented as meanꢀ±ꢀSD (nꢀ=ꢀ7). KN (normal control): DMSO 5%;; K+ (positive control):  

					DEHPꢀ+ꢀquercetin 20 mg/kg bw; K- (negative control): DEHP only; P1 (treatment 1): DEHPꢀ+ꢀMOLE 200ꢀmg/kg bw; P2 (treatment 2):  

					DEHPꢀ+ MOLE 400ꢀmg/kg bw. *p<0.05, **p<0.01, ****p<0.0001, ns: not significant.  
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					Figure 2: Effect of Moringa oleifera leaf extract on inflammatory parameters (NF-κB, IL-6 and TNF-α) parameters in DEHP exposed.  

					(a) NF-κB liver tissue homogenate (pg/L); (b) serum IL-6 (pg/mL); (c) serum TNF-α (ng/L). Data are presented as meanꢀ±ꢀSD (nꢀ=ꢀ7).  

					KN (normal control): DMSO 5%; ; K+ (positive control): DEHPꢀ+ꢀquercetin 20 mg/kg bw; K- (negative control): DEHP only; P1  

					(treatment 1): DEHPꢀ+ꢀMOLE 200ꢀmg/kg bw; P2 (treatment 2): DEHPꢀ+ MOLE 400ꢀmg/kg bw. *p<0.05, **p<0.01, ****p<0.0001, ns:  

					not significant.  

					The ability of MOLE to yield similar biochemical outcomes supports  

					the hypothesis that its multi-target antioxidant profile may function  

					through converging protective mechanisms. Nevertheless, these  

					findings are based on serum biochemical markers and do not fully  

					confirm histological recovery. Thus, the hepatoprotective claims for  

					MOLE in this context should be considered preliminary and ideally  

					supported by complementary evidence from histopathological or direct  

					oxidative stress assessments (e.g., ROS levels or antioxidant enzyme  

					activities) to further validate the localization and extent of hepatic injury  

					as well as the protective effects of MOLE.  
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					Table 3: Effect of Moringa oleifera leaf extract on lymphocyte percentage after induced DEHP  

					Lymphocyte percentage (%)  

					Group  

					Day 0  

					Day 14  

					Day 28  

					KN (normal control)  

					(DMSO 5%)  

					71.01 ± 2.42a  

					71.26 ± 1.57a  

					69.73 ± 2.42a  

					68.79 ± 1.57ab  

					73.26 ± 2.88a  

					72.32 ± 1.83ab  

					K+ (positive control)  

					(DEHP 200 mg/kg bw +  

					quercetin 20 mg/kg bw)  

					K- (negative control)  

					(DEHP 200 mg/kg bw)  

					P1 (treatment 1)  

					71.08 ± 2.26a  

					71.53 ± 1.73a  

					60.82 ± 1.44c  

					65.06 ± 1.73bc  

					52.29 ± 2.45c  

					68.26± 1.67b  

					(DEHP 200 mg/kg bw + MOLE  

					200 mg/kg bw)  

					P2 (treatment 2)  

					71.29 ± 1.11a  

					67.01 ± 1.11ab  

					71.61 ± 1.76ab  

					(DEHP 200 mg/kg bw + MOLE  

					400 mg/kg bw)  

					Values are mean ± SEM (n = 7). Different letters indicate significant differences at p < 0.05 (One-way ANOVA with Tukey’s post hoc test).  

					Table 4: Effect of Moringa oleifera leaf extract on monocyte percentage after induced DEHP  

					Monocyte percentage (%)  

					Group  

					Day 0  

					Day 14  

					Day 28  

					KN (normal control)  

					(DMSO 5%)  

					3.73 ± 0.50a  

					4.11 ± 0.47a  

					3.71 ± 0.39a  

					K+ (positive control)  

					(DEHP 200 mg/kg bw +  

					quercetin 20 mg/kg bw)  

					K- (negative control)  

					(DEHP 200 mg/kg bw)  

					P1 (treatment 1)  

					3.67 ± 0.35a  

					6.76 ± 1.42b  

					4.53 ± 0.37a  

					4.31 ± 0.38a  

					3.91 ± 0.32a  

					9.71 ± 1.76c  

					6.67 ± 0.78b  

					11.09 ± 0.44c  

					6.09 ± 0.87b  

					(DEHP 200 mg/kg bw +  

					MOLE 200 mg/kg bw)  

					P2 (treatment 2)  

					4.19 ± 0.35a  

					6.83 ± 1.07b  

					4.69 ± 0.57a  

					(DEHP 200 mg/kg bw +  

					MOLE 400 mg/kg bw)  

					Values are mean ± SEM (n = 7). Different letters indicate significant differences at p < 0.05 (One-way ANOVA with Tukey’s post hoc test).  

