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Overweight and obesity are two of the world's biggest health problems. They are associated with excessive fat accumulation resulting from an imbalance between energy consumed and energy expended. Conventional therapies for obesity commonly include synthetic drugs and surgical procedures that can lead to serious side effects. Therefore, developing effective, safe, and readily available new treatments to prevent and treat obesity is highly relevant. Many plant extracts have shown anti-obesogenic potential. These plant extracts are composed of different agriceuticals such as fibers, phenolic acids, flavonoids, anthocyanins, alkaloids, lignans, and proteins that can manage obesity by suppressing appetite, inhibiting digestive enzymes, reducing adipogenesis and lipogenesis, promoting lipolysis and thermogenesis, modulating gut microbiota and suppressing obesity-induced inflammation. These anti-obesogenic agriceuticals can be enhanced in plants during their cultivation by applying sustainable fertilization strategies, improving their capacity to fight the obesity pandemic. Biofertilization and nanofertilization are considered efficient, eco-friendly, and cost-effective strategies to enhance plant growth and development and increase the content of nutrients and bioactive compounds, representing an alternative to overproducing the anti-obesogenic agriceuticals of interest. However, further research is required to study the impact of anti-obesogenic plant species grown using these agricultural practices. This review presents the current scenario of overweight and obesity; recent research work describing different plant species with significant effects against obesity; and several reports exhibiting the potential of the biofertilization and nanofertilization practices to enhance the concentrations of bioactive molecules of anti-obesogenic plant species.
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Introduction

Overweight and obesity are among the most challenging global health problems, with economic and social costs increasing at alarming rates worldwide (El-Shiekh et al., 2019; Karri et al., 2019; Sun et al., 2021; World Obesity, 2022). It is a multifactorial problem resulting from the excessive energy storage in the form of lipids in the adipocytes, which can lead to numerous life-threatening diseases associated with abnormal body fat accumulation, including type 2 diabetes, dyslipidemia, cardiovascular diseases, osteoarthritis, psychiatric pathologies such as depression, anxiety and mental disorders, obstructive sleep apnea, and certain types of cancer (Bautista et al., 2019; El-Shiekh et al., 2019; Islam et al., 2020). These nutritional pathologies enormously impact people's mortality, morbidity, and quality of life (Sun et al., 2021).

Conventional therapies for the management of obesity generally involve the use of synthetic drugs and surgical procedures. However, their availability, chances of recurrence, and harmful side effects limit their utilization. Hence, it is important to discover and develop effective, safe, affordable, and readily available alternatives to treat obesity (El-Shiekh et al., 2019; Karri et al., 2019). Researchers have proven many plant extracts with potential preventive and therapeutic effects against obesity and negligible or null side effects (Bautista et al., 2019; Karri et al., 2019; Islam et al., 2020). Plant-derived medicines have gained much attention due to their beneficial effects on maintaining health and combating diseases; particularly, plants contain many agriceuticals with anti-obesogenic effects, including fibers, phenolic acids (e.g., coumaric, caffeic acid, and chlorogenic acids), flavonols (e.g., quercetin and kaempferol), flavones (e.g., tricetin, apigenin, and luteolin), isoflavonoids (e.g., daidzein, genistein, and glycitein), flavans-3-ol (e.g., catechin), phytosterols, anthocyanins, alkaloids (e.g., caffeine and capsaicin), curcuminoids, lignans, proteins, and fibers (El-Shiekh et al., 2019; Karri et al., 2019; Islam et al., 2020; Sun et al., 2021). Agriceuticals participate in obesity management by different mechanisms, including inhibition of appetite, lipid and carbohydrate digestion, adipogenesis and lipogenesis, promotion of lipolysis and thermogenesis, and modulation of gut microbiota, which are among the most widely studied mechanisms used to evaluate and establish the anti-obesity potential of different agents (El-Shiekh et al., 2019; Karri et al., 2019; Shang et al., 2021). For example, carrot (Daucus carota L.) extract has shown anti-obesity potential by inhibiting pancreatic lipase (IC50 = 1.63 ± 0.07 mg/mL), a key enzyme for the absorption of dietary fats (Marrelli et al., 2020).

Furthermore, proper management of agronomic practices such as biofertilization and nanofertilization during plant cultivation can significantly stimulate plants' metabolism to overproduce the anti-obesogenic agriceuticals of interest. Additionally, these fertilization methods improve plant growth and development and enhance the efficiency of agricultural inputs, contributing to the development of sustainable agroecosystems (Singh et al., 2021). The latter is of vital importance since the current agricultural system demands urgent actions to improve crop productivity and restore the environmental degradation of agroecosystems. Therefore, implementing new sustainable technologies such as bio- and nanofertilization practices is of significant relevance (Prasad et al., 2019; Akhtar et al., 2022). Biofertilizers involve the application of plant growth-promoting microorganisms (PGPM) with multiple functions, including mobilization of soil nutrients, production of plant growth regulators, and plant protection from phytopathogens. While nanofertilizers consist mainly of nanosized minerals produced through mechano-physical, chemical, and biological methods, nanofertilizers improve plant nutrient uptake and assimilation, and enhance plant nutrition. Several research studies have been conducted to increase the understanding of the diversity, mechanisms of action, and dynamics of soil microbial communities, as well as different nanomaterials, focusing on their beneficial roles in improving the agricultural productivity and the medicinal and bioactive potential of plants (Prasad et al., 2019; Akhtar et al., 2022; Mahapatra et al., 2022).

Dietary intake of enriched anti-obesogenic plants could be a viable strategy for preventing and treating obesity (Islam et al., 2020). Therefore, this review presents an overview of recent research reporting different plant species exhibiting significant effects against obesity. Also, we propose the implementation of sustainable agricultural practices to enhance the agriceutical content of anti-obesogenic plant species. These strategies could help to combat the obesity pandemic and prevent its consequences.



Current scene of overweight and obesity in the world

Overweight and obesity are defined as abnormal or excessive fat accumulation that results from an imbalance between energy consumed and energy expended and represent a health risk; people are now increasingly consuming energy-dense foods with high sugar and fat content while decreasing physical activity due to the growingly sedentary lifestyle and urbanization, and changing modes of transportation (Shang et al., 2021; WHO, 2021a,b). Overweight and obesity are most regularly measured using the body mass index (BMI) scale, a simple weight-for-height index, which is used to determine whether a person is considered underweight, healthy, overweight, or obese. It is calculated by dividing the weight (in kilograms) by the square of the height (in meters) (Kg/m2). An adult with a BMI equal to or >25 is determined as overweight, while a BMI of 30 or greater is considered obese, and the healthy weight goes from 18.50 to 24.99. BMI is the most useful measure for adult overweight and obesity at the population level as it is the same standard for both sexes and all ages (WHO, 2021b). In the case of children and adolescents, the BMI scale is also used to measure body weight. However, BMI scores are interpreted and treated differently since factors such as age, gender, and sexual maturation significantly influence the body composition of younger individuals. The World Health Organization (WHO) developed Child Growth Standards that describe the physiological growth of children under 5 years of age; standards include specific percentiles and standard deviations that are analyzed according to age and sex to determine obesity or overweight. Child growth is universally used as an important reference for the population's nutritional status and health. Childhood obesity is linked to a higher chance of obesity, premature death, and disability in adulthood (Ritchie and Roser, 2019; WHO, 2019, 2021b).

Overweight and obesity affect people in many countries. Global obesity rates are growing because of the high availability of high-calorie foods and increasingly sedentary lifestyles; it has changed from being a problem in high-income countries to extending across all income levels (Ritchie and Roser, 2019; OECD, 2021). Numerous families are unable to access or afford sufficient nutritious foods like vegetables, fruits, legumes, meat, and eggs, while foods with high fat, sugar, and salt contents are more readily available and cheaper, leading to a significant rise in the numbers of children and adults with obesity and overweight in high-, middle-, and low-income countries, especially in urban settings (WHO, 2021a). It is calculated that around 2 billion adults worldwide are overweight, of which 650 million are listed as obese (BMI ≥ 30 kg/m2), meaning that 39% of adults aged 18 or over are overweight, with 13% being obese (Figure 1) (World Obesity, 2022). In the case of children and adolescents, around 18% or 340 million people aged 5–19 and an estimated 5.6% or 38.3 million children under 5 years are affected by overweight or obesity (WHO, 2019, 2021a; World Obesity, 2022). The global prevalence of obesity in adults has almost tripled between 1975 and 2016; among children and adolescents (aged 5–19), it has grown substantially from 4 to 18% in the same time lapse (World Obesity, 2022). If this trend continues, it is expected to reach 2.7 billion overweight and over 1 billion obese adults by 2025, counting 177 million people severely affected by obesity (World Obesity, 2022).
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FIGURE 1
 Prevalence of overweight and obesity in adults. Estimates include adults with a BMI ≥ 25 kg/m2 (WHO, 2020).


