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Type 2 diabetes has become one of the major health concerns of the 21st century, marked by hyperglycemia or glycosuria, and is associated with the development of several secondary health complications. Due to the fact that chemically synthesized drugs lead to several inevitable side effects, new antidiabetic medications from plants have gained substantial attention. Thus, the current study aims to evaluate the antidiabetic capacity of the Ageratina adenophora hydroalcoholic (AAHY) extract in streptozotocin–nicotinamide (STZ–NA)-induced diabetic Wistar albino rats. The rats were segregated randomly into five groups with six rats each. Group I was normal control, and the other four groups were STZ–NA-induced. Group II was designated diabetic control, and group III, IV, and V received metformin (150 mg/kg b.w.) and AAHY extract (200 and 400 mg/kg b.w.) for 28 days. Fasting blood glucose, serum biochemicals, liver and kidney antioxidant parameters, and pancreatic histopathology were observed after the experimental design. The study concludes that the AAHY extract has a significant blood glucose lowering capacity on normoglycemic (87.01 ± 0.54 to 57.21 ± 0.31), diabetic (324 ± 2.94 to 93 ± 2.04), and oral glucose-loaded (117.75 ± 3.35 to 92.75 ± 2.09) Wistar albino rats. The in vitro studies show that the AAHY extract has α-glucosidase and α-amylase inhibitory activities which can restore the altered blood glucose level, glycated hemoglobin, body weight, and serum enzymes such as serum glutamic pyruvic transaminase, serum glutamic oxaloacetic transaminase, serum alkaline phosphatase, total protein, urea, and creatinine levels close to the normal range in the treated STZ–NA-induced diabetic rats. The evaluation of these serum biochemicals is crucial for monitoring the diabetic condition. The AAHY extract has significantly enhanced tissue antioxidant parameters, such as superoxide dismutase, glutathione, and lipid peroxidation, close to normal levels. The presence of high-quantity chlorogenic (6.47% w/w) and caffeic (3.28% w/w) acids as some of the major phytoconstituents may contribute to the improvement of insulin resistance and oxidative stress. The study provides scientific support for the utilization of A. adenophora to treat type 2 diabetes in the STZ–NA-induced diabetic rat model. Although the preventive role of the AAHY extract in treating Wistar albino rat models against type 2 diabetes mellitus is undeniable, further elaborative research is required for efficacy and safety assessment in human beings.
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1 INTRODUCTION
A significant global health concern of the 21st century is the incidence of type 2 diabetes mellitus (T2DM) or diabetes mellitus (DM), which has reached an epidemic level (Chan et al., 2005). Hyperglycemia, hyperlipidemia or dyslipidemia, and glycosuria are the hallmarks of diabetes mellitus. It is a complex and multifactorial metabolic condition typically brought on by faulty protein, carbohydrate and fat metabolism, damaged pancreatic beta cells, insulin resistance, or insulin insufficiency (Oguntibeju, 2019). This metabolic condition led to increased blood glucose levels (BGLs) and develops into chronic, life-threatening microvascular, macrovascular, and neuropathic consequences over time. Nephropathy, retinopathy, cataract, neuropathy, cardiovascular, stroke, coronary artery diseases, and food-related diseases are among the many consequences linked to DM (Khursheed et al., 2019; Padhi et al., 2020). In 2017, it was projected that 415 million people have diabetes globally. By 2025, there will be 300 million adult cases, which are still expected to upsurge till 693 million by 2045. According to the predicted diabetic population, more than half (49.7%) are undiagnosed (Liu et al., 2013; Cho et al., 2018). In surge of the increasing incidence of DM, it becomes a necessity to curb this metabolic disorder. Several marketed antidiabetic drugs are in use with a goal to suppress the disease progression on a global scale. However, due to affordability and safety concerns, many researchers are inclined toward naturally occurring antidiabetic bioactive compounds from plant sources.
Biological-derived or chemical drugs such as sulfonylureas, thiazolidinediones, biguanides, meglitinides, α-glucosidase inhibitors, dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide-1 (GLP1) receptor agonists, and dopamine D2-receptor agonists are currently the principal antidiabetic medications for diabetes mellitus (Blonde, 2009; Tahrani et al., 2011; He et al., 2019). Sulfonylureas thiazolidinediones, biguanides, and meglitinides act by stimulating insulin production; α-glucosidase inhibitors halt carbohydrate breakdown, thereby enhancing glycemic index; DPP-4 inhibitors and GLP1 receptor agonists enhance insulin production, while inhibiting glucagon secretion from pancreatic islets of Langerhans; and dopamine D2-receptor agonists enhance the glycemic index via activation of hypothalamic dopamine D2-receptors (Dahlén et al., 2022). The recovery of diabetic patients is, however, significantly hampered by several unfavorable side effects and poor efficacy of these hypoglycemic medications. For instance, trodusquemine, which is a protein tyrosine phosphatase 1B (PTP-1B) inhibitor drug, has been disapproved by the Food and Drug Administration (FDA) for lower selectivity and adverse effects. Sodium-glucose co-transporter 2 (SGLT2) inhibitor drugs such as dapagliflozin, canagliflozin, and empagliflozin possess several side effects such as dehydration, diabetic ketoacidosis, vaginal yeast infections, urinary tract infections, joint ache, Fournier’s gangrene, and low blood pressure (Dowarah and Singh, 2020). Sulfonylureas, thiazolidinediones, α-glucosidase inhibitors, and biguanides can lead to hypoglycemic risk, weight gain, hepatotoxicity, gastrointestinal disorders, and lactic acidosis (Feldman, 1985; Lebovitz and Banerji, 2001; Carles et al., 2008; Chaudhury et al., 2017). DPP-4 inhibitors can also result in nausea, nasopharyngitis, headache, and hypersensitivity. Despite the fact that incretin-based medications have many advantages, they are nonetheless accompanied by significant gastrointestinal issues such as nausea, sour stomach, indigestion, belching, vomiting, and diarrhea (Drucker, 2006). There are several synthesized FDA-approved drugs which have made substantial improvement with time and has helped millions of T2DM patients as well as manage secondary complications. However, the dynamic nature of drug approval and withdrawal occurs as many drugs are more or less accompanied by certain deleterious effect in the long run (Dahlén et al., 2022). Therefore, the development of safer and more effective treatment medications is still critically needed.
Fortunately, many naturally occurring antidiabetic bioactive agents have never lost their effectiveness and continue to be a key component in the treatment as well as anti-T2DM drug discovery (Xu et al., 2018). Due to their affordability and safety concerns, almost 80% of people use plant-based traditional medicines (Ekor, 2014). A survey found that over a thousand plant species are utilized as a traditional folk treatment for diabetic mellitus (Osadebe et al., 2014). The primary medication on the market for the management of type 2 diabetes, metformin, is likewise made from guanidines that are extracted from the Galegine officinalis plant. For over 60 years, several new therapeutic antidiabetic drugs have been introduced; however, metformin is prioritized for T2DM patients, considering its safety profile and also affordability compared to other newer alternatives such as SGLT2 inhibitors as well as GLP1 receptor agonists (Bailey and Day, 2004; Triggle et al., 2022).
Ageratina adenophora (Spreng.) R. King & H. Robinson, also known as Eupatorium adenophorum Spreng., originated in Mexico and Costa Rica, belongs to the Asteraceae family and is widely distributed in Southeast Asian countries such as India, Pakistan, China, Nepal, Singapore, Thailand, Malaysia and the Philippines, New Zealand, eastern Australia, Northern America, and South Africa (Wan et al., 2010). The plant is commonly referred to as Crofton weed, eupatory, sticky snakeroot, Mexican devil, and Banmara (Muniappan et al., 2009), and in Manipur, India, the plant is locally called Naga mana or Japanpu (Ringmichon and Gopalkrishnan, 2017). It has been observed that the plant is an herbaceous perennial invasive weed and possesses several secondary metabolites that are pharmacologically intriguing, including terpenoids, alkaloids, polyphenols, saponins, flavonoids, coumarins, phenylpropanoids, steroids, and phenolic acids (Liu et al., 2015). Several pharmacological studies showed that A. adenophora extract has various biological therapeutic properties such as antiviral, antiinflammatory, wound-healing, antioxidant, antibacterial, antipyretic, wound-healing, and analgesic properties (André et al., 2019; Poudel et al., 2020). The leaves and tender parts of the plant have abundant chlorogenic acid or 5-O-caffeoylquinic acid (C16 H18 O9, 354.31 g/mol) (Liu et al., 2016). The chlorogenic acid is an ester of caffeic acid (C9 H8 O4, 180.16 g/mol) and quinic acid, which has attracted substantial attention due to its antioxidant, antiinflammatory, antimicrobial, antilipidemic, antihypertensive, and antitumor properties (Santana-Gálvez et al., 2017; Naveed et al., 2018). There are several antidiabetic reports of chlorogenic (Cho et al., 2010; Meng et al., 2013) and caffeic acids (Zhao et al., 2022) used as novel insulin sensitizers; they improve glucose tolerance, insulin resistance, and cellular oxidative stress and manage obesity. It has been reported that caffeic acid shows prophylactic activity against diabetic kidney disease by suppressing autophagy regulatory miRNAs (miR-133b, miR-342, and miR-30a) in high-fat diet streptozotocin-induced diabetic rats (Matboli et al., 2017). Caffeic acid and a majority of its derivatives reduce oxidative stress, manage hyperglycemic condition, and also aid in improving secondary complications associated with DM (Ganguly et al., 2023).
