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Abstract: A chronic positive energy balance, as observed in obesity, leads to an increase in circulating 

free fatty acids (FFAs), which can activate inflammatory signaling in M1 macrophages. Nuclear factor 

erythroid 2-related factor 2 (Nrf2) is a transcription factor that controls the expression of several genes 

involved in the cellular response to redox changes, xenobiotic detoxification, and adipogenesis. The 

signaling pathway that leads to the migration of Nrf2 to the cell nucleus is well known, but its role in 

regulating the adipogenesis process remains controversial. Activation of the Nrf2 signaling pathway 

leads to increased expression of critical enzymes involved in FFA esterification, such as triglycerides, 

the safest way to store FFAs. This paper reviews recent information on the role of Nrf2 in the 

differentiation of preadipocytes into adipocytes, which helps explain controversial information. 

Adipocytes specialize in storing FFAs as triglycerides and act as endocrine cells. However, in obesity, 

its functions are dysregulated along with the macrophage-induced inflammation of adipose tissue. 

Adipose tissue inflammation is the main cause of low-grade systemic inflammation observed in obese 

patients and the main link between adipose tissue inflammation and obesity-associated insulin 

resistance. Therefore, a deeper understanding of the role of Nrf2 in the process of adipogenesis is 

essential for the development of new agonists to prevent metabolic abnormalities associated with 

obesity. 
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Introduction 

Obesity is a chronic and progressive disease that affects a large proportion of the global 

population. In Latin America, it is increasing at a faster rate than in the rest of the world, particularly 

among individuals with low income 1,2. In Argentina, the prevalence of obesity is estimated to be 

approximately 35%3. Obesity leads to various metabolic abnormalities, including metabolic 

syndrome (MS) (central obesity, insulin resistance (IR), dyslipidemia, hypertension, fatty liver, and a 

systemic state of oxidative stress and inflammation) 4. Obesity, characterized by the excessive storage 

of fatty acids in adipose tissue, is strongly associated with diabetes mellitus, stroke, hyperlipidemia, 

cancer, cardiovascular disease, and osteoarthritis5. Type 2 diabetes, one of the most widespread 

metabolic diseases, and obesity are closely related due to their association with IR. As a state of chronic 

inflammation, obesity is a well-known risk factor for the onset and development of IR6. 

Inflammation is a process that is characterized by the activation of immune and nonimmune 

cells that protect the host, depending on the degree and extent of the inflammatory response; that is, 

whether it is systemic or local, metabolic and neuroendocrine changes can occur. The clinical 

consequences of chronic low-grade inflammation include an increased risk of metabolic syndrome7. 
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Obesity-induced IR is strongly associated with white adipose tissue (WAT) and systemic chronic low-

grade inflammation8. An extended hyperglycemic condition leads to a periodic and sustained 

increase in reactive oxygen species (ROS) production and elevates the levels of free fatty acids (FFAs) 

released by WAT from obese individuals, promoting further ROS production9. In turn, the 

overproduction of ROS mediated by hyperglycemia and the increase in ROS 

generation in obese WAT leads to the secretion of metabolically adverse patterns of 

adipocytokines and causes inflammatory responses, which contribute to IR through the interaction 

between inflammatory molecules (certain adipocytokines) and insulin signaling. Collectively, they 

can serve as both a cause and a result of each other, thus forming a vicious cycle 9. 

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that plays a crucial role 

in maintaining redox and metabolic homeostasis by regulating cellular antioxidants and decreasing 

inflammatory stress7. Since obesity is closely associated with inflammation and oxidative stress, the 

potential protective function of Nrf2 is of great interest7. However, the effects of Nrf2 are controversial 

and even contradictory. Therefore, understanding the interactions among obesity, inflammation, and 

oxidative stress in the pathogenesis of IR is a critical area of study.7 

Nrf2 Structure 

The structure of Nrf2 is complex and multifunctional, allowing it to effectively regulate the 

cellular antioxidant response. It contains 7 domains (Figure 1): Neh1 (N-terminal) contains a basic 