High body fat is a significant risk factor for several non-communicable diseases (NCDs), including diabetes, cardiovascular diseases, musculoskeletal disorders, and certain cancers (OECD, 2021; Shang et al., 2021). The risks for most obesity-related NCDs depend in part on the age of onset and duration of obesity (WHO, 2019). Obese children and adolescents are at high risk of both short- and long-term health consequences, primarily diabetes, hypertension and cardiovascular disease (mainly heart disease and stroke), musculoskeletal disorders (particularly osteoarthritis and increased risk of fractures), and cancers of the endometrium, breast, and colon (WHO, 2019). In the next 30 years, overweight-related diseases are expected to reduce life expectancy by 2.7 years on average. Obesity is considered one of the major risk factors for early death. According to the Global Burden of Disease study, around 8.15% of worldwide deaths were attributed to obesity in 2019, representing 5.02 million premature deaths due to obesity. Death rates are high (more than 15%) across middle-income countries, particularly Eastern Europe, North Africa, Central Asia, and Latin America, mainly caused by a high prevalence of obesity and poorer healthcare systems compared to high-income countries with also high levels of obesity but about half the deaths of middle-income countries (Ritchie and Roser, 2019). Obesity ranks fifth on the causes and risk factors for death; in addition, obesity is linked to several of the world's leading causes of death, including the first and fourth death causes that correspond to high blood pressure and high blood sugar, respectively (Ritchie and Roser, 2019; OECD, 2021).

The most common weight-loss treatments for obesity include pharmacotherapy, diet modification, surgery, and exercise. However, conventional therapies frequently result in unsatisfactory outcomes or side effects that can impair health (Cao et al., 2019). Therefore, research on new natural alternatives to prevent and manage obesity is particularly interesting.



Potential plant species for the formulation of anti-obesogenic dietary supplements

Recently, the development and consumption of dietary supplements from edible and medicinal plants have become very popular globally. Dietary supplements are products used to supplement nutritional components such as proteins, vitamins, minerals, botanical compounds, and probiotics (Ahmad et al., 2020). Many plants are used as dietary supplements to prevent and treat obesity, including green tea, ginger, aloe vera, and lingonberry (Liu et al., 2019; Shang et al., 2021; Si et al., 2021). Bioactive components derived from plants such as capsaicin, sulforaphane, resveratrol, anthocyanins, kaempferol, and quercetin have shown anti-obesogenic activity (Si et al., 2021; Çakir et al., 2022). Anti-obesogenic mechanisms include appetite suppression, reduction of lipid and carbohydrate absorption, regulation of lipid metabolism, inhibition of adipogenesis and lipogenesis, increase in energy expenditure, improvement of obesity-related inflammation, and modulation of gut microbiota (Figure 2) (Shang et al., 2021).
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FIGURE 2
 Plant anti-obesogenic activity: main phytochemicals and mechanisms.



Suppression of appetite

Suppressed appetite reduces food consumption and prevents overeating and energy intake; it is considered an effective way to improve weight loss (Shang et al., 2021). Thorning et al. (2020) investigated the effect of daily intake of a dietary fiber obtained from a plant cell wall material rich in dietary fibers from potato pulp containing 68% fiber (5.5% soluble and 76.7% insoluble fibers, and 17.8% resistant starch). Results indicated that potato fibers increased the composite satiety score (5% ± 2%), reduced food consumption (6% ± 2%), and desire to eat (6% ± 3%). Also, it produced higher satiety and fullness. Ginseng soluble dietary fiber has also exhibited enhanced glucolipid metabolism levels (mainly on triglycerides), increased satiety, and retarded gastric emptying by modulating the levels of appetite hormones (glucagon-like peptide-1, ghrelin, peptide YY, and cholecystokinin), and improved intestinal structures and the concentrations of fecal short-chain fatty acids (SCFAs) (especially acetic and butyric acids) (Hua et al., 2021). Ma et al. (2021) found that potato dietary fiber modified enzymatically with cellulase and xylanase also improved the production of short-chain fatty acids (SCFAs) of C57BL/6 mice, including the acetic acid (implicated with growth inhibition of tumor cells), n-butyric and iso-butyric acids (energy source important to maintain the stability of intestinal epithelial cells and prevent colorectal cancers), and valeric and iso-valeric acids (effective inhibitor of pathogenic Clostridium), while markedly suppressed the propionic acid production (associated to adverse effects on the immune response). Fernández-Raudales et al. (2018) identified that plant-based protein and soluble corn fiber are important ingredients for formulating high-protein and soluble fiber beverages for weight management. They found significant effects in promoting satiety and controlling appetite; soluble fiber increases gastric distension and reduces the rate of gastric emptying, improving the production of satiety hormones and increasing the satiety sensation, while protein is considered the most satiating macronutrient. Sharafi et al. (2018) obtained similar results using a high-protein, high-fiber beverage on appetite ratings and energy intake.

Yimam et al. (2019a) studied flavonoids (Kuwanon G and Albanin G) isolated from root barks of the medicinal plant Morus alba on appetite suppression and body weight management. The bioflavonoid extract was evaluated in acute food intake in rats and long-term food intake reduction in obese C57BL/6J mice, discovering significant reduction (44.3–58.6%) in both experiments. In the long-term study, the authors observed a 20% decrease in daily calorie intake and 16.5% weight loss compared to baseline. Important reductions in visceral fat deposits and biochemical markers were also identified. In another study, Yimam et al. (2019b) tested a plant-based weight-management product in an in vivo acute food intake study in rats. The product was produced with a mixture of a Magnolia officinalis bark extract, Morus Alba root bark extract, and Ilex paraguariensis leaf extract, resulting in a lignan-, flavonoid-, phenolic-, and caffeine-rich dietary supplement capable of reducing 88.5, 73.8, and 63.1% food intake at 1 h, 2 h, and 4 h after food provision, respectively.

Neurotransmitters and hormones are the central molecules controlling appetite, hunger, and satiety. They act in the hypothalamus regulating food consumption. For instance, leptin, which is a hormone produced and secreted in adipocytes, acts to inhibit caloric intake by signaling that there is sufficient adipose tissue; it increases satiety and energy expenditure. Leptin acts mainly on two neurotransmitters: neuropeptide Y (NPY) (promotes food intake and delays satiety) and melanocortin (catabolic and anorectic activity) (Shawky and Segar, 2018; Shang et al., 2021). Sulforaphane, an isothiocyanate obtained from cruciferous vegetables (e.g., cabbage, broccoli, kale, radish, cauliflower), improves the response to leptin injected intraperitoneally in diet-induced obese mice, representing an important opportunity for the treatments of obesity, involving exogenously administered leptin, sulforaphane reduced the cumulative food intake and weight gain significantly (Shawky and Segar, 2018). Çakir et al. (2022) revealed similar results: sulforaphane reduced obesity by inducing anorectic responses (loss of appetite), reversing leptin resistance, suppressing fatty acid synthesis, and reducing inflammation and ROS accumulation.

People try to treat obesity or lose weight with restrictive diets, but the resultant hunger can lead to overeating; suppression of appetite with anti-obesity compounds from enriched agricultural products represents an alternative to reduce discomfort and facilitate the process of weight loss (Shang et al., 2021).