The main aim of the current study is to assess the antidiabetic capacity of A. adenophora hydroalcoholic extract in STZ–NA-induced diabetic rats. Ageratina of different species, Ageratina grandifolia and Ageratina petiolaris, have been cited to possess α-glucosidase inhibitory potential (Gutiérrez-González et al., 2021) and induces hypoglycemic effect (Bustos-brito et al., 2016; Mata-torres and Andrade-cetto, 2020). A report has mentioned the traditional use of A. adenophora leaves to treat diabetes in Nigeria (Awah et al., 2012); however, further scientific validation has not been carried out. Another recent work on the in vitro antidiabetic activity of A. adenophora methanolic extract from Nepal reported an α-amylase inhibitory activity, but further assessment in vivo was not implemented (Kapali and Sharma, 2021). Although few preliminary studies have mentioned the antidiabetic effect of A. adenophora extract, further extensive validation with animal models is crucial for the development of new drugs. The plant is extensively grown in Manipur as an unattended herb. In spite of the abundance, its therapeutic potential has not been utilized adequately due to lack of limited knowledge. Therefore, considering the preliminary works and reported scientific significances of A. adenophora, the current study has been performed to evaluate the phytochemicals, antioxidant, and in vitro as well as in vivo antidiabetic properties of the plant.
2 MATERIALS AND METHODS
2.1 Materials
α-Glucosidase (from Saccharomyces cerevisiae), α-amylase (from Bacillus subtilis) and p-nitrophenyl-α-D-glucopyranoside (pNPG), streptozotocin (STZ), chlorogenic acid (≥95%), and caffeic acid (≥98.0%) were procured from Sigma-Aldrich Co. (St. Louis, United States). Nicotinamide (NA) and metformin hydrochloride were from Hi media. All other reagents and chemicals used for the study were of analytical grade.
2.2 Plant materials and extraction
The fresh leaves and aerial parts of the plants were collected from Mao, Manipur (latitude: 25°30′24.69″N and longitude: 94°08′03.01″E), during the month of January 2020, growing at an altitude of 1665 m above the sea level. The taxonomic identification of the herbarium was authenticated by the Institute of Bioresources and Sustainable Development (IBSD), India, such as A. adenophora (Spreng.) R. M. King & H. Rob., and deposited at the Plant Systematic and Conservation Laboratory, IBSD (Herbarium No. Institute of Bioresources and Sustainable Development/M-274). The collected sample was washed, shade-dried, powdered, and kept for a week by macerating with methanol:water (70:30 v/v), and the macerate was filtered at the end of the time point. Finally, the filtrate was evaporated with the help of a rotary vacuum evaporator (IKA RV 10) set at 45°C, followed by lyophilization (Scanvac cool safe, labogene scandinavian by design, Denmark) (Alamgeer et al., 2013). In total, 132.3 gm dried crude extract was yielded from 1,500 gm of dried leaf powder. The % yield of the A. adenophora hydroalcoholic (AAHY) extract was calculated as
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where X is weight of the dried crude extract obtained and Y is weight of dried leaves powder used for extraction.
2.3 Qualitative phytochemical analysis
To examine the presence or absence of the major phytochemical group of compounds in the AAHY extract, such as alkaloids, phenols, flavonoids, saponins, tannins, glycosides, terpenoids, quinones, and steroids, we followed standard protocols for screening preliminary qualitative phytochemical profiling (Banu and Cathrine, 2015; Sisay et al., 2022).
2.4 High-performance thin-layer chromatography analysis of the AAHY extract
The percentage content of standard chlorogenic acid and caffeic acid in the AAHY extract was estimated by the high-performance thin-layer chromatography (HPTLC) comparative analysis method with the respective retardation factor (Rf) of the standard phytoconstituents. The Camag HPTLC instrument (Muttenz, Switzerland) was used for the analysis of samples. The standard stock solution (1 mg/mL) of chlorogenic acid and caffeic acid was prepared by dissolving 1 mg accurately weighed standard in 1 mL HPLC-grade methanol. All the solutions were vortexed and kept in an ultrasonic bath till dissolved and filtered through a 0.45 μ syringe filter before analysis. The external standard calibration curve for chlorogenic acid and caffeic acid was prepared in a concentration range from 20 to 100 μg/mL and 100 to 180 μg/mL, respectively. Then, the solutions were drawn into a CAMAG LINOMAT V applicator fitted out with a syringe and spotted on aluminum-backed HPTLC plates 10 × 10 cm with 0.2 mm layers of silica gel 60 F254. Then, the plates were developed using a suitable mobile phase. The detection of the compounds was performed at 302 nm. The amount of chlorogenic acid and caffeic acid present in the sample was determined through the construction of a calibration curve by plotting the peak area against corresponding concentrations by means of linear regression using visionCATS 3.0 software (Orfali et al., 2021; Chaudhary et al., 2023).
2.5 In vitro antioxidant capacity of the AAHY leaf extract
2.5.1 DPPH radical scavenging activity
Measurement of the scavenging effect on 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma-Aldrich) was performed according to the work of Amorati and Valgimigli (2018). 100 μl of 0.2 mM DPPH was prepared in methanol and was mixed with 100 μL of different concentrations of the AAHY extract (1.0, 2.5, 5.0, 10.0, 15.0, 30.0, 60.0, and 100.0 μg/mL). The reaction mixture was shaken well and incubated for 30 min in the dark, and then, the absorbance was measured at 517 nm using a Varioskan LUX multimode microplate reader (ESW version 1.00.38) from Thermo Fisher Scientific.
The percentage of DPPH free radical scavenging capacity was calculated using the following equation:
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where Acontrol is the absorbance of DPPH mixed with methanol and Asample is the absorbance of DPPH mixed with the sample AAHY extract. Experiments were performed thrice (n = 3). L-ascorbic acid (Sigma-Aldrich) was used as positive control.
2.5.2 ABTS cation radical scavenging activity
The ABTS radical cation scavenging capacity of the AAHY extract was assayed with 2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) (Sigma-Aldrich) following the work of Floegel et al. (2011). The ABTS radical cation solution was prepared by mixing 7.4 mmol/L ABTS and 2.6 mmol/L potassium persulfate (Sigma-Aldrich). 100 μL of the prepared ABTS radical cation solution was mixed with 100 μL of different concentrations of the AAHY extract (1.0, 2.5, 5.0, 10.0, 15.0, 30.0, 60.0, and 100.0 μg/mL), and after 6 min incubation time, the absorbance was measured at 734 nm using a Varioskan LUX multimode microplate reader (ESW version 1.00.38) from Thermo Fisher Scientific.
The percentage of ABTS+ free radical scavenging capacity was calculated using the following equation:
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where Acontrol is the absorbance of the ABTS with methanol and Asample is the absorbance of the ABTS mixed with the sample AAHY extract. Experiments were performed thrice (n = 3). L-ascorbic acid was used as positive control.
2.6 In vitro antidiabetic activity
2.6.1 α-Glucosidase inhibition assay
The α-glucosidase inhibition assay was performed following methods previously described by Yao et al. (2013); Kim et al., 2004. Different concentrations of standard inhibitor acarbose and the sample AAHY extract (20, 40, 60, 80, 100, and 120 μg/mL) were prepared. Then, 50 µL of 0.1 M potassium phosphate buffer (pH: 6.8) and 10 µL of alpha-glucosidase (1 U/mL) were mixed and incubated. After 20 min of incubation at 37°C, 20 µL of p-nitro phenyl glucopyranoside (pNPG, 5 mM) was added, mixed well, and re-incubated at 37°C for 30 min. The reaction was stopped by adding 40 µL of 0.1 M Na2 CO3 solution. The enzyme activity was estimated by measuring the absorbance of the end product p-nitrophenol at 410 nm using a microplate reader (Varioskan LUX multimode microplate reader, ESW version 1.00.38) from Thermo Fisher Scientific. The inhibition assay was performed thrice, and the percentage of inhibition was calculated as follows:
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where Asample is the absorbance in the presence of both α-glucosidase and sample and Acontrol is the absorbance of the reaction mixture containing the same volume of buffer solution instead of the sample.
2.6.2 α-Amylase inhibition assay
The α-amylase inhibition assay was carried out following the work of Yao et al. (2013) and Telagari and Hullatti (2015). Different concentrations (20, 40, 60, 80, 100, and 120 μg/mL) of standard acarbose and the sample AAHY extract were prepared. 50 μL of sodium phosphate buffer (100 mM, pH 6.8) was mixed with 10 µL α-amylase (2U/mL) soluble starch (1%). After 30 min of incubation at 37°C, 20 µL substrate, 1% soluble starch prepared in phosphate buffer 100 mM (pH: 6.8) was added and further re-incubated at 37°C for 30 min. The reaction was terminated by adding 100 µL dinitrosalicylic acid reagent solution and boiling for 10 min. The enzyme activity was estimated by measuring the absorbance at 540 nm using a microplate reader (Varioskan LUX multimode microplate reader, ESW version 1.00.38) from Thermo Fisher Scientific. The inhibition assay was performed thrice, and the inhibition percentage was calculated as follows:
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where Asample is the absorbance in the presence of both α-glucosidase and sample and Acontrol is the absorbance of the reaction mixture containing the same volume of buffer solution instead of the sample.
2.7 In vivo antidiabetic activity
2.7.1 Experimental animals
Healthy normoglycemic (80–90 mg/dL) adult male Wistar albino rats (150–200 g) obtained from the registered breeder–Saha Enterprise, Kolkata (Reg. No. 1828/PO/BT/S/15/CPCSEA), were used for the experimental study. Rats were maintained in polypropylene cages bedded with straws under standard ambient conditions (temperature 25°C ± 4°C with 12/12 h light/dark cycle; 50—70 humidity). The rats were fed on a standard pellet diet and given free access to water ad libitum. All the experimental protocols were scrutinized and approved by the university’s animal ethical committee (Ref. No. ACE/PHARM/1502/09/2015, Jadavpur University, Kolkata 700032, West Bengal, India).
2.7.2 Acute toxicity study
Swiss albino mice were used to evaluate the acute oral toxicity test of the AAHY extract following instructions by the Organization of Economic Cooperation and Development (OECD), Guideline 425. The animals were observed for general behaviors such as tremors, aggressiveness, hypnosis, convulsions, diarrhea, analgesia, and skin color for the first 24 h after administration of the test sample AAHY extract at a limit dose of 2000 mg/kg b.w (OECD, 2022).
2.7.3 Diabetes induction