leucine-zipper region (bZIP) crucial for dimerization with small Maf factors and DNA binding in 

antioxidant response elements (AREs); Neh2 regulates the stability of Nrf2 by interacting with Kelch-

like ECH-associated protein 1 (Keap1), which facilitates the ubiquitination and proteasomal 

degradation of Nrf2 under normal conditions; Neh3 participates in the transactivation of target genes 

by interacting with transcription coactivators; Neh4 and Neh5 cooperate in gene transactivation by 

interacting with coactivating proteins such as CBP/p300; and Neh6 facilitates the degradation of Nrf2 

independently of Keap1, playing an additional role in regulating Nrf2 stability; and Neh7 interacts 

with retinoid receptor X (RXRα) and represses Nrf2 transcriptional activity. These domains allow 

Nrf2 to play a master regulator of antioxidant and detoxification genes, coordinating an integral 

cellular response to oxidative stress10,11. 

 

Figure 1. Nrf2 structural domains. Nrf2 contains seven domains known as Neh1–Neh7. The N-terminal domain 

of Neh2 contains two motifs, DLG and ETGE, which are responsible for binding KEAP1. The Neh3, Neh4, and 

Neh5 domains are important for the transactivation activity of Nrf2. The Neh7 domain binds RXRα and inhibits 

ARE gene activity. Neh6 is a serine-rich domain required for β-TrCP binding. The C-terminal domain of Neh1 

is a leucine zipper motif responsible for DNA binding and dimerization with Maf (Modified from12). 

Nrf2 Signaling Pathway 

Under conditions of homeostasis, Nrf2 is inhibited by its binding to Keap1, which is an adaptor 

subunit of the ubiquitin ligase E3 and is responsible for adding ubiquitin chains to Nrf2 as a marker 

for its degradation in the proteasome13. Under oxidative stress conditions, oxidants bind to keap1 

cysteine sensors, causing a conformational change that allows Nrf2 to dissociate from the inhibitory 

protein, stabilize, and translocate to the nucleus13. Once it is present, it forms a complex via  

heterodimerization  with  musculoaponeurotic 

fibrosarcoma proteins (Figure 2). These heterodimers recognize antioxidant response elements 

(AREs) located in the DNA-promoting region of genes encoding a number of genes, including those 

encoding phase II antioxidant enzymes 14,15. Nrf2 transduces chemical signals to regulate a battery of 

cytoprotective genes. The target genes include superoxide dismutase (SOD), catalase, glutathione S-

transferase (GST), nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase, quinone 
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oxidoreductase 1 (NQO1), γ-glutamate cysteine ligase (GCL), and heme oxygenase-1 (HO-1)16 (Figure 

3). 

 

Figure 2. Nrf2 signaling pathway. Under homeostatic conditions, Nrf2 binds to its main inhibitor, Keap1, which 

has two specific coupling sites: a cyclic E3-ubiquitin ligase and the Cullin-3/Rbx1 complex. Therefore, Nrf2 

enters the ubiquitin proteasome to be degraded. In the process of oxidative stress, oxidative factors can act and 

alter the chemical conformation of the Keap1 cysteine, thus inhibiting ubiquitination and leading to excessive 

activation of Nrf2. Nrf2 can be phosphorylated by several enzymes, such as protein kinase C (PKC), which 

phosphorylates it at the Ser40 position, disrupting its interaction with Keap1. ROS can also increase Nrf2 

translocation to the nucleus through promotion of the oxidation of cysteine residues in Keap1, allowing the 

release of Nrf2, which initiates the antioxidant transcription process (modified from 17 ). 