Inhibition of digestive enzymes to reduce the absorption of carbohydrates and lipids

One of the most critical processes in the development of obesity is the metabolism of carbohydrates and lipids, in which the associated digestive enzymes are essential for their absorption (Shang et al., 2021). Lipases hydrolyze dietary lipids into monoglycerides and fatty acids, which are absorbed in the small intestine and used to resynthesize lipids, increasing fat accumulation in the body. In the same way, carbohydrates are hydrolyzed into monosaccharides and disaccharides by enzymes including α-amylase and α-glucosidase, and a fraction of the monosaccharides are used to produce glycogen, which is then converted into fat (Rajan et al., 2020; Shang et al., 2021). Therefore, using edible and medicinal plants to inhibit digestive enzymes effectively reduces lipid and carbohydrate absorption and prevents obesity (Marrelli et al., 2018; Kamoun et al., 2019; Bajes et al., 2020). Pancreatic and gastric lipases are among the most relevant targets in obesity treatments. Orlistat is a synthetic anti-obesity drug that inhibits gastric and pancreatic lipases, it blocks 30% absorption of dietary fats, but its use has gradually declined due to its side effects, including constipation, vomiting, insomnia, headache, emesis, and stomachache. Thus, there is a growing demand for alternative lipase inhibitors (Marrelli et al., 2018). Kamoun et al. (2019) investigated a new potent gastric lipase inhibitor from an ethanolic extract of star anise (Illicium verum L.); it was identified as the flavonoid myricitrin-5-methyl ether showing 81% lipase inhibitory activity. Marrelli et al. (2018) evaluated a methanolic extract of Moricandia arvensis (L.) on inhibiting pancreatic lipase. Flavonoid glycosides were the major specialized constituents of such extract (mainly quercetin and kaempferol), with kaempferol-3-O-β-(2″-O-glucosyl)-rutinoside and kaempferol-3-O-α-arabinosyl-7-O-rhamnoside being the most abundant flavonols; the crude methanolic extract exhibited a potent inhibitory activity, with an IC50 value of 2.06 ± 0.02 mg/mL. A protein from the Litchi chinensis seed at 100 μg/mL could also inhibit 68.2% of the pancreatic lipase activity, with an IC50 of 73.1 μg/mL (Mhatre et al., 2019). Bajes et al. (2020) described that polysaccharides (e.g., pectin) could reduce fat absorption in the gastrointestinal tract by changing the characteristics of gastrointestinal fluids, restricting pancreatic lipase activity (competitive inhibition), and affecting the fat aggregation state.

Interfering glucose absorption through inhibiting carbohydrate-hydrolyzing enzymes is another effective way to combat obesity and stabilize blood glucose (Khadayat et al., 2020). Ethanolic extracts of Bauhinia forficata Link leaves have shown prominent inhibitory potential against α-amylase (IC50 value 0.1 ± 0.02 μg/mL), α-glucosidase (IC50 value 0.18.2 ± 3.3 μg/mL) and lipase (IC50 value 18.6 ± 1.0 μg/mL), their phytochemical constitution presented high polyphenols concentrations (mainly flavonoids). In addition, extracts showed high antioxidant and antiglycation activities, without cytotoxic and hemolytic effects (Franco et al., 2020). Taviano et al. (2020) reported up to 100% inhibition of α-glucosidase using a hydroalcoholic extract from the aerial parts of Matthiola incana (L.), compared to the antidiabetic drug acarbose. Tuber aqueous and ethanolic extracts of Kedrostis africana (L.) also showed α-amylase (IC50 = 439.45 μg/mL), α-glucosidase (IC50 = 157.99 μg/mL), and lipase (IC50 = 381.86 μg/mL) inhibitory activities (Unuofin et al., 2018).

Thengyai et al. (2020) evaluated several medicinal plants used against diabetes mellitus. They found the highest α-glucosidase and α-amylase inhibitory activity using ethanolic extracts of Vitex glabrata, Terminalia catappa, Salacia chinensis, Senna siamea, and Phyllanthus amarus. The most bioactive plant was the stem bark of V. glabrata, identifying six known compounds: lupeol, β-amyrin, α-amyrin, betulin, betulinic acid, and scopoletin. Lupeol (IC50 7.4 μM) and β-amyrin (IC50 32.33 μM) exhibited potent inhibition of α-glucosidase and α-amylase. Khadayat et al. (2020) also screened 32 medicinal plants for α-amylase inhibitory activity. Methanolic extracts of Acacia catechu, Dioscorea bulbifera, and Swertia chirata showed IC50 values of 49.9, 296.1, and 413.5 μg/mL, respectively. Salvia eriophora leaves were also detected with potent inhibition against α-amylase and α-glucosidase, attributing their effect to the major compounds identified in water (salvigenin, fumaric acid, and quercetagetin-3.6-dimethylether) and ethanolic (fumaric acid, caffeic acid, and epicatechin) extracts (Bursal et al., 2019).

In another study, Jaradat et al. (2019) measured α-amylase and α-glucosidase enzymes' inhibitory activities of Carlina curetum to understand its anti-obesity effects. Results indicated that aqueous and methanolic extracts had significant α-amylase inhibitory effects with IC50 values of 21.37 ± 0.31 and 30.2 ± 0.42 μg/mL, respectively, in comparison with Acarbose. At the same time, the methanolic fraction revealed effective α-glucosidase inhibition with an IC50 value of 27.54 ± 4.28 μg/mL. Finally, Shori (2020) formulated and evaluated four types of yogurt prepared with water extracts of rosemary, dill, oregano, and ginger; herbal-yogurts presented 74.45–77.83% α-amylase inhibition (approximately five times higher than the control). Rosemary and oregano increased the total phenolic content of yogurt significantly, showing significant antioxidant activity after 14 days of storage. Other bioactive compounds described with potential inhibitory effects on digestive enzymes include flavonoids, anthocyanins, saponins, and alkaloids (Elbashir et al., 2018; Jaradat et al., 2019; Shang et al., 2021).



Inhibition of adipogenesis and lipogenesis

Different studies have demonstrated the potential of several plant species in inhibiting the formation of adipocytes from adipose stem cells (ASCs) and suppressing fatty acid synthesis and subsequent triglyceride production in adiposities (Kersten, 2001; Shang et al., 2021). Obesity is associated with the hypertrophy of fat cells and the development of new adipocytes from preadipocytes due to unbalanced and prolonged energy intake (Hussain et al., 2019). Inhibition of adipogenesis and lipogenesis has been a therapeutic target in fighting obesity and obesity-related disorders (Sharma et al., 2018). Inhibition or regulation of adipogenesis is commonly evaluated using the preadipocyte murine 3T3 L1 cell line. C3H10T1/2 is an alternative cell line that can assess anti-adipogenic activity; it corresponds to multipotent embryonic mesenchymal stem cells (MSC) that can be differentiated into adipocytes (Hussain et al., 2019).

The process of adipogenic differentiation is generally under the tight control of several transcription factors, including C/EBPβ/δ (enhancer-binding protein) and PPARγ (peroxisome proliferators-activated receptor gamma), among which the transcription factor PPARγ plays the most crucial role during MSC differentiation to mature fat cells, multiple co-modulators and transcription factors have been involved as regulators of the expression and function of PPARγ (Kawai and Rosen, 2012; Datta et al., 2017). Production of TG in mature adipocytes is induced when there is an expression of adipogenic transcriptional factors such as PPARγ/CCAT/C/EBP, regulating fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC) (Hussain et al., 2019).

Phytochemicals, particularly polyphenols such as resveratrol, apigenin, quercetin, and myricetin, bind to specific residues of the PPARγ receptor (Phe264, His266, Ile281, Cys285, and Met348) to suppress adipogenesis at early stages of cell differentiation (Aranaz et al., 2019). For instance, the Viburnim opulus fruit extracts demonstrated significant inhibition of adipogenic differentiation in 3T3-L1 cells. Using extracts at 75 μg/mL concentration was sufficient to suppress lipid accumulation at nearly 20% and change the size of lipid droplets. In addition, the Viburnim opulus extract reduced the intracellular ROS production by 20% and the leptin levels by 21–30%. Extracts contained 24 phenolic compounds with chlorogenic acid as the quantitatively dominant compound (Podsedek et al., 2020). Hussain et al. (2019) extracted phenolic compounds from canola (Brassica napus L.) meal using different solvents to assess anti-adipogenic activity on the C3H10T1/2 cell line, 80% acetone extract showed significant adipogenesis inhibitory activity and downregulated the gene expression of the transcription factor PPARγ, its characterization revealed antioxidant-rich composition including kaempferol and sinapic and ferulic acids as the main bioactive phenolic compounds. Clitoria ternatea flower petal extract, commonly used as a natural food colorant, also could inhibit the adipogenesis process and lipid accumulation in the preadipocyte 3T3-L1 cell line; at the early stages, extract inhibited proliferation and delayed cell cycle by downregulating the expression of phospho-ERK1/2 and phospho-Akt signaling pathway, and at later stages, it suppressed differentiation of preadipocytes through reducing expression of transcription factors PPARγ and C/EBPα. Subsequently, FAS and ACC enzyme activity was altered, diminishing TG accumulation (Chayaratanasin et al., 2019). In addition, Allium hookeri aqueous root extract exhibited inhibition of lipid accumulation and adipogenesis by downregulating gene expression of transcription factors CCAAT/EBPα and hormone-sensitive lipase (HSL) and lipoprotein lipase (LPL) enzymes in 3T3-L1 preadipocytes, also oral administration of the extract markedly reduced body weight gain, adipose tissue weight, adipocyte cell size and serum leptin levels in high-fat diet (HFD)-induced obese mice, additionally the extract significantly suppressed lipogenesis by decreasing hepatic mRNA expression levels of 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase, low-density lipoprotein receptor (LDLR) and sterol regulatory element-binding transcription factor (SREBP)-2 which correspond to cholesterol synthesis genes, and SREBP-1c and FAS associated with fatty acid synthesis (Kim H. J. et al., 2019).

