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INTRODUCTION 

Obesity is a complex chronic condition characterized by excessive body fat accumulation that significantly elevates the risk 

of cardiovascular disease, hypertension, type 2 diabetes, and various malignancies. Its multifactorial etiology encompasses 

complex interactions among genetic, environmental, socioeconomic, behavioral, and psychological drivers that ultimately 

result in a sustained imbalance between energy intake and expenditure1,2. Globally, obesity rates continue to rise at an 

alarming rate3. In Indonesia, national surveillance data reflect this growing public health crisis, with adult obesity prevalence 

escalating from 10.5% in 2007 to 23.4% in 2023, underscoring the urgent imperative for targeted, sustainable preventive and 

therapeutic strategies4,5. 

Red ginger (Zingiber officinale var. rubrum) is a traditional medicinal plant rich in a diverse array of bioactive secondary 

metabolites with broad health-promoting potential6. Oral administration of Z. officinale var. rubrum extract at 200 mg/kg 

body weight over 14 days was previously demonstrated to induce a 22.5% body weight reduction in hypercholesterolemic 
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 Abstract 

This study evaluated the anti-obesity effects of red ginger 
(Zingiber officinale var. rubrum) extract prepared using Natural 
Deep Eutectic Solvents (RGE-NADES) in rats fed an atherogenic 
diet (AD). Zingiber officinale var. rubrum rhizomes were 
extracted via ultrasound-assisted extraction using a betaine-
lactic acid NADES (1:2 ratio) at a 1:30 solid-to-solvent ratio. 
Twenty Sprague-Dawley rats were divided into five groups (n 
= 4): normal control, negative control (AD), orlistat (2.16 mg/kg 
BW), RGE-NADES 25 mg/kg BW, and RGE-NADES 50 mg/kg 
BW. Treatments and diets were administered over 14 days, 
during which body weight, nasoanal length, and food intake 
were monitored. End-of-study assessments included the Lee 
obesity index, adiposity index, and relative organ indices. 
Compared with the negative control group, both RGE-NADES 
doses significantly reduced body weight and the Lee obesity 
index (p < 0.05), with decreases of 10.31% (25 mg/kg) and 8.68% 
(50 mg/kg), respectively. Food intake and adiposity index were 
also lower in the treatment groups, with a statistically 
significant reduction in adiposity index observed specifically at 
25 mg/kg. Importantly, RGE-NADES administration did not 
produce significant differences in relative heart, liver, or kidney 
indices across groups (p > 0.05). Overall, RGE-NADES 
effectively mitigates body weight gain and obesity indicators in 
AD-fed rats over a 14-day period without adversely affecting 
major organ weights. 
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rat models7. Furthermore, Z. officinale var. rubrum extracts exhibit robust antioxidant activity and effectively inhibit key 

metabolic enzymes implicated in the pathogenesis of obesity and associated metabolic dysregulation8. 

These biological activities are primarily attributed to key lipophilic constituents, most notably 6-gingerol and 6-shogaol9. 

Beyond their marked antioxidant and anti-inflammatory properties, these compounds directly modulate molecular 

pathways governing adipogenesis, lipolysis, systemic lipid metabolism, and energy expenditure10-12. However, 

conventional isolation methods rely heavily on volatile organic solvents like ethanol and hexane, which pose distinct 

environmental, operational, and safety challenges. Natural Deep Eutectic Solvents (NADES) have consequently gained 

prominence as green, biodegradable, and highly efficient extraction media for plant bioactives13,14. Specifically, a betaine and 

lactic acid NADES mixture at a 1:2 molar ratio has demonstrated superior extraction efficiency and was selected as the 

specialized solvent system for Z. officinale var. rubrum in this investigation15. 

Zingiber officinale var. rubrum extracts prepared using this system yield substantial total concentrations of gingerols and 

shogaols, reaching approximately 15.09 mg/g9. Preliminary functional studies have shown that Z. officinale var. rubrum 

extract in NADES (RGE-NADES) significantly improves serum lipid profiles and reduces atherogenic risk indices in 

hyperlipidemic models16. Building upon these findings, the present study comprehensively evaluated the anti-obesity 

efficacy of RGE-NADES in rats maintained on a high-fat atherogenic diet, specifically assessing its impact on body weight 

trajectories, daily food consumption, nasoanal length, Lee obesity index, adiposity index, and relative visceral organ weights 

(heart, liver, and kidneys). 