Induction of diabetes by intraperitoneal (i.p) injection of streptozotocin (STZ) was given to the 16 h fasted rats; however, water was provided. STZ at a dose of 50 mg/kg b. w was dissolved in 0.1 Mcold citrate buffer (pH 4.5) just before administration, and an i. p injection of NA (100 mg/kg b. w) was given 15 min prior to STZ injection. Glucose solution 20% was provided for the first 24 h to STZ–NA-injected rats to prevent initial hypoglycemic mortality. The diabetic condition was confirmed by fasting blood glucose (FBG) measurement of blood drawn from the tail vein using a glucometer (ACCU-Chek active), and FBG ≥250 mg/dL was selected for the experiment (Ghasemi et al., 2014; Sisay et al., 2022).
2.7.4 Extract effect on the blood glucose level of normoglycemic rats
Normal healthy rats (80–90 mg/dL) were fasted overnight for 16 h, but water was provided ad libitum. The normal control animals received normal saline water, and the treated groups were given predetermined doses of 200 and 400 mg/kg b.w., p.o., of the AAHY extract. The baseline blood glucose level of each rat was measured just prior to treatment (0 min) and after administration at 1, 2, 4, and 6 h, with the blood drawn from the tail vein under aseptic conditions (Birru et al., 2015; Sisay et al., 2022).
2.7.5 Extract effect on blood glucose after the oral glucose tolerance test
Normal healthy rats (80–90 mg/dL) which were fasted for 16 h were used for the oral glucose tolerance test (OGTT). The rats were distributed into groups of three, and six rats were placed in each group (n = 6). Group I, designated as the normal control group, was given distilled water (5 mL/kg b.w., p.o.), and group II and III were treated with doses of 200 and 400 mg/kg b.w., p.o., respectively. After 30 min of administration, the rats received glucose (2 g/kg b.w., p.o.). Measurement of blood glucose level was carried out just before (0 min) and after 30, 60, and 120 min following oral glucose administration (Kifle et al., 2020). The blood was drawn from the tail vein and measured using a glucometer (ACCU-Chek active).
2.7.6 Experimental design for antidiabetic activity
The rats were divided into five groups, with six rats in each group (n = 6). The experimental study was set up for 28 days.
Group I: Normal control rats received normal saline (0.5 mL/kg, b.w., p.o.).
Group II: The diabetic control group treated with STZ (50 mg/kg, b.w., i.p.) and NA (100 mg/kg, b.w., i.p.).
Group III: STZ–NA-induced diabetic rats treated with the AAHY extract (200 mg/kg b.w.), administered orally for 28 days.
Group IV: STZ–NA-induced diabetic rats treated with the AAHY extract (400 mg/kg b.w.) administered orally for 28 days.
Group V: STZ–NA-induced diabetic rats treated with metformin (150 mg/kg, p.o.) for 28 days.
2.7.7 Glycated hemoglobin estimation
A commercially available glycated hemoglobin kit based on the ion exchange resin method [Coral clinical systems, a Division of Tulip Diagnostics (p) Ltd.] was used to measure glycated hemoglobin (HbA1c) levels in whole blood samples.
2.7.8 Serum biochemical parameter determination
At the end of the experimental design, the rats were fasted overnight for 16 h and on the 29th day, they were anaesthetized using isoflurane and sacrificed by cervical dislocation. The blood sample was drawn and collected from the heart by cardiac puncture. Serum was acquired by centrifugation at 3,000 rpm for 10 min. An array of biochemical parameters such as serum glutamic pyruvic transaminase (SGPT), serum glutamic oxaloacetic transaminase (SGOT), serum alkaline phosphatase (SALP), total protein (TP), creatinine, and urea were measured with the collected serum using commercially available assay kits (Arkray Healthcare Pvt., Ltd., Surat, Gujarat, India).
2.7.9 Serum lipid profile evaluation
Estimation of serum lipid profiles such as total cholesterol (TC), high-density lipoprotein (HDL), and triglycerides (TGs) were determined using commercially available kits (Arkray Healthcare Pvt., Ltd., Surat, Gujarat, India).
2.7.10 Tissue antioxidant parameter estimation
The organs, liver and kidney, were carefully harvested from the rats and cleaned in ice-cold saline to remove blood. The organs were weighed, cut into pieces, and homogenized with phosphate buffer (0.025 M, pH 7.4). The homogenate was centrifuged for 15 min at 10,000 rpm at 4°C. The supernatant was collected and used for estimations of antioxidant parameters such as lipid peroxidation (LPO), reduced glutathione (GSH), and superoxide dismutase (SOD).
Lipid peroxidation (LPO) levels from the supernatant of liver and kidney tissues were determined as per the standard protocols followed by Ohkawa et al. (1979) and Niehaus and Samuelsson (1968). The supernatant, 0.02 M phosphate buffer saline (PBS), and 10% trichloro acetic acid (TCA), in the ratio of 1:1:2 were mixed and incubated for 30 min at room temperature. Then, the mixture was centrifuged at 3,000 rpm
For 10 min, 1mL of the supernatant was collected and mixed with 250 µL of 1% thiobarbituric acid (TBA) and heated for 60 min at 95°C until a stable pink color was observed. The OD was measured at 532 nm against an appropriate blank and expressed as µM of malondialdehyde (MDA)/mg protein.
The glutathione (GSH) levels of the liver and kidney tissues were assayed according to the methods of Ellman (1959) and Moron et al. (1979). 0.1 mL of respective homogenates mixed with 2.4 mL EDTA were incubated in ice for 10 min, followed by precipitation with 0.5 mL of 50% TCA. The precipitate was discarded by centrifugation at 4°C, 3,000 rpm for 15 min. To 1 mL of the clear supernatant, 1 mL of tris buffer and 0.05 mL of DTNB were added. Absorbance at 412 nm was measured after the reaction mixture had been incubated for 3 min. The amount of glutathione was expressed as µM of GSH utilized/mg protein.
The superoxide dismutase (SOD) activity levels of the tissue supernatants were assayed following the work of Marklund and Marklund (1974) and Kakkar et al. (1984). The reaction mixture contained 600 µL PBS, 60 µL of 186 µM phenazine methosulphate (PMS), 150 µL of 300 µM nitroblue tetrazolium (NBT), and 100 µL each of supernatant and NADH (780 µM). The reaction mixture was incubated for 90 s at 30°C, and the reaction was terminated by adding 500 µL of glacial acetic acid. The absorbance was measured at 560 nm against an appropriate blank and expressed as units/mg protein.
2.7.11 Histopathological studies
The pancreas was carefully harvested from the euthanized rats after the termination of the experiment and subjected to histopathological studies. The tissues were washed with a standard saline solution for 5 min each, followed by 10% formalin fixation for 24 h, then dehydrated by passing through different alcohol solutions successively, and finally, embedded in paraffin. The embedded samples were sliced into ultra-thin (4–5 µm) sections with a semi-automated Thermo Scientific microtome. The sliced tissue samples were gently placed over warm water and carefully glided onto glass slides. The slides were deparaffinized, and the transparent intact tissue sections were stained with hematoxylin–eosin dye to provide structural contrast (Alturkistani et al., 2015). One or two drops of DPX mounting medium were spread over the tissue specimens on the slides and carefully covered with coverslips for preservation. The prepared stained slides were observed and photographed with the camera attached to the microscope (Nikon eclipse Ni–U). The size of the pancreatic islets from the captured histopathology image was calculated using ImageJ analysis software. The changes in the size have been expressed as relative % compared to the normal control group.
2.8 Statistical analysis
The results were evaluated using the statistical tool, one-way analysis of variance (ANOVA) post hoc Dunnett’s test using Graph pad prism 8.4.3 software (Graph Pad Software, San Diego United States). The size of the histopathology image was analyzed using ImageJ software. The data were represented as mean ± standard error of mean (SEM). The statistical significance was set at p < 0.05.
3 RESULTS
3.1 Extraction yield of the AAHY extract
The yield of the AAHY extract was 8.82%.
3.2 Qualitative phytochemical analysis
The outcomes of the types of tests performed, the changes observed, and the inferences of the preliminary phytoconstituent analysis are summarized in Table 1.
TABLE 1 | Preliminary qualitative phytochemical analysis of the AAHY extract.
[image: Table 1]3.3 HPTLC analysis of the AAHY extract
The developed plate was scanned 302 nm using a CAMAG TLC Scanner IV in the absorbance mode. The picture of the developed plate was captured by using CAMAG Reprostar 3. The photo documentation was carried out using the CAMAG TLC visualizer 2 under white, 254 and 366 nm (Figure 1). The standard compound (chlorogenic acid and caffeic acid) expressed a good linearity between concentrations and the peak area. The mobile phase toluene–ethyl acetate–formic acid (5:4:1, v/v) and ethyl acetate–acetic acid–formic acid–water (100:1.1:1.1:2.6, v/v) were found to produce a compact spot for chlorogenic acid and caffeic acid at Rf 0.43 and 0.72, respectively. A good linear precision relationship between the concentrations and peak areas was obtained with the correlation coefficient (r2) > 0.997 and 0.998 for chlorogenic acid and caffeic acid, respectively. The amount of chlorogenic acid and caffeic acid was found to be 6.47% and 3.28 w/w in the AAHY extract, respectively.
[image: Figure 1]FIGURE 1 | Standardization of the AAHY extract for the presence of (A) chlorogenic acid and (B) caffeic acid as the standard phytomarker through HPTLC analysis.
3.4 Antioxidant activity
The AAHY extract exerted DPPH as well as ABTS free radical scavenging activities in a dose-dependent manner Figure 1. The % inhibitory concentrations (IC50) of the AAHY extract and L-ascorbic acid were 44.52 ± 1.23 μg/mL and 15.12 ± 0.11 μg/mL, respectively, as determined by DPPH radical scavenging assay Figure 2A, whereas IC50 was 9.75 ± 0.33 μg/mL for L-ascorbic acid and 33.33 ± 0.66 μg/mL for the AAHY extract, respectively, when the scavenging capacity was assessed by ABTS cation radical scavenging assay Figure 2B.
[image: Figure 2]FIGURE 2 | (A) DPPH and (B) ABTS free radical scavenging activities (%). A comparison of different concentrations of the AAHY extract and ascorbic acid is shown. Data are represented as mean ± SEM, and experiments were performed thrice (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 versus the AAHY extract. SEM: standard error of mean.
3.5 In vitro α-glucosidase and α-amylase inhibition assays
