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Abstract: Type 2 diabetes mellitus (T2DM) has a high prevalence worldwide; its cardiac, renal, and visual complications greatly 
affect patients’ quality of life. This, together with the large patient base, makes clinical health management of T2DM a problem. 
Existing studies have shown that obesity and the onset of T2DM are highly correlated, which can start from the earliest lipid 
metabolism problems and ultimately develop into T2DM. Moreover, adipose tissue can also seriously affect patient treatment by 
affecting insulin secretion, promoting pancreatic β-cell proliferation, and increasing insulin resistance. Our study describes the 
association between obesity and T2DM, summarizes the role played by the adipose tissue in T2DM, and focuses on fatty acid esters 
of hydroxy fatty acids (FAHFA), whose role in improving insulin secretion and increasing insulin sensitivity shows greater potential in 
T2DM. In addition, we summarize the existing more mature clinical treatment strategies, such as life interventions, drugs, and surgery, 
which can help control blood glucose levels and reduce adipose-related insulin resistance by reducing the adipose tissue. Among these 
treatments, Chinese medicine is another factor worth exploring. However, due to the influence of geography, culture, and other factors, 
this method has only achieved some success in China and part of the East Asia region and has been applied clinically. Although there 
is no evidence of clinical benefit for obesity or adipose tissue, its clinical benefit for T2DM has been demonstrated; therefore, there is 
still a need to develop it, as well as considerable potential for development. 
Keywords: T2DM, obesity, adipose tissue, FAHFA, treatment, Chinese medicine

Introduction
The prevalence of diabetes mellitus (DM) is rapidly increasing owing to changes in diet and lifestyle.1 Concurrently, the 
incidence of type 2 diabetes mellitus (T2DM) is increasing among individuals aged < 40 years.2 Current statistics indicate that 
approximately 537 million people worldwide live with diabetes, with over 90% diagnosed with T2DM.3 Projections suggest 
that this number could increase to 783 million by 2045.4 Genome-wide association studies have highlighted that the genetic 
variants linked to T2DM predominantly affect islet function, with single gene mutations contributing minimally, accounting 
for less than 20% of the overall disease risk.5 T2DM encompasses more than just persistent elevations in blood glucose levels; 
it is a complex cardiorenal-metabolic disease driven by a chronic positive energy balance.6 Diabetes continues to be the 
leading cause of blindness, kidney failure, heart attack, stroke, and lower limb amputations globally.7

Obesity and diabetes are interrelated diseases with several key pathogenic mechanisms.8 Obesity is a significant 
contributor to insulin resistance and plays a role in promoting β-cell failure.9 Although not all patients with T2DM are 
obese, most exhibit adipose tissue pathology.10 Conversely, weight loss can reduce abnormal adipose tissue, improve the 
metabolic status,11 and even lead to the remission of T2DM in some individuals.12
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The World Health Organization (WHO) characterizes obesity as a chronic complex disease characterized by excessive 
fat accumulation that can lead to significant health complications. This condition increases the risk of T2DM and 
cardiovascular disease, adversely affects bone health and reproductive function, and increases the risk of certain cancers. 
Furthermore, obesity exhibits geographical diversity with prevalence rates ranging from 31% to 67% in Southeast Asia, 
Africa, and the Americas.13 According to WHO data, in 2019, excess body mass index (BMI) was responsible for 
approximately 5 million deaths from noncommunicable diseases, including cardiovascular disease, diabetes, cancer, 
neurological disorders, chronic respiratory diseases, and digestive diseases. The American Association for Clinical 
Endocrinology similarly defines obesity as an obesity-induced chronic disease, also referred to as an adiposity-based 
chronic disease.14 Importantly, it emphasizes the necessity of lifestyle modifications and treating overweight and obesity 
as essential components of prediabetes and diabetes management.

Physiological Functions of Adipose Tissue
Adipose tissue is the largest endocrine and immune organ; it is characterized by significant heterogeneity and plasticity.15 

Numerous studies have demonstrated that adipose tissue plays a vital role in systemic metabolic regulation and energy 
homeostasis.16 It can be classified into three types: white, brown, and pink adipose tissue. Brown adipose tissue can be 
further divided into classic and inducible brown adipose tissue (also known as beige adipose tissue).