Nrf2 downstream genes identified thus far in humans and mice can be grouped into several 

categories (Figure 3), including genes encoding (i) intracellular redox-balancing proteins that 

maintain cellular glutathione and thioredoxin levels and reduce ROS levels, such as glutamate 

cysteine ligases (GCLC, GCLM), glutathione peroxidase (GPx), thioredoxin 1 (TXN1), thioredoxin 

reductase (TXNR), peroxiredoxin 1 (PRDX1), and sulfiredoxin 1 (SRXN1); (ii) phases I/II/III 

detoxifying enzymes that metabolize xenobiotics into less toxic forms or catalyze conjugation 

reactions to increase the solubility of xenobiotics, thereby facilitating their elimination, such as 

glutathione S-transferases (GSTA1, GSTM1), NAD(P)H quinone oxidoreductase- 

1 (NQO1), UDP-glucuronosyltransferase (UGT), transporters (ABCB6, ABCC2), aldo-keto 

reductases (AKR1B10, AKR1C1, and AKR1C3); (iii) enzymes involved in heme metabolism, such as 

heme oxygenase-1 (HMOX-1) and ferrochelatase (FECH); and (iv) enzymes involved in lipid 

metabolism, such as acyl-CoA wax alcohol acyltransferase 1 (AWAT1). 

The Role of Nrf2 in the Adipogenesis Process 
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Adipogenesis is a process by which precursor cells, preadipocytes, differentiate into mature 

adipocytes, which are the cells responsible for storing fat in the body19,20. Morphologically, mature 

WAT adipocytes 

carry large lipid droplets but few mitochondria within the cell21. This process is crucial for the 

development of adipose tissue and has important implications for energy metabolism, homeostasis, 

and metabolic diseases such as obesity and diabetes22,23. 

 

Figure 3. Genes under the transcriptional control of Nrf2. Modified from18. 

Energy intake above expenditure leads to a chronic positive energy balance that culminates in 

obesity17,24. The unspent energy is used for the synthesis of de novo triglycerides that are stored in 

adipose tissue. Excess triglycerides (TGs) in the body are transferred to the liver, skeletal muscle, and 

other nonadipose tissues as FFAs, resulting in ectopic lipid deposition (ELD)25. Ectopic lipid 

deposition in the liver and skeletal muscle is associated with lipotoxicity, insulin resistance, and 

metabolic abnormalities26. There is adipocyte heterogeneity in individual adipose tissue deposits, 

with subpopulations exhibiting more proinflammatory phenotypes; this heterogeneity may influence 

adipose tissue health and susceptibility to metabolic diseases27,28. 

During excessive fat intake, adipose tissue expands by hyperplasia, is enlarged by hypertrophy, 

or both, depending on several factors, including the location of the adipose deposit17. The 

distribution of white adipose tissue is a predictor of metabolic health in obese individuals27. People 

who expand mostly intra-abdominal adipose tissue are at greater risk of developing metabolic 

syndrome than those who accumulate subcutaneous white adipose tissue27. 

During adipogenesis, MSCs from adipose tissue become preadipocytes under the influence of 

growth factors and hormonal signals, such as insulin- like growth factor 1 (IGF-1) and growth 

hormone, and the differentiation process consists of several phases29 (Figure 4). Preadipocytes have 

many more IGF-1 receptors than insulin receptors do. Both IGF-1 and insulin bind to IGF-1 receptors 

to induce preadipocyte differentiation30. Insulin can bind to these receptors, but it only does so at high 

concentrations; therefore, under physiological conditions, IGF-1 is the inducer of differentiation. 

Growth hormones can induce the autocrine or paracrine secretion of IGF-1; the secretion of IGF-1 at 

concentrations lower than insulin is capable of inducing differentiation, which demonstrates its 
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relevance in this process31. In addition, IGF-1 is able to counteract the inhibitory effects of the Pref-1 

protein, which is a natural inhibitor of differentiation32. 

During early differentiation, preadipocytes proliferate in response to mitogenic signals23. During 

this phase, 3T3-L1 fibroblasts are still undifferentiated cells, and signals such as fetal bovine serum, 

insulin, glucocorticoids (such as dexamethasone) and isobutylmethylxanthine (IBMX) induce the 

differentiation of preadipocytes33. These signals activate a cascade of molecular events, including 

activation of the PPARγ pathway and the C/EBP pathway23. In terms of regulation, a key gateway to 

adipogenic gene expression that drives preadipocyte differentiation is the PPAR family of nuclear 

proteins, particularly  the PPARγ isoform21,30.  During intermediate differentiation, key 

transcription factors, such as PPARγ and C/EBPα, which are essential for the progression of the 

adipogenic process, are expressed23. These transcription factors regulate the expression of specific 

genes that are necessary for adipocyte maturation23. Preadipocytes begin to accumulate lipids in small 

droplets within the cell, and this accumulation is facilitated by lipogenic enzymes such as acetyl-CoA 

carboxylase (ACC) and fatty acid synthase (FAS)27. 