 

MATERIALS AND METHODS 

Materials 

The chemical reagents and biological materials utilized in this study comprised betaine, lactic acid, Z. officinale var. rubrum, 

distilled water, carboxymethyl cellulose sodium (CMC-Na), cholesterol, cholic acid, goat fat, cotton, and carbon dioxide gas. 

Male Sprague-Dawley rats served as animal models and were maintained on standard feed pellets. Analytical and 

processing procedures were carried out using Pyrex® laboratory glassware, an analytical balance (LabPro®), a hotplate 

magnetic stirrer (Thermo Scientific®), a sonicating bath (Branson 2800®), a centrifuge (Cole-Parmer®), a drying oven 

(Memmert®), a muffle furnace (Daihan Scientific®), and micropipettes (Eppendorf Research Plus®). Additional general 

labware included aluminum foil, porcelain dishes, silica crucibles, cold plates, rulers, and measuring tapes. Animal 

maintenance, dosing, and tissue harvesting were conducted using rat housing cages, oral gastric gavage probes, 1 mL 

disposable syringes (OneMed®), a dissecting instrument set (Golo Cross®), surgical tweezers, and disposable scalpels. 

 

Methods 

Preparation and extraction of plant materials 

Zingiber officinale var. rubrum rhizomes were procured from PT. Palapa Muda Perkasa, Depok, West Java, Indonesia, and 

authenticated under specimen identification number 996/IPH.11.02/f.1.1/I/2023. The dried powder was transferred to an 

Erlenmeyer flask and mixed with a NADES system composed of betaine and lactic acid at a 1:2 molar ratio at a solid-to-

solvent ratio of 1:30 (w/v). Two distinct RGE-NADES stock preparations were formulated for experimental administration. 

For the lower-dose regimen, 65 mg of Z. officinale var. rubrum powder was combined with 5 mL of NADES to achieve an 

initial concentration of 13 mg/mL. For the higher-dose regimen, 130 mg of Z. officinale var. rubrum powder was combined 

with 5 mL of NADES, yielding an initial concentration of 26 mg/mL. The suspensions were subjected to ultrasound-assisted 

extraction at 42°C for 25 min and subsequently centrifuged at 3200 rpm. The resulting clear supernatants were harvested 

and stored in sealed glass vials. The RGE-NADES extracts were administered via oral gavage at target doses of 25 and 50 

mg/kg body weight, following a procedure adapted from Yulianita et al16. 

 

Qualitative phytochemical screening 

Qualitative phytochemical screening of the RGE-NADES extract was conducted to identify alkaloids, flavonoids, phenolics, 

glycosides, and saponins, following standard protocols described by Hanani17. Alkaloids were detected using Mayer's and 

Dragendorff's reagents; flavonoids were evaluated using magnesium ribbon and concentrated hydrochloric acid; phenolics 
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were tested using ferric chloride solution; and glycosides were screened using glacial acetic acid, ferric chloride, and 

concentrated sulfuric acid. Saponins were confirmed through persistent foam formation. Steroids and triterpenoids were 

evaluated using the Liebermann–Burchard reagent following the method of Dahanayake et al18. 

 

Experimental design 

The animal protocol was approved by the Ethics Committee of Animal Research, Faculty of Mathematics and Natural 

Sciences, Pharmacy Study Program, Universitas Pakuan (Approval No. 004/KEPHP-UNPAK/02-2024). Male Sprague-

Dawley rats weighing 150–200 g (coefficient of variation: 10.21%) were acclimatized for 7 days under standardized 

laboratory conditions, including a 12-h light/dark cycle, relative humidity of 73–79%, and ambient temperature of 25 ± 2 °C. 

Following acclimatization, the animals were randomly assigned to five experimental groups (n = 4 per group): Group 1 

(normal control), receiving a standard rodent chow diet and vehicle NADES; Group 2 (negative control), receiving an 

atherogenic diet and vehicle NADES; Group 3 (positive control), receiving an atherogenic diet (AD) and orlistat; Group 4, 

receiving an atherogenic diet and RGE-NADES at 25 mg/kg body weight; and Group 5, receiving an atherogenic diet and 

RGE-NADES at 50 mg/kg body weight. 