The sample AAHY extract exhibited a dose-dependent inhibition of α-glucosidase and α-amylase activities. The inhibitory effects were compared with a standard inhibitor, acarbose. The α-glucosidase inhibition results of the extract and acarbose are shown in Figure 3A. The corresponding concentration for 50% inhibition (IC50) of the AAHY extract and acarbose was 93.47 ± 2.56 and 46.77 ± 1.31 μg/mL, respectively. α-Amylase inhibitory activities of the AAHY extract and acarbose are shown in Figure 3B, and the corresponding IC50 values were found to be 116.32 ± 1.15 and 70.62 ± 0.52 μg/mL, respectively.
[image: Figure 3]FIGURE 3 | In vitro (A) α-glucosidase and (B) α-amylase activities of the AAHY extract. % inhibitions are expressed as mean ± SEM, and n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the AAHY extract. SEM: standard error of mean.
3.6 Acute toxicity study
The study was performed by oral administration (p.o.) of the AAHY extract at a dose of 2000 mg/kg b.w. in mice. There were no toxicity signs, and none of the animals died till the end of the experiment. Since the animals were not toxic up to the dose of 2000 mg/kg b.w., further hypoglycemic experiments were carried out at doses of 200 and 400 mg/kg b.w, respectively.
3.7 Oral glucose tolerance test
The OGTT showed that the BGLs of normoglycemic rats were elevated in the first 30 min after the oral administration of glucose and gradually decreased. However, the AAHY extract (200 and 400 mg/kg b.w.) significantly reduced blood glucose levels at 60 and 120 min in glucose-loaded rats compared to untreated normal control rats (Table 2).
TABLE 2 | Effect of the AAHY extract in the oral glucose tolerance test.
[image: Table 2]3.8 Effect of the AAHY extract on fasting blood glucose and body weight
The fasting blood glucose levels of STZ–NA-induced diabetic rats (group II) were significantly elevated compared to normal control rats (group I) during the experimental study. Daily oral administration of the AAHY extract at the doses of 200 mg/kg b.w. (group III) and 400 mg/kg b.w. (group IV) to the diabetic rats significantly reduced FBG near to the normal level (group I) compared to the diabetic control rats (group II) in a dose-dependent manner. The standard metformin (150 mg/kg b.w.)-treated rats (group V) showed reduced FBG compared to the diabetic control (Table 3).
TABLE 3 | Effect of the AAHY extract on fasting blood glucose (mg/dL).
[image: Table 3]The body weight of STZ–NA-induced diabetic rats (group II) gradually decreased, whereas the groups (III and IV) administered with the AAHY extract at the doses of 200 and 400 mg/kg b.w. showed gradual improvement as compared to normal control rats (group I). The rats treated with drug standard metformin at 150 mg/kg b.w. (group V) also exhibited a gradual increase in body weight. The study data are shown in Table 4.
TABLE 4 | Effect of the AAHY extract on the body weight of experimental rats (g).
[image: Table 4]3.9 Hypoglycemic activity on normoglycemic rats
There was no significant difference in blood glucose levels between the groups prior to treatments. In fact, 2 h after the administration of the extracts and metformin, the FBG level was lowered. Following 6 h of treatment, both the extracts (200 and 400 mg/kg) and metformin (150 mg/kg) were able to significantly deduce FBG levels of the normoglycemic rats compared to the 2 h time point (Table 5).
TABLE 5 | Hypoglycemic activity of the AAHY extract in normoglycemic rats.
[image: Table 5]3.10 Glycated hemoglobin
After the termination of the experiment, the blood samples were examined for glycated hemoglobin (HbA1c). The HbA1c level of the STZ–NA-induced diabetic control rats was elevated compared to normal control rats. However, the HbA1c level of the STZ–NA-induced diabetic rats treated with doses of the AAHY extract 200 and 400 mg/kg b.w and metformin 150 mg/kg b.w. was reduced compared to the diabetic control rats. The activity observed with the AAHY extract dose of 400 mg/kg b.w was comparable with the standard drug metformin (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of the AAHY extract on the glycated hemoglobin level. The error bar represents mean ± SEM, and n = 6 for each group. a represents the diabetic control group versus the normal control group, and b represents the diabetic control group versus treated groups. *p < 0.05, **p < 0.01, and ***p < 0.001. SEM: standard error of mean.
3.11 Serum biochemical parameters
The efficacy of the AAHY extract on serum biochemical parameters such as SGPT, SGOT, SALP, TP, creatinine, and urea is shown in Figure 3. In STZ–NA-induced diabetic rats, oral administration of the AAHY extract and metformin significantly reduced SGPT, SGOT, SALP, creatinine, and urea, when compared to diabetic control rats. However, the total protein (TP) content increased in the AAHY extract- and metformin-administered groups (Figure 5).
[image: Figure 5]FIGURE 5 | Effect of the AAHY extract on serum biochemical parameters. The error bar denotes mean ± SEM, and n = 6 for each group. a represents the diabetic control group versus the normal control group, and b represents the diabetic control group versus treated groups. *p < 0.05, **p < 0.01, and ***p < 0.001. SEM: standard error of mean.
3.12 Serum lipid profile
In STZ–NA-induced diabetic control rats, the serum lipid profile, such as triglyceride and total cholesterol (TC) levels, was high. However, the HDL level was low compared to normal control rats. In diabetic rats, oral administration of the AAHY extract at the doses of 200 and 400 mg/kg b. w. and metformin at 150 mg/ml b. w. showed a gradual reduction in TG and TC levels, but HDL levels increased compared to the diabetic control group (Figure 6).
[image: Figure 6]FIGURE 6 | Effect of the AAHY extract on the serum lipid profile. The error bar denotes mean ± SEM and n = 6 for each group. a represents the diabetic control group versus the normal control group, and b represents the diabetic control group versus treated groups. *p < 0.05, **p < 0.01, and ***p < 0.001. SEM: standard error of mean.
3.13 Tissue antioxidant parameters
The liver and kidney antioxidant data are shown in Figure 7. The SOD and GSH levels of STZ–NA-induced diabetic control rats were low, whereas an increased level of MDA was observed compared to the normal control group. These antioxidant parameters were significantly improved near to normal levels after administering the AAHY extract 200 and 400 mg/kg b.w. doses and metformin at 150 mg/ml b.w, compared to diabetic control rats.
[image: Figure 7]FIGURE 7 | Effect of the AAHY extract on liver and kidney tissue antioxidant parameters. The error bar denotes mean ± SEM, and n = 6 for each group. a represents the diabetic control group versus the normal control group, and b represents the diabetic control group versus treated groups. *p < 0.05, **p < 0.01, and ***p < 0.001. SEM: standard error of mean.
3.14 Histopathological studies
The histology of the pancreas was examined after the end of the experimental design. The hematoxylin and eosin-dyed pancreatic tissue photomicrographs of normal control rats depicted normal islet cells (Figure 8A). On the contrary, the diabetic control pancreatic islet cells were degranulated, disrupted, noticeably depleted, and dilated compared to the normal islet architecture (Figure 8B). However, the AAHY extract 200- and 400 mg/kg b.w.-treated groups exhibited gradual improvement in islet cell density and showed regeneration of cell and granulation in a dose-dependent manner compared to diabetic control rats (Figures 8C, D). The metformin-treated group showed protective response as evident from the increased pancreatic islets size close to the normal histology of the normal control group (Figure 8E). A remarkable difference was observed in the relative pancreatic islets size of the diabetic and treated groups when compared with that of the normal control. The islets sizes in the diabetic group were significantly deduced showing depleted cells (6.78% ± 0.39%). A gradual improvement in the histology of the pancreatic islets was observed in the AAHY extract (17.23% ± 1.25% and 35.46% ± 2.96%, respectively)-treated group and there was a significant improvement in the metformin (71.1% ± 2.04%)-treated group when relatively compared with that of the normal group (Figure 9).
[image: Figure 8]FIGURE 8 | Histopathological features of the pancreatic islets of normal and STZ–NA-induced diabetic Wistar albino rats. (A) Normal control group depicting the normal histology of the pancreas, (B) diabetic pancreas showing a depleted, distorted β-cell structure and greatly reduced islets size, (C) diabetic + AAHY extract 200 mg/kg b.w.-treated pancreas showing mild improvement, (D) diabetic + AAHY extract 400 mg/kg b.w.-treated pancreas revealing gradual regeneration of β-cells, thereby improving islets size, and (E) diabetic + metformin 150 mg/kg b.w.-treated pancreas showing the nearly normal structure of the islets. A representative photomicrograph of each group is shown (n = 6). Scale bar = 100 µm.
[image: Figure 9]FIGURE 9 | Graph showing the relative size of the pancreatic islets compared to that of the normal control. The error bar denotes mean ± SEM, and n = 6 for each group. **p < 0.01 and ***p < 0.001 versus the normal control group. SEM: standard error of mean.
4 DISCUSSIONS
Although there have been significant advances in the development of antidiabetic drugs, these therapies are often regarded as ineffective since they fail to prevent T2DM-related secondary problems, have adverse effects, and are expensive. Therefore, it is encouraging to look into medicinal plants and other natural remedies as therapeutic alternatives.
The current study has been conducted to evaluate the capacity of Ageratina adenophora hydroalcoholic extract administered orally, for antihyperglycemic and antihyperlipidemic activities in normal, oral glucose-loaded, and STZ–NA-induced diabetic rats, and quantification of phytochemicals chlorogenic and caffeic acids present in the extract. Before conducting in vivo animal studies in Wistar albino rats, in vitro enzymatic assays, α-glucosidase and α-amylase, were performed. T2DM is characterized by faulty insulin secretion or deficiency and defective metabolism of carbohydrates and lipids in tissues, leading to an increase in postprandial hyperglycemia levels. The pancreatic enzymes α-glucosidase and α-amylase hydrolyze starch and oligosaccharides resulting in fast uptake of glucose in the intestine, thereby increasing the postprandial blood glucose level. Inhibition of these enzymes is a promising method for reducing such postprandial hyperglycemia, which is crucial in T2DM (Dong et al., 2012). The findings suggest that the AAHY extract possesses good suppressive activities on pancreatic α-glucosidase and α-amylase enzymes, thereby inhibiting carbohydrate metabolism and decreasing the postprandial glucose level.