During late differentiation and maturation, mature adipocytes are characterized by the 

accumulation of large and unilocular lipid droplets. Mature fat cells also express a variety of 

adipocyte- specific proteins, such as adiponectin and leptin, which play critical roles in regulating 

metabolism and energy homeostasis34. 

 

Figure 4. Adipogenesis process. Mesenchymal stem cells give rise to adipoblasts that further differentiate into 

preadipocytes under the influence of multiple transcription factors, such as preadipocyte factor-1 (Pref-1), sterol 

regulatory element-binding protein 1 (SREBP-1), and peroxisome proliferator-activated receptor gamma 

(PPARγ), and changes in the extracellular matrix (ECM) and cytoskeleton. Preadipocytes are then further 

differentiated into immature adipocytes and mature adipocytes under the influence of CCAAT/enhancer-binding 

protein alpha (C/EBPα), adipocyte protein 2 (aP2), leptin, lipoprotein lipase (LPL), leukocyte differentiation 

antigen (CD36), and glucose transporter number 4 (GLUT4). The two arrows indicate the expression of the 

specific factors throughout the transition period (modified from35). 

Mature adipocytes specialize in storing energy in the form of triglycerides and releasing free 

fatty acids during periods of fasting or increased energy demand 22,23. Adipogenesis and its regulation 

are governed mainly by mitochondrial homeostasis and intracellular levels of ROS, with variable 

effects attributed to the latter17,36 (Figure 5). The maturation of preadipocytes is associated with 

increased mitochondrial mass and a doubling of oxygen consumption36. In conclusion, increased 

oxidative stress in adipocytes decreases adipogenesis and adipokine secretion, leading to an 

imbalance in energy homeostasis, insulin resistance, and type 2 diabetes17. 
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Figure 5. The role of oxidative stress in adipocyte differentiation (modified from 17). Increased levels of glucose 

and free fatty acids, along with the depletion of antioxidants, contribute to increased oxidative stress by 

increasing the production of reactive oxygen species (ROS). In addition, increased oxidative stress arises through 

endoplasmic reticulum stress and mitochondrial stress. Increased ROS activate AMPK and induce disulfide bond 

formation between cysteine residues and C/EBPβ dimerization, leading to further increases in DNA-binding 

activity. C/EBP-β activates PPAR-γ expression during the early stages of adipogenesis. 

Nrf2 in the Process of s 

Fibroblast-like MSCs express growth factor receptors that lead them to become preadipocytes 

and eventually mature insulin-sensitive adipocytes37. Terminal differentiation is regulated by 

transcription factors such as PPARγ and C/EBPα, leading to the arrest of cell growth and lipid 

accumulation17. These processes are coordinated by intricate networks of transcription factors (Figure 

6), which are responsible for establishing the mature adipocyte phenotype17. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 May 2025 doi:10.20944/preprints202505.1688.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydroxymethylglutaryl-coenzyme-a-reductase-kinase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/disulfide-bond
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/disulfide-bond
https://doi.org/10.20944/preprints202505.1688.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 18 

 

Figure 6. Role of Nrf2 in adipogenesis. Adipocyte progenitors, which are characterized by platelet-derived 

growth factor receptor-α (PDGFRα) and PDGFRβ expression, are restricted to the adipocyte lineage without 

obvious morphological changes and then form preadipocytes. This cellular involvement is subsequently 

followed by terminal differentiation, during which selected preadipocytes undergo growth arrest, accumulate 

lipid droplets, and form mature, insulin-sensitive, functional adipocytes. The receptor γ is activated by the 

peroxisome proliferator (PPARγ) and the enhancer/CCAAT-binding α protein (C/EBPα), which together oversee 

the entire process of terminal differentiation. Intricate networks of the above transcription factors coordinate the 

expression of hundreds of proteins responsible for establishing the mature adipocyte phenotype. Modified 

from17. 