The RGE-NADES extract was administered by oral gavage using the direct supernatant without additional organic 

solvents. Dosing volumes were dynamically calibrated to individual daily body weights to deliver precise treatments of 25 

and 50 mg/kg body weight. All groups except the normal control received an AD comprising 2% cholesterol, 5% goat fat, 

0.2% cholic acid, and standard rodent chow, to a total of 100%. The AD was supplied as pellets at 20 g/day/rat for 14 

consecutive days. Treatments were administered daily by oral gavage 2 h following diet presentation. 

Initial body weight and nasoanal length were recorded prior to intervention (Day 0) and at the completion of the treatment 

period (Day 14). Food intake was monitored daily throughout the trial and calculated as the difference between the mass of 

food supplied and the mass of unconsumed residual food. At the conclusion of the 14-day intervention, animals were 

humanely sacrificed, and abdominal adipose tissue, along with visceral organs, were carefully excised and weighed using 

an analytical balance. 

 

Obesity-related parameters 

The Lee obesity index was calculated using final body weight and nasoanal length measurements, as described by Lee19. 

The adiposity index and relative visceral organ mass indices (heart, liver, and kidneys) were determined following 

established procedures20 using Equations 1-3. 

 

𝐿𝑒𝑒 𝑖𝑛𝑑𝑒𝑥 =  
𝐶𝑢𝑏𝑒 𝑟𝑜𝑜𝑡 𝑜𝑓 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑁𝑎𝑠𝑜𝑎𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚)
 × 1000   [1] 

𝐴𝑑𝑖𝑝𝑜𝑠𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 (%) =  
𝑇𝑜𝑡𝑎𝑙 𝑎𝑏𝑑𝑜𝑚𝑖𝑛𝑎𝑙 𝑓𝑎𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 × 100% [2] 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑜𝑟𝑔𝑎𝑛 𝑖𝑛𝑑𝑒𝑥 (%) =  
𝑂𝑟𝑔𝑎𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 × 100%  [3] 

 

Data analysis 

Statistical analyses were performed using IBM SPSS Statistics software (version 27.0). Quantitative data are expressed as 

mean ± standard deviation. Normality of distribution and homogeneity of variance across experimental groups were 

evaluated using the Shapiro–Wilk test and Levene's test, respectively. Inter-group statistical comparisons were conducted 

using one-way analysis of variance (ANOVA), followed by Tukey's honestly significant difference (HSD) post hoc test for 

multiple pairwise comparisons. Differences were considered statistically significant at p < 0.05. 

 

RESULTS AND DISCUSSION 

The Z. officinale var. rubrum extract prepared using RGE-NADES was obtained as a dark brown liquid extract. The extraction 

procedure used ultrasound-assisted extraction with betaine and lactic acid as NADES at a 1:2 molar ratio. Ultrasound-

assisted extraction accelerates cavitation-driven mass transfer and significantly enhances the recovery of thermolabile plant 
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bioactive compounds21. This specific NADES composition has been shown to be highly effective at extracting gingerols and 

shogaols from Z. officinale var. rubrum, yielding a reported cumulative bioactive concentration of approximately 15.09 

mg/g9. 

Qualitative phytochemical screening confirmed the presence of alkaloids, flavonoids, tannins, and saponins in RGE-

NADES. These findings align with previous literature describing the primary secondary metabolite profile of Z. officinale 

var. rubrum rhizomes22. The identified phytochemical classes likely drive the extract's biological activity through synergistic 

antioxidant, anti-inflammatory, and lipid-modulating pathways. The non-detection of specific phytochemical classes in 

qualitative assays should be interpreted with caution, as chemical detection remains sensitive to sample preparation 

methods, geographic variation in plants, and test detection thresholds. 