Prior to the advancement of in vivo experiments, the acute toxicity test was performed. Oral administration of the AAHY extract at a dose of 2,000 mg/kg b. w. in mice did not show any toxicity effect. So, further downstream experiments were carried out at doses of 200 and 400 mg/kg b.w, respectively. The oral glucose tolerance test is one of the important assessments for the identification and diagnosis of impaired glucose tolerance, insulin resistance, and sensitivity for T2DM prevention in patients who are at high risk (Kuo et al., 2021). So, it can be interpreted that the AAHY extract has a significant glucose tolerance activity compared to the normal control groups. Oral administration of the AAHY extract at doses of 200 and 400 mg/kg b.w. for consecutive 28 days significantly reduced FBG compared to the diabetic control groups. This might be due to the potential of the extract to induce pancreatic secretion of insulin by the existing and regenerated β-cells. The body weight of the STZ–NA-induced diabetic rats was decreased compared to normal group rats, which could be possibly due to low glycemic grade. In untreated diabetic rats, there is an extensive breakdown of proteins to provide amino acids for gluconeogenesis during insulin deficiency resulting in muscle wasting and weight loss (Kasetti et al., 2010). The body weight of the treated diabetic groups gradually improved after the administration of the AAHY extract.
Antioxidants play a protective role against the development of many chronic diseases caused by the overproduction of oxidants. Antioxidant phytochemicals are present in several medicinal plants that can scavenge free radicals (Yao et al., 2013). Plant polyphenolic compounds are known to possess antioxidant properties and modulate the hyperglycemic state by inhibiting α-amylase and α-glucosidase activities, thereby managing T2DM (Sekhon-Loodu and Rupasinghe, 2019). Chlorogenic and caffeic acids are natural antioxidant phenolic compounds that prevent oxidative stress-induced diseases such as DM (Stagos, 2020). Chen et al. reported the synergistic effect of chlorogenic and caffeic acids isolated from Sonchus oleraceus Linn. in modulating glucose utilization via the PI3K/AKT/GLUT4 inactivation pathway in HepG2 cells (Chen et al., 2019). The phenolic compound, chlorogenic acid, is found to be abundant in the leaves of A. adenophora (Liu et al., 2016). Quantification of chlorogenic acid and its associate, caffeic acid, was standardized using HPTLC analysis and was found to be 6.47% w/w and 3.28% w/w, respectively. The antioxidant and antiinflammatory properties of these compounds are well reported and also aid in the management of chronic metabolic diseases (Dos Santos et al., 2006; Santana-Gálvez et al., 2017). Previous research showed a variety of plant polyphenolics possessing antioxidant properties that protect pancreatic β-cells (Belayneh et al., 2019). Similarly, the AAHY extract showed antioxidant property in the present study, suggesting the ability to protect β-cells and contribute to antihyperglycemic activity in STZ–NA-induced diabetic rats. The protective role might be attributed to the presence of various groups of secondary metabolites such as alkaloids, phenolics, flavonoids, tannins, glycosides, terpenoids, and quinones, as revealed from the preliminary qualitative profiling of phytochemicals of the AAHY leaf extract (Zhang et al., 2015). The aforementioned phytoconstituent results are also consistent with the reported studies (André et al., 2019; Poudel et al., 2020). The alkaloids have been reported to regulate hyperglycemia via α-glucosidase and α-amylase inhibition, sensitizing insulin production, inhibition of PTP-1B and DPP-4 pathways, and managing oxidative stress condition (Adhikari, 2021; Ajebli et al., 2021). Terpenoids also help in the management of T2DM via the activation of the AMP-activated protein kinase pathway (Grace et al., 2019). Phenolics and flavonoids are polyphenols possessing antioxidant properties that protect the pancreatic islets of Langerhans (Praparatana et al., 2022). Likewise, tannins (Ajebli and Eddouks, 2019), glycosides (Sumaira and Khan, 2018), and quinones (Demir et al., 2019) have also been reported to have a hypoglycemic effect. These phytochemicals offer significant potential for metabolic homeostasis. Thus, the presence of these secondary metabolites might have synergistically contributed to the antihyperglycemic effect of the AAHY extract. Despite several in vitro and in vivo experiments demonstrating the promising therapeutic role of bioactive compounds, only few have reached clinical trials (Adhikari, 2021). So, based on the findings, proper evaluation of the diverse functions of these phytochemicals is still critically required for advancement in antidiabetic drug discovery.
The key factors for the pathogenesis and advancement of DM are associated with oxidative stress and inflammation of the pancreas. Induction of diabetes by STZ–NA in rats caused grave damage to pancreatic β-cells due to excessive generation of free radicals such as reactive oxygen and nitrogen species (Bhatti et al., 2022). In consistency with the aforementioned study, the key antioxidant enzymes’, SOD and GSH, levels were significantly reduced, while lipid peroxidation levels were elevated as evidenced by the increased MDA, in the liver and kidney tissues of the diabetic control group, which is an indication of STZ–NA-induced oxidative stress. However, treatment of the AAHY extract 200 and 400 mg/kg b.w. doses and metformin at 150 mg/ml b.w significantly improved the enzyme levels comparable to normal levels, demonstrating the capabilities of the AAHY extract and metformin to decrease oxidative stress.
Glycated hemoglobin (HbA1c) concentration in the blood is a reliable diagnostic marker for the determination of diabetes (WHO, 2011). The American Diabetes Association (ADA) suggested HbA1c level ≥6.5% as a high-risk glycemic state and is directly proportional to the blood plasma glucose content. HbA1c indicates a cumulative history of blood glucose levels over the last 2–3 months (Sherwani et al., 2016). However, the threshold point of the HbA1c test is still controversial among different expertised organizations. HbA1c is influenced by several physiological and pathological conditions. So, the test is preferably taken in conjunction with other tests such as the fasting blood glucose and oral glucose tolerance test for appropriate diagnosis (Hussain, 2016). In the present experimental study, the OGTT and FBG test showed reduction in blood glucose levels after administration of the AAHY extract and metformin. HbA1c was also reduced in the treated groups compared to that of the diabetic group. The decrease in HbA1c and FBG levels in treated diabetic rats is an indication of improving glycemia.
The liver is the largest vital organ for metabolism, excretion, and detoxification. Liver damage is linked with necrotic cells, a hike in tissue lipid peroxidation, and a decrease in reduced glutathione levels, in addition to an increase in serum biochemical markers such as SGPT, SGOT SALP, triglycerides, and cholesterol (Abou Seif, 2016). The liver of the STZ–NA-induced rats was damaged, and thus, the elevated serum biochemical markers of liver function might be primarily due to the enzymes leaking from the liver cytosol into the bloodstream (Kasetti et al., 2010). Administration of the extract and metformin showed significant reduction in the serum biochemical parameters compared to the diabetic control groups. The diabetic control rats showed the presence of significantly elevated levels of urea and creatinine in serum, which are known markers for kidney dysfunction (Gowda et al., 2010). The serum urea and creatinine levels, presented in the current study of the diabetic treated rats were reduced, indicating the gradual improvement of renal damage compared to the untreated rats.
Abnormal metabolism of enzyme lipoprotein lipase leads to accumulation of triglycerides and total cholesterol (TC), but decreased HDL cholesterol, which are commonly linked with DM and result in diabetic dyslipidemia. Increased levels of TG and TC and decreased HDL are also significant risk factors for cardiovascular diseases (CVDs). Elevated HDL aids in transportation of cholesterol to the liver, which is the primary site for fatty acid metabolism, thus reducing the risk of CVDs. So, in the diabetic condition, there is insulin deficiency due to which lipoproteins are unable to hydrolyze the lipids resulting in the systemic imbalance of synthesis, release, and rate of clearance of lipids (Moodley et al., 2015) (Sisay et al., 2022). In consistency with the reported data, we found elevated levels of TG and TC and decreased HDL cholesterol in the untreated STZ–NA-induced diabetic control group. Administering daily doses of the AAHY extract and metformin significantly decreased TG and TC, while increasing HDL cholesterol in the diabetic rats, indicating that the plant extract improves diabetes dyslipidemic conditions.
Histopathological examination of the STZ–NA-induced diabetic pancreas showed drastic damage to the β-cells, thereby reducing the number and size of the islets. The AAHY extract and metformin treatment groups improved the structure, number, and size of the pancreatic islets. The relative sizes of the treated pancreatic islets increased from 6.78% ± 0.39% in diabetic to 17.23% ± 1.25% and 35.46% ± 2.96% in the AAHY extract 200 and 400 mg/kg b.w.-treated groups when compared with the normal group. Regeneration and restoration of normal β-cell function are critically required for a successful prevention and treatment of diabetes (Chen et al., 2017). A gradual improvement observed in the pancreatic histology of treatment groups suggests the potential preventive and protective nature of the extract against STZ-induced diabetic rats. However, the mechanistic pathway whether the effective nature was due to insulin production or sensitization following administration of the AAHY extract needs to be further assessed.
5 CONCLUSION