Nrf2 is an important player in PDGFRα signaling and mediates PDGF-A expression and 

adipogenesis39. Oxidative stress can promote the recruitment of Nrf2 to the SREBP1 promoter, 

inducing target gene transcription and subsequent lipogenesis40. Nrf2 expression significantly affects 

adipogenesis, as adipocyte differentiation is inhibited in Nrf2 knockout (KO) mice, with 

downregulation of PPARγ and C/EBPα expression induced by a high-fat diet (HFD)41,42. Suppressing 

Nrf2 activity, either genetically or chemically, leads to impaired adipogenesis in 3T3-L1 

preadipocytes, primary mouse embryonic fibroblasts, and/or human subcutaneous preadipocytes 43. 

A study revealed that leptin deficient (ob-/ob-) mice with whole-body or adipocyte-specific Nrf2 

ablation presented reduced white adipose tissue mass but exhibited more severe metabolic syndrome 

characterized by hyperlipidemia, worsened insulin resistance, and hyperglycemia 44. The deletion of 

Nrf2 in adipocytes led to a worsened diabetic phenotype, whereas the deletion of Nrf2 in hepatocytes 

modestly reduced insulinemia after HFD-induced obesity, although hepatic lipid accumulation was 

not affected45. These data suggest that Nrf2 is a key transcription factor controlling the development 

and function of white adipose tissue, thereby affecting insulin sensitivity, glucose tolerance, and 

lipid homeostasis. 

Adipose Tissue: Hyperplasia and Hypertrophy 

Adipose tissue plays an important role in regulating metabolism and body homeostasis46. Unlike 

other organs, it can expand to accommodate excess energy in the form of lipids. It is divided into two 

main types, white adipose tissue (WAT) and brown adipose tissue; WAT deposits are characterized 

as visceral or subcutaneous. Brown adipose tissue is a thermogenic tissue that is perfused by an 

extensive network of blood capillaries and highly innervated by noradrenergic fibers47,48. A third type 

of adipocyte called beige adipocytes is essential for weight control, the regulation of energy balance 

and the improvement of glucose and lipid metabolism48,49. 

Adipocytes respond naturally to excess nutrient intake in obese individuals by increasing in 

number (hyperplasia) and size (hypertrophy)50. In obese individuals, blood flow to adipose tissue 

does not increase relative to that in lean individuals. With the rapid expansion of adipose tissue in 

obesity, the blood supply to adipocytes can become insufficient, leading to hypoxia51. In fact, 

hypoxia has been proposed to be one of the main triggers of adipose tissue remodeling, including 

adipocyte death and the inflammatory response in obesity7. 

The lipids of visceral adipose tissue are composed of 90% triglycerides and only 3% 

phospholipids and sphingolipids52; changes in phospholipid composition appear to play an important 

role in the development of metabolic diseases53. Phospholipids containing 18-carbon acyl chains in 

visceral adipose tissue have been identified as major lipid species that distinguish insulin-sensitive 

individuals from obese patients with IR46,54. 

However, obesity, which is associated with impaired lipid metabolism, is characterized by a 

lower turnover of triglycerides in adipocytes, since it is estimated that they are only replaced 3 times 

during the lifespan of adipocytes55. 