Sharma et al. (2018) investigated Garcinia cambogia extract mixed with pear pomace extract in the adipogenesis of 3T3-L1 preadipocytes. The mixture exerted a synergistic effect in reducing the expression of C/EBPα, PPARγ, and FAS. Furthermore, other studies have also demonstrated in vitro and in vivo inhibition of adipogenesis through the downregulation of adipogenic-related factors such as PPARγ, C/EBPα/β, SREBP1c, FAS, and ACC, using various plant extracts, including Opuntia streptacantha and Opuntia ficus-indica (Héliès-Toussaint et al., 2020), Citrullus colocynthis (Jemai et al., 2020), Cucurbita ficifolia (Alshammari and Balakrishnan, 2019), Citrus aurantium (bitter orange) (Park et al., 2019), Punica granatum (pomegranate) (Sorrenti et al., 2019), Zea mays var. indurate (purple maize) (Zhang et al., 2019), Mangifera indica (mango) (Fang et al., 2018), Aronia melanocarpa (chokeberry) (Kim N. H. et al., 2018), Cissus quadrangularis (Lee et al., 2018), and Chrysanthemum indicum (Nepali et al., 2018).

Regarding lipogenesis, sunflower (Helianthus annuus L.) seed extract has shown anti-lipogenesis properties in HFD-induced obese mice by significantly reducing body weight gain, adipose tissue weight and mass, the cell size of adipocytes, and serum levels of triglycerides, total cholesterol (TC), very low-density lipoprotein (VLDL)/LDL-cholesterol, alanine aminotransferase, and aspartate aminotransferase (AST). In addition, extract supplementation decreased the expression of proteins associated with lipogenesis pathways and improved the expression of lipolysis and thermogenesis-related pathways in the adipose tissue (Yun et al., 2022). He et al. (2018) evaluated the inhibitory effect of Camellia euphlebia flower extracts on lipogenesis. Results indicated that treatments significantly reduced triglyceride levels and lipid accumulation and effectively downregulated mRNA expression of FAS, HMG-CoA reductase, and glycerol-3-phosphate acyl transferase (GAPAT). Aged black garlic extract has also suppressed lipogenesis and triggered lipolysis by decreasing protein expression of PPARγ, perilipin, hormone-sensitive lipase (HSL), and Ser563-pHSL in mature 3T3-L1 adipocytes (Nam et al., 2018).

Agriceuticals play an essential role in the cell differentiation and proliferation of adiposities; therefore, consuming anti-adipogenic plants could be a relevant strategy to prevent and manage obesity (Alshammari and Balakrishnan, 2019).



Regulation of lipid metabolism in adipocytes

Lipolysis is a metabolic process that consists of the breakdown of triglycerides into their constituents: glycerol and free fatty acids (FFAs), the main enzymes acting in lipolysis include adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), monoglyceride lipase (MGL) and lipoprotein lipase (LPL). The glycerol is then used as a carbon source for gluconeogenesis, while the FFAs are transported in the blood and oxidized in tissues to generate energy through the β-oxidation process (Grabner et al., 2021). Most TGs are accumulated in adipocytes. Therefore, the promotion of their hydrolysis and the degradation of FFAs in adipocytes are essential to inhibit the growth of white adipose tissue (WAT) and reduce the size of adipocytes (Grabner et al., 2021; Shang et al., 2021).

An extract of unripe Rubus coreanus containing ellagic acid promoted lipolytic effects mediated by the downregulation of adipogenic and lipogenic gene expression in HFD-induced obese C57BL/6 mice (Kim K. J. et al., 2020). Treated mice exhibited significant body weight and adipose tissue mass reductions compared to HFD-fed mice; lipolysis-associated proteins, including ATGL, phosphorylated-HSL, and PLIN1, significantly increased in the mice epididymal white adipose tissue (Kim K. J. et al., 2020). Another study with Moringa oleifera Lam. leaf extract elucidated its capacity to inhibit fat accumulation based on its lipolytic and anti-adipogenic properties. In vitro experiments in 3T3-L1 adipocytes showed upregulation of the expression of the lipolysis-associated protein HSL and downregulation of adipogenesis-related proteins PPARγ, CCAAT/EBPα/β, and FAS at 400 μg/mL extract concentration. They found that the inhibition of fat accumulation is also related to the activation of the AMPK pathway; in vivo studies evaluating the extract at 0.5 g/kg body weight (BW) in HFD mice indicated that treatments significantly reduced body weight, epididymal, perirenal, and mesenteric fat weight, fat tissue size, hepatic fat accumulation, and the serum levels of TC, LDL-cholesterol, and AST, also significantly downregulated the expression of PPARγ and FAS and upregulated the lipolysis-related protein adipose triglyceride lipase (ATGL). The phytochemical characterization revealed the presence of isoquercitrin, chrysin-7-glucoside, and quercitrin as the dominant constituents in the extracts; the three compounds showed synergistic effects to inhibit adipogenesis, but particularly, quercitrin exhibited important inhibitory activity of fat accumulation (Xie et al., 2018).

Kim Y. J. et al. (2019) found that treating HFD-induced obese mice with a root ethanolic extract of Platycodon grandiflorus regularized and controlled their body weight and fat mass by increasing lipolysis [particularly by improving perilipin 1 (PLIN1), ATGL, and HSL expression] and fatty acid oxidation. Treatments also promoted the browning process of epididymal white adipose tissue by modifying the browning-related gene expression and the enzyme activity of carnitine palmitoyltransferase (CPT1A). The root water extract of Allium hookeri also reduced serum triglyceride levels, adipose tissue weight, and adipocyte cell size in HFD-induced obese mice due to upregulating gene of CPT1A, which is involved in fatty acid β-oxidation in the liver (Kim H. J. et al., 2019). Coffee (Coffea arabica L.) fruit containing chlorogenic, caffeoylquinic, caffeic, malic, and quinic acids has also shown inhibitory adipogenesis and lipolytic activities in 3T3-L1 adipocytes; coffee reduced lipid accumulation by nearly 47% (Duangjai et al., 2018).

Wei et al. (2018) found that grape seed procyanidin extract limits porcine preadipocyte differentiation and proliferation, as demonstrated by decreased lipid accumulation, reduced mRNA expressions of PPARγ and fatty acid–binding protein 4 (FABP4), diminished enzymatic activity of glycerol-3-phosphate dehydrogenase (GPDH) (key enzyme for triacylglycerol biosynthesis), increased expression of preadipocyte factor-1, and induced G0/G1 adipocyte cell cycle arrest, extracts also promoted lipolysis of mature adipocytes as seen by attenuated lipid content, increased release of FFAs and glycerol, and improved expression of mRNA of important lipolytic transcription factors including HSL and ATGL. In addition, Oroxylum indicum (L.) Kurz fruit pods extract, mainly composed of flavonoids, glycosides, alkaloids, steroids, and tannins, has demonstrated dose-dependent inhibition of preadipocyte to adipocyte differentiation process, a reduction of lipid accumulation and an inhibitory effect on lipase activity without reducing cell viability in 3T3-L1 preadipocytes (Hengpratom et al., 2018).



Promotion of thermogenesis

Increasing thermogenesis is an effective way to increase energy expenditure and manage obesity (Shang et al., 2021). Thermogenesis is the process that transforms chemical energy to generate heat and mainly occurs in thermogenic adipocytes, which are brown and beige adipocytes (Hussain et al., 2020; Milton-Laskíbar et al., 2020). One of the major contributors to thermogenesis in brown adipose tissue (BAT) is the uncoupling protein 1 (UCP1), which is located in the inner membrane of mitochondria and acts by uncoupling oxidative phosphorylation from the production of ATP. Its enhancement increases respiration and promotes the loss of energy in the form of heat (Hussain et al., 2020; Milton-Laskíbar et al., 2020; Shang et al., 2021). Brown adipocytes have numerous mitochondria and UCPs implicated in heat generation (Shang et al., 2021). White adipose tissue can also produce UCP1 by a process known as browning, which results in the generation of beige adipose tissue (Pan et al., 2019; Milton-Laskíbar et al., 2020).