From this study, it can be concluded that the hydroalcoholic extract of A. adenophora has significant blood glucose lowering capacity on nomoglycemic, diabetic, and oral glucose-loaded Wistar albino rats while maintaining the body weight of diabetic rats. The experimental results verified that the A. adenophora hydroalcoholic extract has beneficial effects in inhibiting α-glucosidase and α-amylase activities and restored the altered blood glucose level, glycated hemoglobin, body weight, serum enzymes (SGOT, SGPT, and ALP), total protein, urea, and creatinine levels close to the normal range in treated STZ–NA-induced diabetic rats. The AAHY extract significantly enhanced tissue antioxidant parameters (SOD, GSH, and LPO) close to the normal level. The presence of high quantity of chlorogenic and caffeic acids as some of the major phytoconstituents may contribute to the improvement of glucose tolerance, insulin resistance, cellular oxidative stress, and obesity in STZ-induced diabetic rats. However, purification of chlorogenic and caffeic acids, as well as their novel mechanisms of lowering the hyperglycemic condition in T2DM, needs detailed evaluation. In addition, the bioactivity of other groups of secondary metabolites alone or synergistic effect needs scientific evaluation. Even though the results provide scientific support for the traditional use of the plant to treat diabetes, elaborative research is obligatory for safety assessment in the long run. Although the preventive role of the AAHY extract against T2DM is undeniable, further pharmacokinetic and mechanistic pathway studies are needed to determine the extract metabolism, normalization of blood glucose, and biochemical parameters, as well as insulin production or sensitization following administration of the AAHY extract. The present study could play a promoting role in the discovery and development of a new antidiabetic agent from A. adenophora.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethical Committee (Ref No. ACE/PHARM/1502/09/2015, Jadavpur University, Kolkata 700032, West Bengal, India).
AUTHOR CONTRIBUTIONS
Conceptualization: KC and VK; data curation: KC, VK, and SC; formal analysis: KC and SC; investigation: KC, VK, SG, and SC; methodology: KC and SC; project administration: NS and PH; resources: KC; software: KC; supervision: NS and PH; validation: KC and VK; visualization: KC, SC, PH, and PM; writing—original draft: KC; and writing—review and editing: KC, VK, SC, SG, NS, PH, and PM.
FUNDING
This research was funded by the “Himalayan Bioresources Mission,” under the Department of Biotechnology, Grant No. BT/PR45281/NER/95/1934/2022.
ACKNOWLEDGMENTS
The authors acknowledge Biseswhori Thongam (Scientist, IBSD) for identification and authentication of the plant sample. They also appreciate the laboratory members for their assistance in the experimental setup.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abou Seif, H. S. (2016). Physiological changes due to hepatotoxicity and the protective role of some medicinal plants. Beni-Suef Univ. J. Basic Appl. Sci. 5 (2), 134–146. doi:10.1016/j.bjbas.2016.03.004
 Adhikari, B. (2021). Roles of alkaloids from medicinal plants in the management of diabetes mellitus. J. Chem. 2021, 1–10. doi:10.1155/2021/2691525
 Ajebli, M., and Eddouks, M. (2019). The promising role of plant tannins as bioactive antidiabetic agents. Curr. Med. Chem. 26 (25), 4852–4884. doi:10.2174/0929867325666180605124256
 Ajebli, M., Khan, H., and Eddouks, M. (2021). Natural alkaloids and diabetes mellitus: A review. Endocr. Metab. Immune Disord. Drug Targets 21 (1), 111–130. doi:10.2174/1871530320666200821124817
 Alamgeer, A., Akhtar, M. S., Jabeen, Q., Akram, M., Khan, H. U., Karim, S., et al. (2013). Antihypertensive activity of aqueous-methanol extract of Berberis orthobotrys Bien Ex Aitch in rats. Trop. J. Pharm. Res. 12 (3), 393–399. doi:10.4314/tjpr.v12i3.18
 Alturkistani, H. A., Tashkandi, F. M., and Mohammedsaleh, Z. M. (2015). Histological stains: A literature review and case study. Glob. J. health Sci. 8 (3), 72–79. doi:10.5539/gjhs.v8n3p72
 Amorati, R., and Valgimigli, L. (2018). Methods to measure the antioxidant activity of phytochemicals and plant extracts. J. Agric. Food Chem. 66 (13), 3324–3329. doi:10.1021/acs.jafc.8b01079
 André, R., Catarro, J., Freitas, D., Pacheco, R., Oliveira, M. C., Serralheiro, M. L., et al. (2019). Action of euptox A from Ageratina adenophora juice on human cell lines: A top-down study using ftir spectroscopy and protein profiling. Toxicol. Vitro 57, 217–225. doi:10.1016/j.tiv.2019.03.012
 Awah, F. M., Uzoegwu, P. N., Ifeonu, P., Oyugi, J. O., Rutherford, J., Yao, X., et al. (2012). Free radical scavenging activity, phenolic contents and cytotoxicity of selected Nigerian medicinal plants. Food Chem. 131 (4), 1279–1286. doi:10.1016/j.foodchem.2011.09.118
 Bailey, C. J., and Day, C. (2004). Metformin: Its botanical background. Pract. Diabetes Int. 21 (3), 115–117. doi:10.1002/pdi.606
 Banu, K. S., and Cathrine, L. (2015). General techniques involved in phytochemical analysis. Int. J. Adv. Res. Chem. Sci. 2 (4), 25–32. 
 Belayneh, Y. M., Birhanu, Z., Birru, E. M., and Getenet, G. (2019). Evaluation of in vivo antidiabetic, antidyslipidemic, and in vitro antioxidant activities of hydromethanolic root extract of datura stramonium L. (Solanaceae). J. Exp. Pharmacol. 11, 29–38. doi:10.2147/JEP.S192264
 Bhatti, J. S., Sehrawat, A., Mishra, J., Sidhu, I. S., Navik, U., Khullar, N., et al. (2022). Oxidative stress in the pathophysiology of type 2 diabetes and related complications: Current therapeutics strategies and future perspectives. Free Radic. Biol. Med. 184, 114–134. doi:10.1016/j.freeradbiomed.2022.03.019
 Birru, E. M., Abdelwuhab, M., and Shewamene, Z. (2015). Effect of hydroalcoholic leaves extract of Indigofera spicata Forssk. on blood glucose level of normal, glucose loaded and diabetic rodents. BMC Complementary Altern. Med. 15 (1), 321–328. doi:10.1186/s12906-015-0852-8
 Blonde, L. (2009). Current antihyperglycemic treatment strategies for patients with type 2 diabetes mellitus. Clevel. Clin. J. Med. 76 (5), 4–11. doi:10.3949/ccjm.76.s5.02
 Bustos-brito, C., Andrade-Cetto, A., Giraldo-Aguirre, J. D., Moreno-Vargas, A. D., and Quijano, L. (2016). Acute hypoglycemic effect and phytochemical composition of Ageratina petiolaris. J. Ethnopharmacol. 185, 341–346. doi:10.1016/j.jep.2016.03.048
 Carles, M., Hubert, S., Massa, H., and Raucoules-Aimé, M. (2008). Use of oral antidiabetic agents. Prat. Anesthesie Reanim. 12 (6), 448–455. doi:10.1016/j.pratan.2008.10.010
 Chan, N. N., Kong, A. P. S., and Chan, J. C. N. (2005). Metabolic syndrome and type 2 diabetes: The Hong Kong perspective. Clin. Biochem. Rev./Aust. Assoc. Clin. Biochem. 26 (3), 51–57.
 Chaudhary, S. K., Kar, A., Bhardwaj, P. K., Sharma, N., Indira Devi, S., and Mukherjee, P. K. (2023). A validated high-performance thin-layer chromatography method for the quantification of chlorogenic acid in the hydroalcoholic extract of Gynura cusimbua leaves. JPC-ournal Planar Chromatogr. TLC 36, 1–9. doi:10.1007/s00764-023-00230-7
 Chaudhury, A., Duvoor, C., Reddy Dendi, V. S., Kraleti, S., Chada, A., Ravilla, R., et al. (2017). Clinical review of antidiabetic drugs: Implications for type 2 diabetes mellitus management. Front. Endocrinol. 8, 6. doi:10.3389/fendo.2017.00006
 Chen, C., Cohrs, C. M., Stertmann, J., Bozsak, R., and Speier, S. (2017). Human beta cell mass and function in diabetes: Recent advances in knowledge and technologies to understand disease pathogenesis. Mol. Metab. 6 (9), 943–957. doi:10.1016/j.molmet.2017.06.019
 Chen, L., Teng, H., and Cao, H. (2019). Chlorogenic acid and caffeic acid from Sonchus oleraceus Linn synergistically attenuate insulin resistance and modulate glucose uptake in HepG2 cells. Food Chem. Toxicol. 127, 182–187. doi:10.1016/j.fct.2019.03.038
 Cho, A. S., Jeon, S. M., Kim, M. J., Yeo, J., Seo, K. I., Choi, M. S., et al. (2010). Chlorogenic acid exhibits anti-obesity property and improves lipid metabolism in high-fat diet-induced-obese mice. Food Chem. Toxicol. 48 (3), 937–943. doi:10.1016/j.fct.2010.01.003
 Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes, J. D., Ohlrogge, A. W., et al. (2018). IDF Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 138, 271–281. doi:10.1016/j.diabres.2018.02.023
 Dahlén, A. D., Dashi, G., Maslov, I., Attwood, M. M., Jonsson, J., Trukhan, V., et al. (2022). Trends in antidiabetic drug discovery: FDA approved drugs, new drugs in clinical trials and global sales. Front. Pharmacol. 12, 807548–807616. doi:10.3389/fphar.2021.807548
 Demir, Y., Özaslan, M. S., Duran, H. E., Küfrevioğlu, Ö. İ., and Beydemir, Ş. (2019). Inhibition effects of quinones on aldose reductase: Antidiabetic properties. Environ. Toxicol. Pharmacol. 70, 103195. doi:10.1016/j.etap.2019.103195
 Dong, H. Q., Zhu, F., Liu, F. L., and Huang, J. B. (2012). Inhibitory potential of trilobatin from Lithocarpus polystachyus Rehd against α-glucosidase and α-amylase linked to type 2 diabetes. Food Chem. 130 (2), 261–266. doi:10.1016/j.foodchem.2011.07.030
 Dos Santos, M. D., Almeida, M. C., Lopes, N. P., and de Souza, G. E. P. (2006). Evaluation of the anti-inflammatory, analgesic and antipyretic activities of the natural polyphenol chlorogenic acid. Biol. Pharm. Bull. 29 (11), 2236–2240. doi:10.1248/bpb.29.2236
 Dowarah, J., and Singh, V. P. (2020). Anti-diabetic drugs recent approaches and advancements. Bioorg. Med. Chem. 28 (5), 115263. doi:10.1016/j.bmc.2019.115263
 Drucker, D. J. (2006). The biology of incretin hormones. Cell Metab. 3 (3), 153–165. doi:10.1016/j.cmet.2006.01.004
 Ekor, M. (2014). The growing use of herbal medicines: Issues relating to adverse reactions and challenges in monitoring safety. Front. Neurology 4, 177–210. doi:10.3389/fphar.2013.00177
 Ellman, G. L. (1959). Tissue sulfhydryl groups. Archives Biochem. Biophysics 82, 70–77. doi:10.1016/0003-9861(59)90090-6
 Feldman, J. M. (1985). Glyburide: A second-generation sulfonylurea hypoglycemic agent: History, chemistry, metabolism, pharmacokinetics, clinical use and adverse effects. Pharmacother. J. Hum. Pharmacol. Drug Ther. 5 (2), 43–62. doi:10.1002/j.1875-9114.1985.tb03404.x
 Floegel, A., Kim, D. O., Chung, S. J., Koo, S. I., and Chun, O. K. (2011). Comparison of ABTS/DPPH assays to measure antioxidant capacity in popular antioxidant-rich US foods. J. Food Compos. Analysis 24 (7), 1043–1048. doi:10.1016/j.jfca.2011.01.008
 Ganguly, R., Singh, S. V., Jaiswal, K., Kumar, R., and Pandey, A. K. (2023). Modulatory effect of caffeic acid in alleviating diabetes and associated complications. World J. Diabetes 14 (2), 62–75. doi:10.4239/wjd.v14.i2.62
 Ghasemi, A., Khalifi, S., and Jedi, S. (2014). Streptozotocin-nicotinamide-induced rat model of type 2 diabetes (review). Acta Physiol. Hung. 101 (4), 408–420. doi:10.1556/APhysiol.101.2014.4.2
 Gowda, S., Desai, P. B., Kulkarni, S. S., Hull, V. V., Math, A. A. K., and Vernekar, S. N. (2010). Markers of renal function tests. North Am. J. Med. Sci. 2 (4), 170–173.
 Grace, S. R. S., Chandran, G., and Chauhan, J. B. (2019). Terpenoids: An activator of “fuel-sensing enzyme AMPK” with special emphasis on antidiabetic activity. Plant Hum. Health 2, 227–244. 