Table I presents the body weight trajectories and daily food consumption across the experimental cohorts during the 14-

day treatment period. At baseline (Day 0), body weight did not differ significantly among the groups (p > 0.05). Following 

the 14-day intervention, the negative control group exhibited the greatest body weight gain (46.98 ± 5.05%), which was 

significantly higher than that of all other experimental groups (p < 0.05). The normal control group showed a modest 

physiological weight gain of 6.40 ± 1.66%, which was significantly different from all high-fat diet groups (p < 0.05). In 

contrast, active treatment with orlistat, RGE-NADES 25 mg/kg, and RGE-NADES 50 mg/kg induced net body weight 

reductions of -11.47 ± 2.68%, -10.31 ± 2.35%, and -8.68 ± 1.03%, respectively. No statistically significant differences in weight 

reduction were observed among these three treatment groups (p > 0.05). Daily food intake varied significantly among the 

experimental groups (p < 0.05). The negative control group consumed the highest daily food mass (12.14 ± 0.15 g/day), 

whereas food consumption was markedly lower in animals receiving orlistat (1.80 ± 0.30 g/day), RGE-NADES 25 mg/kg 

(4.18 ± 0.48 g/day), and RGE-NADES 50 mg/kg (2.77 ± 0.60 g/day). 

 
Table I. Effect of RGE-NADES on body weight and daily food intake. 

Group Day 0 Body Weight (g) Day 14 Body Weight (g) Body Weight Change (%) Food Intake (g/day) 

Normal control 219.50 ± 3.70a 233.50 ± 2.38b 6.40 ± 1.66b 7.57 ± 0.38d 
AD + NADES (negative control) 219.75 ± 6.99a 322.75 ± 3.50c 46.98 ± 5.05c 12.14 ± 0.15e 
AD + orlistat 2.16 mg/kg 220.00 ± 1.83a 194.75 ± 5.32a -11.47 ± 2.68a 1.80 ± 0.30a 
AD + RGE-NADES 25 mg/kg 220.25 ± 2.50a 197.50 ± 3.42a -10.31 ± 2.35a 4.18 ± 0.48c 
AD + RGE-NADES 50 mg/kg 222.00 ± 2.71a 202.75 ± 4.57a -8.68 ± 1.03a 2.77 ± 0.60b 

Note: Values are expressed as mean ± SD (n = 4). Values within the same column sharing different superscript letters indicate statistically significant differences 

(p < 0.05). Body weight change was calculated as (Day 14 - Day 0 / Day 0) x 100. 

 

Table II details rat nasoanal length at baseline and at the conclusion of the 14-day study. At Day 0, animals in the orlistat 

group displayed a significantly greater baseline nasoanal length than those in the normal and negative control groups (p < 

0.05). Conversely, baseline nasoanal lengths in the RGE-NADES cohorts did not differ significantly from the control groups 

(p > 0.05). On Day 14, mean nasal lengths ranged from 21.77 ± 0.47 cm to 23.88 ± 1.28 cm. Neither the RGE-NADES dose 

cohort nor the control groups differed significantly at Day 14 (p > 0.05). Overall, only minor, non-significant fluctuations in 

nasoanal growth were observed throughout the 14-day intervention period. The Lee obesity index is an established metric 

for assessing rodent adiposity, with values exceeding 310 indicating an obese phenotype19. 

 
Table II. Effect of RGE-NADES on nasoanal length during the 14-day treatment period. 

Group Day 0 Nasoanal Length (cm) Day 14 Nasoanal Length (cm) Nasoanal Length Change (%) 

Normal control 21.85 ± 0.60a 22.23 ± 0.53ab +1.74 
AD + NADES (negative control) 22.13 ± 0.62a 21.77 ± 0.47a -1.63 
AD + orlistat 2.16 mg/kg 24.48 ± 1.34b 23.88 ± 1.28b -2.45 
AD + RGE-NADES 25 mg/kg 23.28 ± 1.14ab 22.78 ± 1.06ab -2.15 
AD + RGE-NADES 50 mg/kg 22.65 ± 0.79ab 22.25 ± 0.84ab -1.77 

Note: Values are expressed as mean ± SD (n = 4). Values within the same column sharing different superscript letters indicate statistically significant differences 

(p < 0.05). Nasoanal length change was calculated as (Day 14 - Day 0 / Day 0) x 100. 