Many plants have been reported to expend energy by promoting thermogenesis and helping to maintain energy balance without requiring physical activity (Shang et al., 2021). For instance, a co-treatment with a high-temperature processed-green tea (Camellia sinensis L.) extract carrying higher levels of epimerized catechins, combined with an enzymatically modified isoquercetin (hydrolyzed rutin, then transglycosylation reaction), increased the brown adipocyte marker UCP1 and COXIV mitochondrial protein levels by 2.9-fold, also the maximal and basal oxygen consumption improved by 1.57- and 1.39-fold, respectively, in brown adipocytes. The co-treatment administered to HFD-induced obese mice also increased the expression of brown adipocyte markers and mitochondrial proteins in adipose tissue. After 2 weeks, mice lost 3% body weight and 7.09% body fat, while energy expenditure increased by 8.95% (Im et al., 2022).

Bolin et al. (2020) also found that a polyphenol-rich green tea extract induced thermogenesis in mice, decreased body weight, adipocyte size, and insulin resistance, increased energy expenditure, BAT thermogenesis, and stimulated browning in subcutaneous WAT. Cinnamomum cassia extract, which main agriceuticals were identified as coumarin, cinnamic acid, cinnamaldehyde, and 2-methoxy cinnamaldehyde, significantly increased body temperature and energy expenditure by inducing thermogenesis in mice exposed to a cold environment. There was a significant rise in the thermogenic proteins UCP1, peroxisome proliferator-activated receptor-γ coactivator-1α (PGC1-α), and PRDM16 in adipose tissue. Particularly, protein expression of UCP1 increased by 4-fold compared to the control group. In addition, the expression of lipolysis protein pHSL was increased, the lipid droplets were reduced, and the mitochondrial number was also significantly higher in BAT (Li et al., 2021a).

Zhou et al. (2020) investigated the effects of a polyphenol-rich cranberry extract in HFD–fed obese C57BL/6J mice. After 16 weeks, the body weight of treated mice was 22.5% lower than in the HFD group, and the energy expenditure significantly increased, which was associated with the improvement of BAT thermogenesis and the browning process in WAT as revealed by the enhancement of mRNA expression of thermogenic genes (especially, Ucp1, which was 5.78 times higher than the HFD group) and browning-related genes (particularly, Cd137, which was 3.13 times higher than in the HFD group). Phytochemicals extracted from unripe Rubus coreanus increased thermogenesis-associated proteins, including PPARα, CPT1, UCP1, and PGC1α, in inguinal white adipose tissue of treated mice as compared to HFD-fed mice (Kim K. J. et al., 2020). Other in vivo and in vitro studies with similar results on the induction of thermogenesis and lipid metabolism, induce fat browning and increase fatty acid oxidation include the use of a flavonoid-rich Millettia speciosa root extract (Wang et al., 2022), resveratrol, oxyresveratrol and pterostilbene (Andrade et al., 2019; Pan et al., 2019; Milton-Laskíbar et al., 2020), capsaicin from chili pepper (Montanari et al., 2019), and Citrus aurantium (bitter orange) (Park et al., 2019).



Modulation of gut microbiota

Gut microbiota should be viewed as another organ in the human body since it significantly impacts host physiology and metabolism (Cao et al., 2019). The gut microbiota has been proven to play an essential role in obesity because it can influence several processes to control obesity, including inflammation, hormone regulation, energy harvest, and metabolic-related factors (Shang et al., 2021). Obese patients present lower gut microbial diversity than lean people; therefore, the presence and abundance of specific anti-obesogenic gut microbial species are altered in obese persons. Some species of Firmicutes, Lactobacillus, and Bacteroidetes have been positively linked to the development of obesity, while Bifidobacterium, most Lactobacillus species, and certain Bacteroidetes have shown anti-obesity effects (Cao et al., 2019).

In this context, agriceuticals can modulate the composition and abundance of gut microbiota to combat obesity (Shang et al., 2021). Recent findings revealed that several plants, such as apples, grapes, pomegranate, berries, turmeric, garlic, chili, soy, and sorghum, can inhibit obesity by increasing gut microbiota diversity and abundance, downregulating obesogenic gut microbiota, and upregulating species implicated in suppression of obesity (Cao et al., 2019). Administration of 200 mg/kg capsanthin for 12 weeks significantly increased microbial diversity and modulated the intestinal bacterial environment of HFD-induced obese C57BL/6J mice. rRNA sequencing of cecal microbiota indicated that capsanthin improved the abundance of Bacteroidetes, Bifidobacterium, Clostridium, Akkermansia, and Allobaculum, and reduced the abundance of Ruminococcus and the Firmicutes/Bacteroidetes (F/B) ratio compared to the HFD group. Interesting facts about these bacteria include that the abundance of Bifidobacteria is negatively correlated with BMI; Clostridium bolteae is in higher proportion in lean people (BMI < 20); Akkermansia, a gut commensal bacterium, has been reported to prevent obesity and improve intestinal inflammation and obesity-related insulin resistance; Ruminococcus bromii and Ruminococcus obeum are present in high proportion in obese people; and an increased F/B ratio is closely associated with obesity and diabetes (Wu et al., 2020).

Diez-Echave et al. (2020) investigated the effects of a polyphenolic extract of Hibiscus sabdariffa in HFD-fed obese mice. Its major components belonged to the family of organic acids (mainly hibiscus acid), phenolic acids (especially chlorogenic acid and its derivatives), and flavonoids (mainly derivates of quercetin, myricetin and kaempferol, and anthocyanins). The extract strengthened gut integrity by increasing the production of mucins and proteins implicated with mucosal barrier maintenance, exerted prebiotic function by counteracting the alterations and dysbiosis in gut microbiota made by the HFD (HFD increased Firmicutes from 38.3 to 62.9%, and reduced Bacteroidetes from 38.3 to 3.9%), significantly reduced the Firmicutes to Bacteroidetes (F/B) ratio (this ratio is an indicator of health status, a high rate reflects obesity-related intestinal dysbiosis), and positively modulated the gut microbiota composition. In addition, extracts improved weight loss, glucose tolerance, insulin sensitivity, regularized LDL/HDL cholesterol ratio, and reduced inflammation state in the liver by decreasing the expression of proinflammatory mediators and adipokines (Diez-Echave et al., 2020).

Moreover, ginseng soluble dietary fiber balanced the F/B ratio, promoted colon health, and significantly improved the proliferation of probiotics, including Bifidobacterium pseudolongum and Lactobacillus helveticus, which were correlated with glucolipid metabolism (Hua et al., 2021). Ma et al. (2021) used enzymatic-modified potato dietary fiber to regulate intestinal microbiota; the enzymatic treatment with cellulases and xylanases significantly enhanced the bioactivity of dietary fiber to treat dysbiosis of gut microbiota, treatments increased the abundance and diversity of gut microbiota of mice, and significantly reduced the F/B ratio.

Supplementation with a chlorophyll-rich spinach extract in HFD-fed mice also showed modulatory effects on intestinal microbiota, reversing the HFD-induced gut dysbiosis and increasing Bacteroidetes and Akkermansia (Li et al., 2019). In another study, an ellagitannin- and anthocyanin-rich extract of pomegranate was applied in combination with the probiotic strain Lactobacillus rhamnosus, substantially diminished triglyceride content and intracellular lipid accumulation in the 3T3-L1 cell line. Treatments also suppress mRNA expression of adipogenic transcriptional factors, and there was a synergistic effect between probiotics and polyphenols of the pomegranate extract. These findings provide insights for developing new nutraceutical/probiotic-based alternatives to manage obesity (Sorrenti et al., 2019). These findings are in agreement with other studies that reported important alternatives to improve the intestinal barrier integrity, exert prebiotic effects, or remedy obesity-associated gut microbiota dysbiosis and lipid accumulation by using blueberry polyphenol extract (Guo et al., 2019; Jiao et al., 2019; Si et al., 2021), ripened Pu-erh tea extract (Lu et al., 2019), 1% water extracts of green tea (catechin-rich), black tea (carrying brown/black pigments theaflavins and thearubigins), and oolong tea (containing green and black tea components), which mainly exerted their modulatory effect by inhibiting the production of lipopolysaccharides and increasing the formation of SCFAs (Liu et al., 2019), and citrus peel extract rich in polymethoxyflavones and hydroxylpolymethoxyflavones (Tung et al., 2018).



Suppression of obesity-induced inflammation

Obesity is associated with the development of chronic low-grade inflammation. As adipocytes increase in size and number to store excess triglycerides, they produce and release inflammatory mediators, including proinflammatory cytokines and adipokines, which promote the recruitment and infiltration of immune cells, mainly macrophages, T cells [αβ, γδ, natural killer T (NKT) cells, and regulatory T cells (Tregs), NK cells, B cells, and leukocytes] into adipose tissue, resulting in inflammation, insulin resistance, alterations of glucolipid metabolism, and dysfunction of innate and adaptive immune response (Xu C. et al., 2018; Terzo et al., 2020; Shang et al., 2021). Macrophages in adipose tissues are recognized as the primary source of proinflammatory cytokines, such as interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor α (TNF-α). Therefore, they are essential to inflammation development during obesity (Terzo et al., 2020).