The Adipocyte as an Endocrine Cell 

Not only does adipose tissue function as an energy storage organ, but it also performs important 

endocrine functions in the body through the secretion of biologically active compounds that regulate 

metabolic homeostasis56,57. The first discovery, established by Zhang, Y. et al.58 Leptin, a peptide 
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hormone secreted primarily by adipocytes, is essential for body weight control and other biological 

functions58. In addition to adipocytes, adipose tissue also contains several types of cells, such as 

immune cells, fibroblasts, and endothelial cells, which secrete different types of hormones, such as 

peptide hormones (adipokines) and bioactive lipids (lipokines), to regulate appetite and glucose and 

lipid metabolism59. In a healthy state, endocrine factors secreted by adipose tissue maintain organ 

and metabolic homeostasis. However, in obesity, proinflammatory profiles with abnormal secretion 

of adipokines and lipokines from adipocytes and immune cells from adipose tissue contribute to the 

occurrence of chronic inflammation and oxidative stress60. 

Inflammation of Adipose Tissue and Insulin Resistance Associated with Obesity 

Insulin is a hormone produced by the β cells of the pancreatic islets that regulates the metabolism 

of carbohydrates, fats, and proteins61. Blood glucose stimulates insulin synthesis and release; its 

effects on whole-body metabolism result from its binding to the cell membrane receptor, which is 

activated by autophosphorylation of specific tyrosine residues62. 

Insulin resistance is a pathological condition in which insulin-dependent cells, such as skeletal 

muscle, liver, and adipocytes, do not respond adequately to normal circulatory insulin levels7. IR is 

characterized by severe impairments in glucose uptake, glycogen synthesis, and, to a lesser 

extent, glucose oxidation63. In skeletal muscle, insulin promotes glucose uptake by stimulating the 

translocation of glucose transporter 4 (GLUT4) to the plasma membrane, and impaired insulin 

signaling in skeletal muscle results in decreased removal of glucose from the blood64. In the liver, 

insulin inhibits the expression of key gluconeogenic enzymes; therefore, insulin resistance leads 

to elevated hepatic glucose production65. In adipose tissue, insulin-regulated GLUT4 levels are 

reduced in individuals with insulin-resistant obesity66. In addition, insulin decreases lipase activity 

and inhibits the outflow of free fatty acids from adipocytes66. 

Inflammation and insulin resistance can be closely related to each other through the production 

of proinflammatory cytokines and chemokines7,66. The infiltration of inflammatory cells into adipose 

tissues leads to increased secretion of proinflammatory cytokines and chemokines, such as TNFα, 

MCP-1, C- reactive protein (CRP), and interleukins, and these same inflammatory mediators have 

been shown to increase insulin resistance67,68. 

Activation of the JNK and NF-κB signaling pathways increases the production of 

proinflammatory cytokines, endothelial adhesion molecules, and chemotactic mediators that 

promote monocyte infiltration into adipose tissue and differentiation into proinflammatory M1 

macrophages69. Infiltrated macrophages produce and secrete many inflammatory mediators that 

promote local and systemic proinflammatory states and impair insulin signaling 62. 

Activation of the Nrf2 Signaling Pathway and Metabolic Risk Associated with 

Obesity  

An experiment was conducted with wild-type (WT) and ob-/ob-type mice fed a high-fat diet 

(HFD) or a normal diet (ND) for 16 weeks. The protein levels of Nrf2 and nuclear Nrf2, as well as the 

mRNA levels of Nrf2- related genes, such as superoxide dismutase (SOD) and glutathione peroxidase 

(GPX), tended to increase in the white adipose tissue (WAT) of ob/ob mice compared with those of 

control mice70. 

In addition, previous studies have revealed that, compared with WT mice, ob-/ob- mice exhibit 

increased expression of heme oxygenase 1 (HO1) mRNA and NAD(P)H: quinone oxidoreductase 1 

(NQO1) in the liver and HO1 in white adipose tissue71. These findings suggest that obesity may 

increase oxidative stress and that Nrf2 may play a role in regulating the adaptive antioxidant 

response in obesity72. Disruption of Nrf2 can negatively affect this adaptive antioxidant response45,73,74. 