Another classification approach is based on the anatomical location, distinguishing between subcutaneous adipose tissue 
(SAT) and visceral adipose tissue (VAT). SAT accounts for approximately 80% of the total body fat, whereas VAT constitutes 
10–20% of the total body fat in men and 5–8% in women. SAT is primarily located in the hip and thigh regions, whereas VAT 
is situated around the internal organs in the abdominal cavity. There are significant endocrine and metabolic differences 
between these two types of adipose tissue. Generally, SAT comprises smaller adipocytes, a higher cell count, superior fat 
storage capacity, and greater secretion of lipocalin and leptin. By contrast, VAT exhibits increased vascularity with a lower 
capacity for vascular sprouting, heightened inflammation and immune cell infiltration, greater secretion of inflammatory 
factors, reduced insulin sensitivity, lower secretion of lipocalin, and a higher risk of metabolic abnormalities.17

Several factors contribute to the susceptibility of the VAT to metabolic dysfunction. VAT tends to stimulate an 
increase in β-adrenergic receptors while exhibiting fewer inhibitory α-adrenergic receptors, which results in diminished 
insulin-induced lipolysis inhibition and elevated serum free fatty acids (FFAs). Additionally, perivascular adipose tissue 
regulates vascular homeostasis in a paracrine manner by secreting various adipocytokines.18,19 Liu et al found that 
adipocytes secrete inflammatory factors such as interleukin-1β (IL-1β), IL-6, and tumor necrosis factor α (TNF-α), which 
promote endothelial cell inflammation, contributing to atherosclerosis and vascular injury.20

Obesity and T2DM
The association between obesity, defined as excessive fat accumulation in the body, and various metabolic complications 
including insulin resistance, dyslipidemia, nonalcoholic fatty liver disease, prediabetes, and T2DM is widely acknowl-
edged. However, this relationship is not linear; not all overweight individuals with similar obesity levels develop T2DM. 
For instance, not every individual categorized as obese exhibits adiposity, and some individuals with low body fat may 
develop T2DM as well.8

Obese individuals with a predominantly increased upper body fat distribution, such as abdominal subcutaneous fat, 
intra-abdominal fat, intrahepatic triglyceride content, and pancreatic fat, are at a higher risk of developing T2DM than those 
with increased lower body fat, particularly in the gluteofemoral region. Further studies have indicated that increased lower 
body fat is correlated with decreased plasma triglycerides, elevated high-density lipoprotein (HDL) cholesterol, reduced 
fasting glucose levels, improved oral glucose tolerance, enhanced insulin sensitivity, and a lower risk of T2DM.

This association may explain the differences in T2DM prevalence between Asian and white populations. Specifically, 
Asian individuals with T2DM tend to experience earlier onset, lower BMI, less weight gain, and a higher percentage of 
visceral fat. Hepatic insulin resistance is characterized by a reduction in insulin-stimulated hepatic gluconeogenesis 
signaling pathways, including insulin receptors and downstream mediators. High concentrations of lipids and specific 
lipid derivatives, such as ceramides and diacylglycerols (DAGs), can exert toxic effects on hepatocytes, a phenomenon 
known as “lipotoxicity.” Additionally, chronic hyperglycemia and excessive carbohydrate influx into the liver are 
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associated with the accumulation of hepatotoxic lipids, a condition referred to as “glucotoxicity.” This process involves 
the activation of lipogenic enzymes and the induction of endoplasmic reticulum (ER) stress, ultimately leading to 
steatosis and cell death.21

Adipose tissue functions as a major endocrine organ by releasing critical hormones and factors that regulate systemic 
metabolism, insulin sensitivity, and energy balance. Both deficiencies and excesses in adipose tissue can severely impair 
glucose homeostasis and lead to diabetes. Adipocytes from different depots, such as subcutaneous and visceral fat, 
exhibit distinct metabolic properties and expansion dynamics. White adipose tissue comprises not only mature adipocytes 
and precursor cells but also various other cell types associated with innervation and vascularization. In contrast, adipose 
tissue specialize in energy dissipation in the form of heat. Given the complexity of these structures, studies on glucose 
transport in adipocytes have typically focused on their biological contents. Compared with skeletal muscle, the 
contribution of adipocytes to glucose disposal is relatively minor.22