Oxidative stress can be a precursor or a result of inflammation. It triggers the activation of signaling molecules such as the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which promote the release of inflammatory cytokines (Xu C. et al., 2018). Some agriceuticals can attenuate obesity-induced inflammation (Shang et al., 2021). A Millettia speciosa root extract rich in flavonoids significantly decreased inflammatory-associated adipokines (IL-6 and TNF-α) levels in high-fat diet-induced obese C57BL/6 mice (Wang et al., 2022). Terzo et al. (2020) investigated the effect of chronic intake of pistachio to suppress obesity-associated inflammation in HFD-fed mice, they found significant reductions in the serum TNF-α and IL-1β levels, the number and area of adipocytes, and the mRNA expression of IL-1β, TNF-α, F4-80, and CCL-2 in subcutaneous and visceral adipose tissues, pistachio intake also reduced the F/B ratio and gut bacteria related with the development of inflammation including Oscillospira, Coprobacillus, Desulfovibrio, and Bilophila. In addition, Anthocyanin-rich tart cherry extract significantly reduced IL-6 levels and enhanced redox status by increasing antioxidant capacity and superoxide dismutase (SOD) activity in HFD-fed C57BL/6J mice (Nemes et al., 2019).

Noratto et al. (2019) evaluated the supplementation of quinoa (Chenopodium quinoa Willd.) in obese-diabetic mice. Quinoa consumption diminished plasma and liver cholesterol and lessened obesity-associated inflammation and oxidative stress by reducing protein carbonyls and interleukin (IL)-6. Olive (Olea europaea L.) leaf extract containing phenolic compounds, like oleuropeoside, has also exhibited anti-inflammatory effects in HFD-fed obese mice; the leaf extract lessened TNF-α, IL-1β, and IL-6 RNA expression in liver and adipose tissues (Vezza et al., 2019). Daily supplementation with aged garlic extracts also alleviated inflammation associated with obesity in 51 healthy obese adults; treated participants had significantly lower levels of serum IL-6 and TNF-α than placebo capsules. Extracts also modulated immune cell distribution (Xu L. et al., 2018). High-hydrostatic pressure extract of ginger roots reduced mRNA levels of proinflammatory cytokines, body weight, WAT mass, and serum and hepatic lipid levels, downregulated the expression of obesity-linked microRNA (miR)-21 and miR-132, and enhanced the AMPK activity in HFD-induced Sprague-Dawley rats (Kim S. et al., 2018). Kwon et al. (2018) elucidated the effects of long-term consumption of luteolin-enriched artichoke leaf in HFD-induced obese C57BL/6N mice. After 16 weeks, treated animals showed lower inflammation, as recognized by the decreased plasma IL-6, IL-1β, and plasminogen activator inhibitor-1 (PAI-1) levels.




Fertilization strategies to enrich anti-obesogenic agriceuticals

Interestingly, plants can be biofortified with anti-obesogenic agrichemicals during plant cultivation by applying different fertilization strategies, improving their capacity to fight obesity (Gastélum-Estrada et al., 2021; Jacobo-Velázquez, 2022). However, modern agriculture is responsible for severe environmental and health problems associated with overfertilization, soil degradation, reduction of agricultural lands, low plant nutrient-use-efficiency, water availability, and food security (Acharya and Pal, 2020; Khatoon et al., 2020; Hesham et al., 2021; Singh et al., 2021). Therefore, in this case, implementing sustainable practices to enrich anti-obesity phytochemicals is of major relevance to not contribute to the current agriculture-related problems. Among these technologies, the development of biofertilizers and nanofertilizers has gained attention in recent years due to their reduced environmental impact, low cost, sustainability, and their ability to increase the content of nutrients and bioactive compounds (Prasad et al., 2019; Guardiola-Márquez et al., 2022; Mahapatra et al., 2022).

The importance of these technologies for obesity lies in the fact that soil microorganisms and nanoparticles can significantly increase the phytochemical content and nutritional value of plants and their fruits, improving antioxidant activities, macro-, and micronutrient levels, bioactive compounds, and photosynthetic pigments (Figure 3) (Khatoon et al., 2020).
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FIGURE 3
 Proposed sustainable strategies to enhance plant productivity and increase the concentration of anti-obesogenic agriceuticals.



Biofertilizers based on plant growth-promoting soil microorganisms

Biofertilizers are formulations of beneficial microorganisms that promote plant health and growth by stimulating plant metabolism or increasing nutrient uptake from soil reserves, abiotic stress resistance, and suppression of plant pathogens (Kour et al., 2020; Hesham et al., 2021; Guardiola-Márquez et al., 2022). Soil microorganisms interact with the root system of plants by trading nutrients and signaling metabolites. Plant root secretions represent a source of carbon and nutrients for the metabolism of microbial populations, as well as serving as signals either to trigger specific metabolic responses or to repel plant pathogens and as modulators of rhizosphere communities to attract beneficial microbes (Ojuederie et al., 2019; Khatoon et al., 2020). Plant root exudates include sugars, amino acids, proteins, flavonoids, organic acids, fatty acids, etc., which offer an exclusive environment and are essential growth substrates for soil microbe establishment (Khatoon et al., 2020). In return, plant growth-promoting microorganisms (PGPM) colonize the plant's rhizosphere and root system and promote growth through different mechanisms, including atmospheric nitrogen fixation, mineral solubilization (phosphorus, potassium, and zinc), siderophores production, heavy metal sequestering, mineralization of soil organic matter, suppression of phytopathogens and production of phytohormones (auxins, cytokinins, and gibberellins) and enzymes (phosphatases, and catalases) (Prasad et al., 2019; Khatoon et al., 2020; Sammauria et al., 2020; Hesham et al., 2021; Guardiola-Márquez et al., 2022; Mahapatra et al., 2022).

Biofertilization has been applied to many plant species with anti-obesogenic activity (Table 1). The inoculation of plant growth-promoting bacteria (PGPB) (Pseudomonas poae and Bacillus amyloliquefaciens subsp. plantarum) on collard (Brassica oleracea var. acephala) cv. Georgia significantly improved its nutritional value, growth, and yield. Particularly, B. amyloliquefaciens markedly elevated the total phenolics (32.37%), flavonoids (62.31%), ascorbic acid (21.92%), rosmarinic acid (35.97%), carotenoids (21.92%), chlorophyll (31.93%) and magnesium (23.77%), iron (79.71%), copper (211.90%), zinc (44.26%) contents (Helaly et al., 2020). B. oleracea species have been reported to possess lipase-inhibitory properties and strong anti-adipogenic and anti-lipogenic effects (Le et al., 2020; Nallamuthu et al., 2022). Nallamuthu et al. (2022) evidenced that B. oleracea extracts significantly suppressed the intracellular accumulation of triglycerides, down-regulated the key adipogenic transcription factors (PPARγ, C/EPB-α, p-Akt, PI3k, and FAS enzyme), and modulated the levels of leptin and adiponectins in 3T3-L1 pre-adipocytes. Similarly, lettuce (Consentino et al., 2022), maize (Vishnupradeep et al., 2022), tomato (Katsenios et al., 2021), onion (Pellegrini et al., 2021), strawberry (Rahman et al., 2018), and many other plants have been treated with different formulations of biofertilizers resulting in significant beneficial effects on their agriceutical composition associated with anti-obesogenic activity (Table 1).


TABLE 1 Studies of biofortification with anti-obesogenic agriceuticals using beneficial soil microorganisms during plant cultivation.
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Soil and foliar-applied nanoparticles used as nanofertilizers

Nanofertilization involves the application of nanoparticles (NPs) of < 100 nm in size (Yusefi-Tanha et al., 2020; Kumar et al., 2021). NPs have unique physicochemical properties that provide many advantages compared to their bulk macrostructure analogs, including a high surface area to volume ratio, enhanced reactivity, unique functionalization properties, electrical conductivity, and mechanical strength, improving plant nutrient transport and use (De La Torre-Roche et al., 2020; Yusefi-Tanha et al., 2020; El-Ghamry et al., 2021; Kumar et al., 2021). The small size of nanomaterials allows their penetration through biological barriers, easily diffusing into the plant vascular system after root or foliar application (De La Torre-Roche et al., 2020). Various publications have reported that nanofertilizers have shown enhanced absorption rates, faster nutrient release, increased nutrient availability, and nutrient use efficiency, resulting in improved plant nutrition and increased plant resistance against biotic and abiotic stress; nanofertilizers present greater efficacy compared with conventional chemical fertilizers (De La Torre-Roche et al., 2020; Kumar et al., 2021; Umar et al., 2021).