However, conflicting results from previous studies on the transcription factor Nrf2 and 

its response to obesity induced by a high-fat diet (HFD) have been reported. Some studies have shown 

that the mRNA expression levels of Nrf2 and its targets, such as glutathione transferase m6 (GSTm6) 

and NQO1, are reduced after 4 weeks of HFD feeding in wild-type (WT) mice75. 
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In addition, other studies have shown that Nrf2 total and nuclear protein levels in skeletal muscle 

are nearly 50% lower in mice fed a HFD for 18 weeks than in those fed a normal diet (ND)76. In WAT, 

the mRNA levels and DNA-binding activities of Nrf2 decreased significantly after 12 weeks of 

exposure to a HFD74. 

On the other hand, a 12-week HFD did not have a substantial effect on Nrf2 mRNA levels or the 

levels of its target genes, NQO1 and HO1, in the livers of WT mice or specific mice with Nrf2 deficiency 

in hepatocytes77,78. In addition, in another study, HFD feeding significantly increased the levels of 

nuclear, but not total, Nrf2 protein in the liver79. The functional suppression of Nrf2 in response to a 

high-fat diet (HFD) could be implicated in obesity and steatohepatitis in mice 80. However, the 

possibility that Nrf2 activation may reduce these effects has also been suggested 16,45,74. In general, there 

is evidence of complexity in the regulation of Nrf2 in the context of HFD-induced obesity, with 

different studies showing contradictory results and complex interactions between Nrf2 and the 

development of obesity and its associated effects. 

These contradictory results concerning the activation of the Nrf2 pathway could be due to the 

composition of the diet supplied and the duration of the diet. In response to obesity, a certain degree 

of Nrf2 activation exerts cellular-protective effects through antioxidant stress, but it can severely 

disrupt redox homeostasis and aggravate obesity if its activation exceeds the scope or duration9. Nrf2 

activators are always  protective,  alleviate  obesity  and  relatedmetabolic diseases, 

decrease ROS production, inhibit lipid accumulation during adipogenesis, attenuate 

proinflammatory cytokines, and improve glucose homeostasis4. In the future, developing effective 

and safe Nrf2 activators for obesity therapy may be possible. 

Role of Nrf2 Pathway Agonists 

Several compounds have been identified for their ability to activate the Nrf2 signaling pathway 

in adipose tissue81. These compounds reduce oxidative stress and inhibit lipid accumulation and de 

novo adipogenesis by acting on adipogenic factors17. The structures of some of these compounds are 

depicted in Table 1. 

Hydroxytyrosol 

Hydroxytyrosol (HT) is a phenolic phytochemical of natural origin in the olive tree and an 

effective antioxidant82. As a hydrophilic compound, it can be recovered from olive oil residues and 

byproducts through sustainable processes such as membrane technologies83,84. The presence of a 

phenolic group in the oil that is capable of reducing ROS82 endows it with redox properties. It has 

potential therapeutic effects and exhibits anticancer, cardioprotective, antidiabetic, anti-

inflammatory and neuroprotective activities 83,85, as well as a preventive effect on metabolic syndrome 

in obese people by reducing fat deposition in the liver and muscle, enhancing antioxidant capacity 

and improving mitochondrial function 86 (Figure 7). In a study conducted on mice, a diet with olive 

oil resulted in greater weight gain, an increase in subcutaneous fat, higher serum levels of anti-

inflammatory cytokines (TGF-β), and Nrf2 expression in adipose tissue than other oils (coconut and 

sunflower)87. In contrast, Cao and colleagues demonstrated that the administration of HT inhibits 

weight gain and organ enlargement; both low- and high-dose treatments improved glucose 

tolerance and reduced the serum levels of glucose, insulin, lipids, and inflammatory cytokines88. 
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Figure 7. Principal Cytoprotective beneficial effects  of  hydroxytyrosol (modified from86). 

Several in vivo studies have used HT to improve metabolic conditions in obese and overweight 

mice89. The administration of HT to HFD-fed mice reduces adipose tissue dysfunction by increasing 

Nrf2 and PPARγ expression and insulin sensitivity, thereby improving mitochondrial function and 

minimizing oxidative stress, endoplasmic reticulum stress, and lipid accumulation89. Similar results 

were observed with the combined administration of HT and docosahexaenoic acid 17. 