 

Figure 1 illustrates the Lee obesity index across groups on Day 14. The negative control group exhibited the highest Lee 

index (315.28), which was significantly higher than that of the normal control group (207.38; p < 0.05). Orlistat administration 

reduced the Lee index to 237.78. Marked reductions were likewise recorded in the RGE-NADES treatment groups, reaching 

257.04 at 25 mg/kg and 263.45 at 50 mg/kg. Both RGE-NADES doses maintained significantly lower Lee index values than 

the negative control group (p < 0.05). 
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Figure 1. The Lee obesity index of rats on day 14 of treatment with RGE-NADES. Bars labeled with different lowercase letters represent 

statistically significant differences (p < 0.05). 
 

Adiposity and relative organ mass indices were analyzed to evaluate tissue-specific alterations in response to high-fat 

atherogenic diet feeding and RGE-NADES intervention (Table III). The adiposity index was significantly elevated in the 

negative control group (1.32 ± 0.124) compared with the normal control group (0.43 ± 0.108; p < 0.05). Both orlistat and RGE-

NADES at 25 mg/kg significantly attenuated adiposity accumulation relative to the negative control group, yielding values 

of 0.68 ± 0.047 and 0.86 ± 0.168, respectively (p < 0.05). Although the 50 mg/kg RGE-NADES cohort had a numerically lower 

adiposity index (1.06 ± 0.100) than the negative control, the difference was not statistically significant (p > 0.05). Relative 

heart, liver, and kidney weight indices showed no statistically significant differences across any experimental groups (p > 

0.05). 

 
Table III. Effect of RGE-NADES on adiposity and relative organ indices. 

Group Adiposity Index Heart Index Liver Index Kidney Index 

Normal control 0.43 ± 0.108a 0.35 ± 0.058 4.09 ± 0.490 1.02 ± 0.125 
AD + NADES (negative control) 1.32 ± 0.124d 0.36 ± 0.049 4.10 ± 0.087 1.11 ± 0.092 
AD + orlistat 2.16 mg/kg 0.68 ± 0.047b 0.37 ± 0.046 3.70 ± 0.387 0.94 ± 0.152 
AD + RGE-NADES 25 mg/kg 0.86 ± 0.168c 0.36 ± 0.026 3.87 ± 0.582 0.98 ± 0.131 
AD + RGE-NADES 50 mg/kg 1.06 ± 0.100d 0.36 ± 0.045 4.24 ± 0.295 1.06 ± 0.153 

Note: Values are presented as mean ± SD (n = 4). Superscript letters within the same column denote significant differences (p < 0.05). Relative organ indices did 

not differ significantly across groups (p > 0.05). 

 

The induction of obesity via high-fat atherogenic diet feeding was successfully established, as demonstrated by the negative 

control group displaying significantly elevated hyperphagia, body weight, Lee obesity index, and abdominal adiposity 

index compared with normal controls. Furthermore, the Lee index in the negative control group exceeded the threshold of 

310, confirming diet-induced obesity in rats19,20. Treatment with RGE-NADES effectively counteracted this metabolic 

phenotype, suppressing food intake and body weight gain relative to untreated atherogenic controls. Both RGE-NADES 

doses significantly reduced the Lee obesity index, while abdominal fat accumulation was suppressed in both treatment 

cohorts, with the 25 mg/kg dose demonstrating statistically significant adiposity suppression compared with the negative 

control group. 

These results indicate that administration of RGE-NADES at 25 and 50 mg/kg effectively mitigates weight gain and visceral 

fat accumulation in rats maintained on an atherogenic diet. In our previous investigation, this identical RGE-NADES extract 

demonstrated potent hypolipidemic and cardioprotective effects in an atherogenic model16. The current study expands 

these findings by establishing its direct anti-obesity efficacy. Nirvana et al. previously reported that conventional ethanol 

extracts of Z. officinale var. rubrum reduced body weight in hypercholesterolemic rats at a dose of 200 mg/kg7. Notably, RGE-

NADES elicited comparable anti-obesity responses at substantially lower dosages (25 and 50 mg/kg). While variations in 

extraction vehicles and study protocols preclude direct quantitative comparisons, these findings suggest that green eutectic 

solvents may enhance the bioactivity or bioaccessibility of constituents of Z. officinale var. rubrum. 
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The negative control group exhibited the highest food consumption, whereas both orlistat and RGE-NADES treatments 

were associated with decreased hyperphagia. This pattern aligns with observations by Amin et al.23, who reported that high-

fat diet consumption promotes hyperphagia, whereas pharmaceutical interventions like orlistat suppress overall food 

intake. Although orlistat primarily acts by inhibiting intestinal lipase to block dietary lipid absorption, the concurrent 

appetite suppression observed in this study likely contributed to the overall reduction in body mass. 