In the same way as biofertilizers, nanofertilizers can enhance the agriceutical content in plants (Table 2), Azeez et al. (2017) investigated the influence of biologically synthesized silver nanoparticles (AgNPs) on the phenolic and flavonoid content and antioxidant activity of Amaranthus caudatus L., significant improvements of 21.9 and 68.19% in phenolic contents were obtained using 25 and 50 ppm AgNPs, respectively, while flavonoids were significantly enhanced by 32.58 and 35.80% with the same treatments. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant activity was improved by 43.3 and 38.7% with 25 and 50 ppm of AgNPs. A. caudatus grown with 50 ppm of AgNPs led to the highest flavonoid composition, being kaempferol and quercetin the most abundant flavonoids in A. caudatus. Various authors have associated the phenolic and flavonoid content of Amaranthus species with anti-obesogenic activity (Kanikowska et al., 2019; Yuniarto et al., 2020; Prince et al., 2021). Prince et al. (2021) observed significant reductions in weight gain, organ weight, abdominal fat deposition, liver fat infiltration and steatosis, and improvements in glucose tolerance, hepatic antioxidant levels, and lipid parameters in high-carbohydrate-high-fat diet-fed obese rats administered with Amaranthus powder. Table 2 includes other studies where nanofertilization improves the agriceutical composition of anti-obesogenic plants.


TABLE 2 Studies of biofortification with anti-obesogenic agriceuticals using nanoparticles during plant cultivation.
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Biofertilization and nanofertilization techniques have been applied to many plant species with anti-obesity activity; however, there are no reports where these practices are used mainly to enhance the anti-obesogenic effect; further research is required to study the impact of these agricultural practices on the effects against obesity of edible and medicinal plants.

In addition, the plant species shown in Tables 1, 2 are rich in compounds widely used by the food, pharmaceutical, or cosmetic industries due to their proven bioactivity. Particularly they have demonstrated therapeutic effects against obesity. However, producing, extracting, and obtaining therapeutic levels of such compounds is costly, mainly because the yield per plant is low, which demands different techniques to increase their production (Araujo et al., 2020). The application of plant growth-promoting bacteria and nanoparticles have been studied for this purpose. Most of the agriceuticals responsible for the reduction of lipid accumulation, appetite, absorption of carbohydrates and lipids, adipogenesis, lipogenesis, lipid metabolism, obesity-associated inflammation, and the promotion of thermogenesis and modulation of gut microbiota, correspond to fibers, polyphenols (flavonoids, phenolic acids, lignans, tannins), alkaloids, lipids, protein, and photosynthetic pigments, which are the same phytochemical groups that can be enriched using the bio- and nanofertilizers, indicating that it could be possible to enhance anti-obesity mechanisms and reduce obesity rates if these techniques are applied strategically to plants with anti-obesogenic activity.




Conclusions

In this review, we presented the current situation of overweight and obesity, including relevant statistics regarding their prevalence and importance. Several reports have demonstrated the therapeutic potential of plant extracts to treat and prevent obesity, showing different mechanisms by which agriceuticals contribute to counteracting obesity. However, more plant species need to be evaluated to establish safe and effective protocols for producing and extracting the key compounds responsible for the therapeutic effects. Also, it is important to determine the effective doses and possible toxicity or long-term effects of these compounds in humans since most of the presented works have been performed in in vitro and in vivo studies. Pharmacokinetic studies involving human subjects are recommended before these extracts could be distributed or massively administered as anti-obesogenic treatments. Further research is needed to assess probable synergistic interactions between extracts of different plant species, which could lead to the formulation of polyherbal preparations to enhance the anti-obesogenic effect resultant from acting on several obesity targets simultaneously. Moreover, we established that biofertilization and nanofertilization are sustainable practices capable of increasing the concentrations of the plant bioactive molecules, but it is also necessary to explore which agriceuticals and at what level they are enhanced with these strategies. Proper investigation of anti-obesity plant species and implementing sustainable agronomic practices for their production could be a promising way to fight obesity.
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Anti-obesogenic
related-evidence with
biofortified
agriceuticals

Reduction of body weight,
weight gain, blood insulin,
leptin, inflammatory
mediators, cardiac enzymes
activity, atherogenic index,
and increased hepatic and
renal antioxidant biomarkers
(Othman et al., 2022).
Modulation of inflammatory
markers such as monocytic
chemoattractant protein-1
(MCP-1) and reduction of
insulin resistance
(Dehghankar et al., 2020).

In vivo: Significant decrease
on total cholesterol, low
density lipoprotein
(LDL)-cholesterol, fasting
glucose and fasting insulin. In
vitro: protective effect against
LDL-cholesterol oxidation
processes (de Castro et al.,

2018).

Reduction of white adipose
tissue (WAT) mass, body
weight, insulin level, insulin
resistance, ratio of Firmicutes
to Bacteroidetes and
adipocyte size, and increased
glucose tolerance, relative
abundance of Bacteroidetes,
anti-inflammatory effect (Li
etal,, 2021b).

Positive effects on blood
glucose, harmful lipid profile,
inflammatory markers and
free radicals in humans (Alam

etal, 2019).

Reduction of body weight
gain, epididymal fat, lipid
accumulation, and gene
expression of adipogenic
genes, and up-regulation of
genes related to lipolysis and
fatty acid B-oxidation
(Thomas etal., 2018).
Decrease of body weight,
down-regulation of
adipogenesis-related proteins,
up-regulation of
lipolysis-associated proteins,
and improvement of glucose
tolerance, insulin signaling
lipid profile, and satiety
hormone levels (Redha et al.,
2021).

Reduction of body mass gain,
WAT, leptin, free fatty acid
and insulin concentrations.
Inguinal and epididymal
adipose tissues were reduced
by 37.0 and 43.64%
(Shanmugham and Subban,

2022).

Decrease of total cholesterol,
LDL, triglycerides (TG) and
very low-density lipoprotein
(VLDL) by 25, 55,45, and
45%, respectively, and
enhancement of high-density
lipoprotein (HDL) levels by
22.6%, and the antioxidative
potentials (Al-Jumayi et al.,
2020).

Reduction of LDL-cholesterol
concentrations, and was
confirmed to be safe

(Nishimura et al,, 2019).

Treatment

Chitosan nanoparticles

(CNPs)

Foliar application of green
synthesized zinc oxide
nanoparticles (ZnO-NPs)
(300 mg/L)

Zinc oxide (ZnO),
phosphorus (P) and titanium
dioxide (Ti0,) nanoparticles

(NPs)

Green synthesized ZnO-NPs

Foliar-applied nanocomposite
containing zinc (Zn), iron
(Fe), and copper (Cu)
nanoparticles and commercial

fertilizer (CF)

Zinc oxide nanoparticles

(ZnO-NPs) (50 mg/L)

Zero-charged calcium

nanoparticles (CaNPs)

Zinc oxide nanoparticles
(ZnO-NPs) and zine sulfate
(1000 and 2000 ppm)

Zinc oxide nanoparticles
(ZnO-NPs) at 100, 200, 500

mg/L

Copper nanoparticles
(Cu-NPs)

Enriched Effects on plant physiological

agriceutical parameters

- Total chlorophyll CNPs mitigated drought stress effects,
(63%) improving relative water content

- Carotenoids (68%) (12.65%), proline (49%), antioxidant

- Phenols (23.1%) enzyme activity of superoxide dismutase

- Protein (45.2%) (86%), guaiacol peroxidase (75.7%) and

At 2000 ZnO-NPs mg/L

in fruits

polyphenol oxidase (72.8%), and
stomatal density (5.2-6.6%).

Total phenolics
(26.36%)

Flavonoids (122.65%)
Carotenoids (147.07%) zinc chelate (Zn-EDTA) and control.
Anthocyanins (364.71%)

Zn nanofertilizer modified significantly
the phytochemical, its effects on plants

were significantly different compared to

Total chlorophyll TiO, NPs significantly increased seed

(91.9% with 10 ppm  germination, seed vigor index, root and

TiO,) shoot length, and antioxidant enzyme

Leaf protein (41.2%  activity. ZnO, B and TiO; NPs

with 50 ppm P) enhanced seed yield by 12.48% 13.01%

Carotenes (33.5% with  and 10.93%. Leaf zinc and iron content

50 ppm P) were also increased by 50.76, 7.71, and

Ascorbic acid (106.6%  6.41, and 12.69%, 18.49, and 14.17.

with 40 ppm TiO,)

Crude fiber (34.7%

with 20 ppm ZnO)

Total phenol (40.8%

with 30 ppm TiO,)

Chlorophyll (50%) Nanofertilizer enhanced seed

Phenolics (67.4%) germination (37.5%), shoot length

Proline (14.6%) (16.6%), root length (56.6%), seedlings

Sugar content (36.2%)  weight (419%), number of leaves (11.5%),
plant height (17.1%), and leaf area
(24.4%).