					Inflammatory Responses of NF-κB, TNF-α and IL-6 to DEHP Exposure  

					and MOLE Intervention  

					nearly matching that of the K+ group (26.21ꢀ±ꢀ1.26ꢀpg/mL; Figure 2b).  

					Spearman’s correlation analysis revealed significant positive  

					associations between NF-κB and ALT ( ρ = 0.91 p < 0.05) as well as  

					AST (ρ = 0.81; p < 0.05). IL-6 and TNF-α also correlated positively  

					with both AST and ALT (ρ values ranging from 0.77 to 0.92, p < 0.05).  

					These results indicate that DEHP induced systemic inflammation was  

					strongly linked to hepatic injury, while MOLE treatment attenuated  

					both inflammatory and hepatic biomarkers, reducing the strength of  

					these associations (Figure 3). A parallel trend was observed in TNF-α  

					levels. DEHP exposure caused a 52.1% increase in TNF-α compared to  

					KN (pꢀ<ꢀ0.0001), while MOLE treatment led to significant reductions  

					in both P1 (63.39ꢀ±ꢀ4.53ꢀng/L) and P2 (52.56ꢀ±ꢀ4.30ꢀng/L). No statistical  

					differences were found between P2, K+, and KN groups (pꢀ>ꢀ0.05),  

					indicating that MOLE at 400 mg/kg exerts anti-inflammatory efficacy  

					comparable to the standard flavonoid control (Figure 2c). The  

					upregulation of NF-κB, IL-6, and TNF-α in DEHP exposed rats affirms  

					the role of phthalates in initiating inflammatory responses in hepatic  

					system. Importantly, the significant correlations observed between NF-  

					Exposure to DEHP significantly upregulated inflammatory markers in  

					liver tissue and systemic circulation. The negative control group (K−:  

					295.10 ± 5.67 pg/mL) exhibited markedly elevated NF-κB levels  

					compared to the normal control (KN: 151,10 ± 3.47 pg/mL), indicating  

					transcriptional activation of inflammatory pathways (pꢀ<ꢀ0.0001; Figure  

					2a). Administration of MOLE attenuated NF-κB expression in a dose-  

					dependent manner, with the 400 mg/kg group (P2: 166.60 ± 5.72  

					pg/mL) achieving levels comparable to the quercetin-treated group (K+:  

					164.20 ± 7.00 pg/mL; ns), suggesting substantial inhibition of pro-  

					inflammatory signaling.  

					Similarly, serum IL-6 concentrations increased by 65.3% in the DEHP  

					group relative to KN (pꢀ<ꢀ0.0001), confirming the presence of systemic  

					inflammation. Treatment with MOLE significantly reduced IL-6 levels  

					to 34.71ꢀ±ꢀ1.15ꢀpg/mL (P1) and 27.47ꢀ±ꢀ1.75ꢀpg/mL (P2), the latter  
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					κB, IL-6, TNF-α, and serum transaminases (ALT, AST) support the  

					mechanistic link between inflammatory activation and hepatocellular  

					injury in DEHP toxicity. This further strengthens the rationale for  

					MOLE as a dual immunomodulatory and hepatoprotective intervention.  

					These findings align with previous reports indicating that DEHP and its  

					active metabolite mono-(2-ethylhexyl) phthalate (MEHP) activate Toll-  

					like receptor 4 (TLR4), initiating MyD88-dependent signaling cascades  

					that culminate in NF-κB nuclear translocation and cytokine  

					transcription31. TNF-α, as an early-response cytokine secreted by  

					activated macrophages, was more prominently elevated than IL-6,  

					which typically follows as a secondary wave mediator39.  

					Exposure to DEHP in male rats induced marked hepatic dysfunction  

					and immune disturbances, while Moringa oleifera leaf extract (MOLE),  

					particularly at 400 mg/kg bw, effectively mitigated these effects by  

					normalizing liver enzymes and inflammatory markers. These findings  

					highlight MOLE’s potential as  

					a

					natural hepatoprotective and  

					immunoregulatory candidate relevant to environmental toxin exposure.  

					The absence of histopathological and molecular confirmation limits  

					mechanistic interpretation; nonetheless, the biochemical evidence  

					provides a strong foundation for translational exploration. Future  

					studies integrating molecular validation and advanced delivery  

					strategies could enhance the therapeutic applicability of MOLE in  

					managing xenobiotic-induced hepatic and immune injury.  
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