 Gutiérrez-González, J. A., Pérez-Vásquez, A., Torres-Colín, R., Rangel-Grimaldo, M., Rebollar-Ramos, D., and Mata, R. (2021). α - glucosidase inhibitors from Ageratina grandifolia. J. Nat. Prod. 84 (5), 1573–1578. doi:10.1021/acs.jnatprod.1c00105
 He, J. H., Chen, L. X., and Li, H. (2019). Progress in the discovery of naturally occurring anti-diabetic drugs and in the identification of their molecular targets. Fitoterapia 134, 270–289. doi:10.1016/j.fitote.2019.02.033
 Hussain, N. (2016). Implications of using HBA1 C as a diagnostic marker for diabetes. Diabetol. Int. 7 (1), 18–24. doi:10.1007/s13340-015-0244-9
 Kakkar, P., Das, B., and Viswanathan, P. N. (1984). A modified spectrophotometric assay of superoxide dismutase. Indian J. Biochem. Biophysics 21 (2), 130–132.
 Kapali, J., and Sharma, K. R. (2021). Estimation of phytochemicals, antioxidant, antidiabetic and brine shrimp lethality activities of some medicinal plants growing in Nepal. J. Med. Plants 20 (80), 102–116. doi:10.52547/jmp.20.80.102
 Kasetti, R. B., Rajasekhar, M. D., Kondeti, V. K., Fatima, S. S., Kumar, E. G. T., Swapna, S., et al. (2010). Antihyperglycemic and antihyperlipidemic activities of methanol: Water (4 : 1) fraction isolated from aqueous extract of syzygium alternifolium seeds in streptozotocin induced diabetic rats. Food Chem. Toxicol. 48 (4), 1078–1084. doi:10.1016/j.fct.2010.01.029
 Khursheed, R., Singh, S. K., Wadhwa, S., Kapoor, B., Gulati, M., Kumar, R., et al. (2019). Treatment strategies against diabetes: Success so far and challenges ahead. Eur. J. Pharmacol. 862172625. doi:10.1016/j.ejphar.2019.172625
 Kifle, Z. D., Yesuf, J. S., and Atnafie, S. A. (2020). Evaluation of in vitro and in vivo anti-diabetic, anti-hyperlipidemic and anti-oxidant activity of flower crude extract and solvent fractions of hagenia abyssinica (Rosaceae). J. Exp. Pharmacol. 12, 151–167. doi:10.2147/JEP.S249964
 Kim, Y. M., Wang, M. H., and Rhee, H. I. (2004). A novel alpha-glucosidase inhibitor from pine bark. Carbohydr. Res. 339 (3), 715–717. doi:10.1016/j.carres.2003.11.005
 Kuo, F. Y., Cheng, K. C., Li, Y., and Cheng, J. T. (2021). Oral glucose tolerance test in diabetes, the old method revisited. World J. Diabetes 12 (6), 786–793. doi:10.4239/wjd.v12.i6.786
 Lebovitz, H. E., and Banerji, M. A. (2001). Insulin resistance and its treatment by thiazolidinediones. Recent Prog. Hormone Res. 56, 265–294. doi:10.1210/rp.56.1.265
 Liu, B., Dong, B., Yuan, X., Kuang, Q., Zhao, Q., Yang, M., et al. (2016). Enrichment and separation of chlorogenic acid from the extract of Eupatorium adenophorum Spreng by macroporous resin. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1008, 58–64. doi:10.1016/j.jchromb.2015.10.026
 Liu, P. Y., Liu, D., Li, W. H., Zhao, T., Sauriol, F., Gu, Y. C., et al. (2015). Chemical constituents of plants from the genus eupatorium (1904-2014). Chem. Biodivers. 12 (10), 1481–1515. doi:10.1002/cbdv.201400227
 Liu, Y., Sun, J., Rao, S., Su, Y., and Yang, Y. (2013). Antihyperglycemic, antihyperlipidemic and antioxidant activities of polysaccharides from Catathelasma ventricosum in streptozotocin-induced diabetic mice. Food Chem. Toxicol. 57, 39–45. doi:10.1016/j.fct.2013.03.001
 Marklund, S., and Marklund, G. (1974). Involvement of the superoxide anion radical in the autoxidation of pyrogallol and a convenient assay for superoxide dismutase. Eur. J. Biochem. 47 (3), 469–474. doi:10.1111/j.1432-1033.1974.tb03714.x
 Mata-torres, G., Andrade-cetto, A., Espinoza-Hernández, F. A., and Cárdenas-Vázquez, R. (2020). Hepatic glucose output inhibition by Mexican plants used in the treatment of type 2 diabetes. Front. Pharmacol. 11, 215. doi:10.3389/fphar.2020.00215
 Matboli, M., Eissa, S., Ibrahim, D., Hegazy, M. G. A., Imam, S. S., and Habib, E. K. (2017). Caffeic acid attenuates diabetic kidney disease via modulation of autophagy in a high-fat diet/streptozotocin- induced diabetic rat. Sci. Rep. 7 (1), 2263–2312. doi:10.1038/s41598-017-02320-z
 Meng, S., Cao, J., Feng, Q., Peng, J., and Hu, Y. (2013). Roles of chlorogenic acid on regulating glucose and lipids metabolism: A review. Evidence-based Complementary Altern. Med. 2013, 801457. doi:10.1155/2013/801457
 Moodley, K., Joseph, K., Naidoo, Y., Islam, S., and Mackraj, I. (2015). Antioxidant, antidiabetic and hypolipidemic effects of Tulbaghia violacea Harv. (wild garlic) rhizome methanolic extract in a diabetic rat model. BMC Complementary Altern. Med. 15 (1), 408–413. doi:10.1186/s12906-015-0932-9
 Moron, M. S., Depierre, J. W., and Mannervik, B. (1979). Levels of glutathione, glutathione reductase and glutathione S-transferase activities in rat lung and liver. Biochimica Biophysica Acta 582 (1), 67–78. doi:10.1016/0304-4165(79)90289-7
 Muniappan, R., Raman, A., and Reddy, G. V. P. (2009). “Ageratina adenophora (sprengel) king and robinson (Asteraceae),” in Biological control of tropical weeds using arthropods (Cambridge, UK: Cambridge University Press), 63–73. March 2009. doi:10.1017/CBO9780511576348.004
 Naveed, M., Hejazi, V., Abbas, M., Kamboh, A. A., Khan, G. J., Shumzaid, M., et al. (2018). Chlorogenic acid (cga): A pharmacological review and call for further research. Biomed. Pharmacother. 97, 67–74. doi:10.1016/j.biopha.2017.10.064
 Niehaus, W. G., and Samuelsson, B. (1968). Formation of malonaldehyde from phospholipid arachidonate during microsomal lipid peroxidation. Eur. J. Biochem. 6 (1), 126–130. doi:10.1111/j.1432-1033.1968.tb00428.x
 OECD (2022). Test guideline 425: Acute oral toxicity - up-and-down procedure. OECD Guideline for Testing of Chemicals, Paris, France, OECD Publishing 26. 
 Oguntibeju, O. O. (2019). Type 2 diabetes mellitus, oxidative stress and inflammation: Examining the links. Int. J. physiology, Pathophysiol. Pharmacol. 11 (3), 45–63.
 Ohkawa, H., Ohishi, N., and Yagi, K. (1979). Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 95 (2), 351–358. doi:10.1016/0003-2697(79)90738-3
 Orfali, R., Perveen, S., Aati, H. Y., Alam, P., Noman, O. M., Palacios, J., et al. (2021). High-performance thin-layer chromatography for rutin, chlorogenic acid, caffeic acid, ursolic acid, and stigmasterol analysis in periploca aphylla extracts. Separations 8 (4), 44–12. doi:10.3390/separations8040044
 Osadebe, P., Odoh, E., and Uzor, P. (2014). Natural products as potential sources of antidiabetic drugs. Br. J. Pharm. Res. 4 (17), 2075–2095. doi:10.9734/bjpr/2014/8382
 Padhi, S., Nayak, A. K., and Behera, A. (2020). Type II diabetes mellitus: A review on recent drug based therapeutics. Biomed. Pharmacother. 131, 110708. doi:10.1016/j.biopha.2020.110708
 Poudel, R., Neupane, N. P., Muker, I. H., Alok, S., and Verma, A. (2020). An updated review on invasive nature, phytochemical evaluation, and pharmacological activity of Ageratina adenophora introduction: Ageratina adenophora. Int. J. Pharm. Sci. Res. 11 (6), 2510–2520. doi:10.13040/IJPSR.0975-8232.11(6).2510-20
 Praparatana, R., Maliyam, P., Barrows, L. R., and Puttarak, P. (2022). Flavonoids and phenols, the potential anti-diabetic compounds from Bauhinia strychnifolia craib. Stem. Molecules 27 (8), 2393–2416. doi:10.3390/molecules27082393
 Ringmichon, C., and Gopalkrishnan, B. (2017). Antipyretic activity of eupatorium adenophorum leaves. Int. J. Appl. Biol. Pharm. Technol. 8 (3), 1–4. doi:10.21276/Ijabpt
 Santana-Gálvez, J., Cisneros-Zevallos, L., and Jacobo-Velázquez, D. A. (2017). Chlorogenic Acid: Recent advances on its dual role as a food additive and a nutraceutical against metabolic syndrome. Molecules 22 (3), 358. doi:10.3390/molecules22030358
 Sekhon-Loodu, S., and Rupasinghe, H. P. V. (2019). Evaluation of antioxidant, antidiabetic and antiobesity potential of selected traditional medicinal plants. Front. Nutr. 6, 53–11. doi:10.3389/fnut.2019.00053
 Sherwani, S. I., Khan, H. A., Ekhzaimy, A., Masood, A., and Sakharkar, M. K. (2016). Significance of HbA1c test in diagnosis and prognosis of diabetic patients. Biomark. Insights 11, 95–104. doi:10.4137/BMI.S38440
 Sisay, W., Andargie, Y., Molla, M., Tessema, G., and Singh, P. (2022). Glinus lotoides linn. Seed extract as antidiabetic agent: In vitro and in vivo anti-glucolipotoxicity efficacy in type-II diabetes mellitus. Metab. Open 14, 100189. doi:10.1016/j.metop.2022.100189
 Stagos, D. (2020). Antioxidant activity of polyphenolic plant extracts. Antioxidants 9 (1), 19. doi:10.3390/antiox9010019
 Sumaira, K., and Khan, H. (2018). Phyto-glycosides as therapeutic target in the treatment of diabetes. Mini Rev. Med. Chem. 18 (3), 208–215. doi:10.2174/1389557516666160909112751
 Tahrani, A. A., Bailey, C. J., Del Prato, S., and Barnett, A. H. (2011). Management of type 2 diabetes: New and future developments in treatment. Lancet 378 (9786), 182–197. doi:10.1016/S0140-6736(11)60207-9
 Telagari, M., and Hullatti, K. (2015). In-vitro α-amylase and α-glucosidase inhibitory activity of Adiantum caudatum Linn. and Celosia argentea Linn. extracts and fractions. Indian J. Pharmacol. 47 (4), 425–429. doi:10.4103/0253-7613.161270
 Triggle, C. R., Mohammed, I., Bshesh, K., Marei, I., Ye, K., Ding, H., et al. (2022). Metformin: Is it a drug for all reasons and diseases. Metabolism 133, 155223. doi:10.1016/j.metabol.2022.155223
 Wan, F. H., Liu, W., Guo, J., Qiang, S., Li, B., Wang, J., et al. (2010). Invasive mechanism and control strategy of Ageratina adenophora (Sprengel). Sci. China Life Sci. 53 (11), 1291–1298. doi:10.1007/s11427-010-4080-7
 WHO (2011). Use of glycated haemoglobin (HbA1c) in the diagnosis of diabetes mellitus: Abbreviated report of a WHO consultation. Approved by the guidelines review committee. Geneva, Switzerland: World Health Organization, 299–309. 
 Xu, L., Li, Y., Dai, Y., and Peng, J. (2018). Natural products for the treatment of type 2 diabetes mellitus: Pharmacology and mechanisms. Pharmacol. Res. 130, 451–465. doi:10.1016/j.phrs.2018.01.015
 Yao, X., Zhu, L., Chen, Y., Tian, J., and Wang, Y. (2013). In vivo and in vitro antioxidant activity and α-glucosidase, α-amylase inhibitory effects of flavonoids from Cichorium glandulosum seeds. Food Chem. 139 (1–4), 59–66. doi:10.1016/j.foodchem.2012.12.045
 Zhang, Y. J., Gan, R. Y., Li, S., Zhou, Y., Li, A. N., Xu, D. P., et al. (2015). Antioxidant phytochemicals for the prevention and treatment of chronic diseases. Molecules 20 (12), 21138–21156. doi:10.3390/molecules201219753
 Zhao, X., Liu, Z., Liu, H., Guo, J., and Long, S. (2022). Hybrid molecules based on caffeic acid as potential therapeutics: A focused review. Eur. J. Med. Chem. 243, 114745–114815. doi:10.1016/j.ejmech.2022.114745
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Chanu, Sharma, Kshetrimayum, Chaudhary, Ghosh, Haldar and Mukherjee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1178904-t004.jpg
Groups Body weight (g)