Photosynthetic NPs improved tomato plants height

pigments (25.9%), stem diameter (20.0%), root

Protein (23.8%)
Fiber (38.1%)

Total phenolic content

length (28.5%), antioxidant properties,
nutrient use efficiency (26.1%) and total
production (26.0%). Leaf Fe, Zn, and

(69.1%) potassium (K) increased by 44.2, 60.0,
Total flavonoids and 2.4%, respective. Energy, fat, and
(16.1%) carbohydrate were decreased by 18.2,
Total 62.3,and 11.8%, in the tomato fruits

carotenoids (16.2%)  compared to CF.

Total polyphenols ZnO-NPs improved leaf fresh and dry
(6.62%) weight, leaf Zn content (24.6-40.5%),
Total antioxidant activity, and bacteriostatic
anthocyanins (35.80%) activity using 25% extracts.

Crude fiber (124.82%) Improvement of ash in 152.5%, K in
Phenolic contents. 10.66%, calcium in 28.91%, free-radical
(123.40%) scavenging 30.21%, There were also

Flavonoids (22.63%)  decreases in sodium (Na), nickel (Ni),
lead (Pb), cadmium (Cd) and chromium
(Cr) concentrations, and reduction in an

oxidative stress biomarker by 16.30%.

1000 ppm of ZnO-NPs improved plant
height, stem diameter, biomass

Capsaicin content production, fruit yield, Scoville Heat

(19.3%) Units (16.4%) and antioxidant capacity
Dihydrocapsaicin in ABTS [2,2"-azino-bis(3-

(10.9%) ethylbenzothiazoline-6-sulfonic acid)]
Total phenols (14.5%)  (15.4%), DPPH

Total (2,2-diphenyl-1-picrylhydrazyl)
flavonoids (26.9%) (31.8%), and FRAP (ferric reducing

antioxidant power) (20.5%).
Total phenolic content
(148.5-282%)

Total flavonoids

ZnO-NPs improved seed germination
rate; the seed vigor germination

increased between 94.17 and 129.40%.

(164.4%, with 500 Suspensions inhibited seedling radicle
ppm) growth but induced accumulation of
Condensed tannins phenolic compounds. Antioxidant
(627.7%, with capacity of radicle extracts increased by
500 ppm) 129.1%

Vitamin C Cu-NPs increased fruits firmness
(35.2-121.9%) (18.8-28.9%) and antioxidant capacity.
Lycopene

(56.77-105.26%)
Total protein (99.74%)
Total phenols
(5.43-36.14%)
Flavonoids (10.33-
15.71%)
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Body weight gain prevention,
fat accumulation reduction,
gut microbiota modulation,
energy expenditure increase,
insulin sensitivity, and
glucose homeostasis (Han
etal,, 2018).

Lipase inhibitory activity,
inhibition of triglycerides
(TG) accumulation,
suppression of adipogenesis

(Nallamuthu et al., 2022).

Reduction of blood glucose
and TG levels, adipose tissue
accumulation, adipocyte
hypertropia, and regulation of
gene expression related to
adipogenesis, lipogenesis,
inflammation, and
B-oxidation (Luna-Vital et al.,

2020).

Attenuation of body weight
gain, lipid accumulation,
inflammation responses and
lipogenesis, and improvement
of insulin resistance and
expressions of thermogenic,
mitochondrial functional, and
lipolytic genes (Wang et al.,
2019).

Reduction of lipid
accumulation, serum levels of
triglyceride, total cholesterol,
and low-density lipoprotein
(LDL)-cholesterol, and
expression of adipogenesis
and lipogenesis-related genes
(Yuetal, 2021).

Prevention of weight gain,
adipose tissue hypertrophy,
systemic inflammation and
hepatic steatosis (Khare et al.,

2020).

Decrease of weight gain,
inflammation, abnormal lipid
metabolism, gut microbiota
dysbiosis, oxidative stress,
colonic tissue injury and
promoted browning of white
adipose tissue, and
thermogenesis (Wang et al.,
2021).

Reduction of pre-adipocyte
differentiation, and mRNA
expression of adipogenic
transcription factors, resistin
and angiotensinogen
(markers of white adipocytes),
and increased mRNA
expression of brown
adipocyte markers and
mitochondrial biogenesis
(Forbes-Hernandez et al.,

2020).

Treatment

Pseudomonas sp. DSM 25356,
and Azospirillum brasilense
DSM 1690, DSM 2298 and
nitrogen fertilization doses

(30-120 kg/ha)

Pseudomonas koreensis,
Ralstonia pickettii, and

Bacillus cereus

Providencia sp. and Proteus

mirabilis

Bacillus licheniformis, B.
subtilis, B. pumilus, B.
amyloliquefaciens, B.
pseudomycoides, B.
mojavensis, and a mix of
Priestia megaterium and

Azotobacter chroococcum

Azospirillum brasilense,
Gluconacetobacter
diazotrophicus,
Herbaspirillum seropedicae,

and Burkholderia ambifaria

Variovorax paradoxus and a
consortium of Ochrobactrum
anthropic, Pseudomonas
palleroniana and P.

Sfluorescens

Arbuscular mycorrhizal fungi
(AMF) (Glomus mosseae, G.
etunicatum,) and plant
growth-promoting bacteria
(PGPB) (A. chroococcum and
Azospirillium lipofrum)

B. amylolequefaciens and

Paraburkholderia fungorum

Enriched agriceutical

- Ascorbic acid (42.0%)
Total phenolics (17.1%)
Carotenoids (47.4%)
Total chlorophyll (20.1%)

Total phenolics (43.83%)

Chlorophyll a (67-83%)
and b (84-117%), total
chlorophyll (71-92%) and
carotenoid (14-50%)

contents.

Significantly increased
protein content.

Phenolic content (32-86%).

Lycopene (52.8%)
Total carotenoids (25%)

- Total phenolics (25%)
- Total chlorophylls (42%)

- Total phenolics (44.5,
37.5%)

Leaf chlorophyll
(64.4, 30.8%)

Total phenolics (429%)
Proline level (200.3%)

- Phenolics (20%)
Carotenoids (173.4%)
Flavonoids (50.05%)
Anthocyanins (173.7%)

Effects on plant
physiological
parameters

Treatments increased growth
parameters (plant height, root
collar diameter, leaves
number, and fresh weight)
and potassium, magnesium,
and nitrogen concentrations
in leaf tissues.

Inoculation significantly
increased vegetative growth,
including plant length
(44.36%), leaf number
(30.73%), and plant yield
(22.40%) compared to
control.

Biofertilizers increased
abiotic-stress resistance to
chromium (Cr) contaminated
soils and drought. Under
Cr+drought conditions,
bacteria improved fresh
(41-76%) and dry (14-46%)
biomass, relative water
content, and photosynthetic
capacity and reduced proline,
lipid peroxidation, superoxide
dismutase activity (28-41%).
Treatments improved dry
weight (39%), photosynthetic
rate (9.9%), mean fruit weight
per plant (26.78-30.70%),
yield per plant (51.94%), fruit
quality, total soluble solids in
tomato fruits (4.70° Brix),
pectin methylesterase activity,
polygalacturonase activity,
and antioxidant activity
(31.25%).

Improved plant height (18%),
crop yield (13%), bulb dry
matter (3%), and antioxidant
activity (20%). Inoculum also
enriched soil fertility and
microbial community

structure.

Biofertilizers significantly
enhanced all growth
parameters and nutrient levels
in finger millet leaves. Also,
increased the levels of reactive
oxygen species
(ROS)-scavenging enzymes.
Simultaneous inoculation of
bacteria and fungi alleviated
drought stress on walnut
seedlings. Treatment
improved plant growth,
increasing plant height, fresh
weight, number of leaves, root
length and reducing leaf
abscission. AMF improved
leaf nitrogen (18.9%),
phosphorus (20.3%) and zinc
(102.3%) contents.
Inoculation significantly
improved fruit yield (up to
489%), which was related to
higher root and shoot growth
(leaf length, leaf width, leaf
number/plant and canopy
diameter). PGPB improved
total (g/plant) (47.8%) and
individual (g/fruit) (16.8%)
fruit weight, phytohormone
production, and total
antioxidant activity in fruits of

strawberry plants.
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