Intriguingly, the therapeutic response to RGE-NADES did not follow a linear dose-dependent pattern. The 25 mg/kg dose 

produced a greater relative body weight reduction than the 50 mg/kg dose (-10.31% vs. -8.68 %). Similarly, while the 50 

mg/kg dose reduced the adiposity index compared with negative controls (1.06 vs. 1.32), the change did not reach statistical 

significance (p > 0.05). This non-linear dose-response curve is a recognized phenomenon in botanical pharmacology, in 

which higher phytochemical concentrations may activate counter-regulatory metabolic pathways or saturate receptor 

kinetics24. 

The betaine-lactic acid (1:2) NADES mixture efficiently extracts the major bioactive gingerols and shogaols from Z. officinale 

var. rubrum rhizomes9. These compounds drive anti-obesity effects by directly regulating systemic lipid metabolism10,25-28. 

Purified 6-gingerol decreases adiposity in diet-induced obese models, whereas 6-shogaol suppresses adipocyte 

differentiation and stimulates lipolysis in 3T3-L1 preadipocytes26,27. Together, these cellular mechanisms limit triacylglycerol 

accumulation in adipose tissue, thereby reducing overall adiposity and body weight. Additionally, both 6-gingerol and 6-

shogaol upregulate adiponectin expression in mature adipocytes25. The intrinsic antioxidant and anti-inflammatory 

activities of Z. officinale var. rubrum further support these metabolic benefits by dampening adipose tissue inflammation and 

cellular oxidative stress8,10,11. Although molecular biomarkers were not directly quantified in this trial, these established 

pathways offer a compelling explanation for the anti-obesity effects observed in RGE-NADES-treated animals29. 

The application of NADES as an extraction vehicle provides a green pharmaceutical alternative to toxic organic solvents. 

Because the negative control group received the atherogenic diet paired with vehicle NADES, whereas the treatment groups 

received RGE-NADES, the observed physiological improvements can be attributed specifically to the extracted Z. officinale 

var. rubrum bioactives rather than to the eutectic vehicle itself. As biodegradable extraction media, NADES formulations 

offer clear environmental and processing advantages over conventional organic solvents13,14. Although this study did not 

include a parallel conventional-solvent arm, future head-to-head evaluations comparing RGE-NADES with standard 

ethanolic extracts will further clarify the specific therapeutic advantages of green eutectic extraction media. 

This study has several limitations that warrant consideration. A conventional organic solvent extraction control was not 

included, preventing direct isolation of the specific efficacy enhancement provided by the NADES matrix relative to 

standard extracts. Additionally, the intervention period was limited to 14 days, and systemic metabolic biomarkers (such as 

lipid profiles, adipokines, and inflammatory cytokines) were not measured. These parameters restrict long-term safety 

evaluations and mechanistic conclusions. Future research should compare different extraction solvents, extend the 

treatment duration, and incorporate comprehensive biochemical, histopathological, and molecular analyses. 

 

CONCLUSION 

In conclusion, Z. officinale var. rubrum extract prepared using a betaine-to-lactic acid (1:2 molar ratio) RGE-NADES effectively 

attenuates body weight gain and key obesity-related physiological parameters in rats subjected to a high-fat, atherogenic 

diet. Both tested dosage regimens (25 and 50 mg/kg body weight) produced statistically significant reductions in the Lee 

obesity index compared to the untreated negative control group, with the 25 mg/kg dose specifically demonstrating a 

significant reduction in the overall adiposity index. These findings underscore the promising therapeutic potential of RGE-

NADES as a green, bio-enhanced natural formulation for combating diet-induced obesity and metabolic dysfunction. 
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