Day 14

1 Normal control 179 £ 191 177 £ 1.96 173 £ 2.16 178 + 1.28 ‘ 181 £ 29

11 Diabetic control 1ss £ 210m 169 137 149 & 308" 1322 151 ‘ 119 £ 2,98
1II Diabetic + AAHY extract (200 mg/kg) 182 + 208" 167 + 1.7 152 + 093" 149 +0.85 " ‘ 146 + 302"
IV Diabetic + AAHY extract (400 mg/kg) 185 £ 3,02 s 159 + 2.3 158 097" ‘ 162 £ 128"
V Diabetic + metformin (150 mg/kg) 177 + 1.97°™ 169 + 0.98*™ 166 + 1.87" | 164 + 2.31°" ‘ 168 + 197"

The values are represented as mean * SEM, and n = 6 for each group.

“The normal control group versus the diabetic control group.

"All treated groups versus the diabetic control group on the corresponding day.

“No significant difference was observed.

**No significant difference observed when all treated groups were compared to the normal control group at the corresponding time point.

"“No significant difference observed when all treated groups were compared to the diabetic control group at the corresponding time point. SEM, standard error of mean; AAHY extract,
Ageratina adenophora hydroalcoholic extract; diabetic: streptozotocin (50 mg/kg, b. w.) + nicotinamide (100 mg/kg, b.w.). *p < 0.05, **p < 0.01, and ***p < 0.001.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Ageratina adenophora (Spreng.) King & H. Rob. Standardized leaf extract as an antidiabetic agent for type 2 diabetes: An in vitro and in vivo evaluation		1 Introduction

		2 Materials and methods		2.1 Materials

		2.2 Plant materials and extraction

		2.3 Qualitative phytochemical analysis

		2.4 High-performance thin-layer chromatography analysis of the AAHY extract

		2.5 In vitro antioxidant capacity of the AAHY leaf extract

		2.6 In vitro antidiabetic activity

		2.7 In vivo antidiabetic activity

		2.8 Statistical analysis





		3 Results		3.1 Extraction yield of the AAHY extract

		3.2 Qualitative phytochemical analysis

		3.3 HPTLC analysis of the AAHY extract

		3.4 Antioxidant activity

		3.5 In vitro α-glucosidase and α-amylase inhibition assays

		3.6 Acute toxicity study

		3.7 Oral glucose tolerance test

		3.8 Effect of the AAHY extract on fasting blood glucose and body weight

		3.9 Hypoglycemic activity on normoglycemic rats

		3.10 Glycated hemoglobin

		3.11 Serum biochemical parameters

		3.12 Serum lipid profile

		3.13 Tissue antioxidant parameters

		3.14 Histopathological studies





		4 Discussions

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/fphar-14-1178904-t003.jpg
Fasting blood glucose level (mg/dL)

Day 14

Day 21

1 Normal control 93204 83+ 1.04

11 Diabetic control e 346 + 3517
1T Diabetic + AAHY extract 200 mg/kg | 3502 136m 274 £ 289"
IV Diabetic + AAHY extract 400 mg/kg [ 337 £33 231 £ 15"
V Diabetic + metformin 150 mg/kg T 217 £ 347"

The data are represented as mean % SEM, and 1 = 6 for each group.
“The normal control group versus the diabetic control group.

"All treated groups versus the diabetic control group at the corresponding time point.
"No significant difference was observed.

89+ 204

364 + 274"
155 + 3.45""
120 £ 3.71%

122 + 178"

924221

349 + 3.45"

135 + 1,01
108 + 248"

101 + 2.69""

‘ 96 + 121
‘ 324 %2947
‘ 103 + 320

93 + 204"

"No significant difference observed when all treated groups were compared to the diabetic control group at the corresponding time point. SEM, standard error of mean; AAHY extract,

D

iabetic: streptozotocin (50 mg/kg, b.w.) + nicotinamide (100 mg/kg, b.w.). *p < 0.05, **p < 0.01, and ***p < 0.001.





OPS/images/math_1.gif
[0





OPS/images/fphar-14-1178904-t005.jpg
Blood glucose level (mg/dL)

2h
Normal control 86 £ 126 ‘ 8591 £ 0.4 87.58 £ 0.64 8671 % 1.21 ‘ 87.01 £ 054
AAHY extract 200 mg/kg 8741 £ 217 ‘ 83.02 % 1,05 782 £ 051 | 7261 £ 0.28° ‘ 69.48 + 0.14° ‘
AAHY extract 400 mg/kg 82.9 £ 097 ‘ o Cersis 120 61.37 £ 0.57" ‘ 57.21 £ 0031 ‘
Metformin (150 mg/kg) 8434 + 0.82 ‘ 7541 £ 0.54™ 65.17 £ 1.27% 57.24 % 0.48" l 5108 £ 0.16™ ‘

The values are represented as mean + SEM, and n = 6 for each group.

*All treated groups versus the normal control group at the corresponding time period.

“No significant difference.

*"No significant difference observed when all treated groups were compared to the normal control group at the corresponding time point. SEM, standard error of mean; AAHY extract,
Aiivating adenoshons oo sischolic: srtesct -2 008 Y-« 00k





OPS/images/fphar-14-1178904-t002.jpg
Groups Fasting blood glucose level (mg/dL)

60 min 120 min
Normal control 8433 £ 114 ‘ 13025 £ 3.09 123525 11775 £ 335
AAHY extract 200 mg/kg 8133 + 281" ‘ 12675 + 249™ 11325 + 239" 1045 £ 2.3
AAHY extract 400 mg/kg 82.16 + 244" ‘ 12075 + 252" 10775 + 16 92.75 £ 2,09
Metformin 150 mg/kg 84+ 136" ‘ 10825 + 278" 9375 + 286" 865 £ 206

The values are represented as mean + SEM, and n = 6 for each group.
*All treated groups versus the normal control group at the corresponding time point.
“No significant difference was observed.

*"No significant difference observed when all treated groups were compared to the normal control group at the corresponding time point. SEM, standard error of mean; AAHY extract,

Apsrating adenophors Inptroalodtiolic xtesct * < 0.08. o <001 and "< D001





OPS/images/fphar-14-1178904-t001.jpg
Phytochemicals

Tests performed

Appearance

Inference

Alkaloids Mayer's Reddish brown precipitate seen +
Phenolics Ferric chloride Blue-black color seen +
Flavonoids Lead acetate Yellow precipitate formed +
Tannins Braemer's Bluish-green color seen +
Glycosides Keller-Kiliani Brown ring at the interface seen +
Saponins Foam test Foam observed -
Terpenoids Salkowski's Dark bluish black observed +
Quinones Borntrager's Red color seen +
Steroids Liebermann-Burchard Pink-to-reddish color not seen -

(+): detected; (-): not detected.










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





OPS/images/fphar-14-1178904-g005.gif





OPS/images/fphar-14-1178904-g006.gif
Triglycerides (TG) Total chalestersl (TC)

-

mgidL.

Groups Groups
- Nomal control - Normal convl
Disbetc ool = Disbet conirol

iabetc * AAHY (200 meke) = Disbetc + AAHY (200 mgks)

ibetc + AAHY (300 myke) - Dishetc + AAHY (100 moks)

vabetc + Mesformin (150 mghke) Disbetic + Metformin (150 meke)

Groups
Normal conrol
Disheic control

abetc * AAHY (200 meks)
ibetc + AAHY (100 mpks)
B Disbetic + Metforrodn (158 norke)






OPS/images/fphar-14-1178904-g003.gif
@ m
Concentration pg/wl. -





OPS/images/fphar-14-1178904-g004.gif
(Glycated haemoglobin level

:
2

Groups
- Normal control

Diabetic control
Diabetic + AAHY (200 mg/ke)
Diabetic + AAHY (00 mg/ke)
== Diabetic + Metformin (150 mg/ke)






OPS/images/fphar-14-1178904-g009.gif
et

compared to Normal (%)

of pancrea

Groups
- ol cntrel.

Diahetc ool
Rt Ry coomare)
= Disbetc - AAHY (300 ey
. Diabeti + Mctfomin (198 Aoke)






OPS/images/fphar-14-1178904-g007.gif
Uty proieln.
3388

Superoride diumutase SOD) Activity

H

S CC—
= oot = ot vt

= s B,

= By oot B SRy coo ot
= Bme v amy Bl A oo el
= R Hf sttt

[reTS——

ET—,

S Ry





OPS/images/fphar-14-1178904-g008.gif





OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Ageratina adenophora (Spreng.)
King & H. Rob. Standardized leaf
extract as an antidiabetic agent
for type 2 diabetes: An in vitro
and in vivo evaluation





OPS/images/fphar-14-1178904-g001.gif





OPS/images/fphar-14-1178904-g002.gif





OPS/images/math_3.gif
ABTS radical scavenging capacity (%)

(Acontrol - Asample) |
e

100, )





OPS/images/math_2.gif
DPPH free radical scavenging capacity (%)

(Acontrol - Asample) |
————

100, @





OPS/images/math_5.gif
Asample’

a - Amylase Inhibitory (%) el

) X100, )





OPS/images/math_4.gif
o - Glucosidase Inhibitory (%)