Hydroxytyrosol has antioxidant, anti-inflammatory, and anticancer effects; improves endothelial 

and vascular function; has pathway in response to the regulation of antioxidant and phase II 

detoxification enzymes and nuclear factor-kappa β (NF-κβ) in different organs, particularly in liver 

tissue93–95. 

GT may delay the development or progression of metabolic diseases such as hypertension and 

cardiovascular disorders96,97. The consumption of green and black tea reduces body weight and exerts 

lipolytic and antiadipogenic effects, as well as insulin-sensitizing activity98. In green tea, these effects 

have been attributed to the presence of monomeric catechins such as epicatechin, antisteatotic 

properties; and improves endoplasmic epigallocatechin, epicatechin gallate, and reticulum 

stress, autophagy, and mitochondrial function. 

Green and Black Tea Extract 

The health benefits ascribed to the consumption of teas are thought to be associated with their 

high content of bioactive ingredients such as polyphenols. The latter are secondary plant metabolites 

and include subclasses of flavonoids, flavones, flavonols, flavanols, isoflavones, flavanones 

and anthocyanidins90. Among the polyphenols,  tea flavanols, catechins and theaflavins 

have been identified as the bioactive phytochemicals of green tea (GT) and black tea (BT), 

respectively, and have been shown to be responsible for their antioxidant activity91,92. Most of 

the biological effects of GTPs are attributed to their ability to transcriptionally upregulate the Nrf2 

signaling affecting IL-6 or CRP levels. However, subgroup analysis revealed an increase in CRP 

levels in studies with a duration of 8 weeks or less, and meta- regression analysis revealed a significant 

association epigallocatechin gallate, whereas in black tea, these effects are due to arubigins and 

mainly to theaflavins98,99. 

In terms of insulin resistance, supplementation with a standardized extract of green and black 

tea (ADM® Complex Tea Extract (CTE)) significantly increased plasma adiponectin concentrations 

and reduced circulating insulin levels and Homeostatic Model Assessment of Insulin Resistance 

(HOMA-IR)100. In skeletal muscle, CTE- treated mice presented elevated levels of aryl hydrocarbon 

receptor (Ahr), Arnt, and Nrf2 mRNAs, suggesting that the insulin-sensitizing effects of CTE could 

be the result of activation of this pathway100. 

The analysis conducted by Souza and colleagues showed that green tea consumption 

significantly reduced serum TNF-α levels without between increased IL-6 concentrations and the 

duration of green tea treatment101. 

Table 1. Some proven Nrf2 agonists. 

 Structure Reference 

Hydroxytyrosol OH 

 

 

OH 

OH 

82,83,86,88,89,102 
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Green and black Tea 

Catechins: epicatechin, epigallocatechin, 

epicatechin gallate, and epigallocatechin gallate. 

Theaflavins and tearubigin 

OH 

OH 

 

HO O 
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Tearrubigina 

 

Concluding Remarks 

This review highlights the crucial role of the Nrf2 signaling pathway in the regulation of 

adipogenesis, oxidative stress, and inflammation in the context of obesity. Nrf2 influences the 

differentiation of preadipocytes into mature adipocytes, thus controlling fat storage and metabolic 

function. However, the chronic low-grade inflammation induced by obesity and insulin resistance 

complicates this regulatory function, leading to systemic metabolic alterations. Although some 

evidence supports the protective role of Nrf2 against metabolic abnormalities through an enhanced 

antioxidant response, contradictory findings emphasize the complexity of Nrf2 activation in the 

management of obesity. Agonists of the Nrf2 signaling pathway induce PPAR and C-EBPα 

expression, leading to the expression of critical enzymes involved in TG biosynthesis. This in turn 

reduces circulating inflammogenic FFAs, thus reducing the phenotypic switch of macrophages 

toward M1 macrophages within AT and other tissues, as well as systemic inflammation, and 

reducing metabolic risk in obesity, such as insulin resistance. Future research should focus on 

developing safe and effective synthetic Nrf2 activators, to modulate adipogenesis, reduce oxidative 

stress and inflammation, and mitigate insulin resistance associated with obesity. 
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