Studies have demonstrated that obesity disrupts insulin activity and beta cell function, thereby facilitating the 
development of T2DM. Obese patients exhibit increased insulin secretion along with a diminished ability to extract 
and clear insulin from the portal vein and peripheral blood. Specifically, both basal and postprandial insulin levels, as 
well as insulin secretion rates, are higher in obese individuals than in their lean counterparts.23 Although obese patients 
may not exhibit insulin resistance, they show elevated insulin secretion both in the basal state and after glucose intake. 
Notably, significant weight loss can reduce insulin secretion under both conditions. The mechanisms through which 
obesity leads to increased insulin secretion remain unclear; however, they may involve β-cell hyperresponsiveness to 
glucose, resulting in β-cell hyperplasia, as well as alterations in β-cell glucose catabolism and lipid signaling. Increased 
insulin secretion is recognized as an independent risk factor for prediabetes and T2DM, likely due to a chronic high 
demand for insulin, which can ultimately lead to β-cell failure.24 Collectively, these alterations may contribute to 
impaired glycemic control and the onset of T2DM.

The adipose tissue expandability hypothesis, which addresses the limitations of the adaptive expansion of adipose tissue, 
elucidates how lipid overdeposition contributes to the development of obesity and its associated metabolic complications, 
including T2DM in individuals with obesity.25 Physiologically, adipose tissue can expand or contract to adapt to various 
metabolic states, such as fasting or feeding. Continuous triglyceride accumulation in adipocytes during a positive energy 
balance necessitates the adaptive enlargement of these cells. However, the threshold for such adaptive changes differs among 
individuals, which is a key determinant of metabolic health heterogeneity among individuals with obesity. When the storage 
threshold is exceeded, excess energy is stored as lipids in non-adipose tissue, a phenomenon known as ectopic fat deposition. 
This occurs because of the impaired buffering capacity of adipose tissue against lipid influx and a compromised postprandial 
insulin-driven antilipolytic capacity, which limits the uptake of lipids from the circulation.26

Microscopic evidence supports this hypothesis. Lipid disorders, characterized by elevated plasma free fatty acids 
(FFAs), ceramides, and triglycerides, act synergistically with glucose, a condition referred to as “glycolipotoxicity”,27 or 
may interact with excess plasma amino acids, leading to what is termed “nutritionally induced metabolic stress”.28 These 
conditions contribute to oxidative stress, mitochondrial dysfunction, and ER stress, ultimately resulting in β-cell 
dysfunction and apoptosis mediated by β-cell dedifferentiation. Importantly, elevated blood glucose levels are more 
detrimental to beta cells than FFAs. Even mildly elevated blood glucose levels (11 mg/dL) can induce phenotypic 
changes in gene expression that adversely affect β-cell function.29

Adipose Tissue-Mediated Insulin Resistance
Research utilizing various mouse models of obesity has revealed that a series of complex and interrelated biological 
processes within adipose tissue contribute to systemic insulin resistance. These processes include: 1) adipocyte hypoxia 
resulting from insufficient oxygen delivery coupled with increased oxygen demand in adipocytes;30,31 2) an elevated 
number and proportion of pro-inflammatory immune cells, such as macrophages and T-cells, within adipose tissue, along 
with heightened expression of the genes encoding pro-inflammatory proteins;32 3) reduced production and secretion of 
lipocalin, an insulin-sensitizing hormone;33 4) increased lipolytic activity in adipose tissue, leading to greater release of 
FFAs into the circulation;34 and 5) unfavorable alterations in the metabolism of exosomes derived from macrophages in 
adipose tissue.35–37
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These findings indicate that many of these changes are more closely associated with excessive obesity than with 
insulin resistance; however, it is plausible that these factors collectively contribute to the development of insulin 
resistance. Since the identification of pro-inflammatory cytokines produced by adipose tissue that contribute to insulin 
resistance in mice, and the subsequent discovery that obesity in humans correlates with the accumulation of macrophages 
in adipose tissue, it has been proposed that adipose inflammation serves as a significant driver of insulin resistance in 
obese individuals.38

The relationship between visceral (intraperitoneal) adipose tissue mass, insulin resistance, and the risk of T2DM, along 
with findings of increased counts of inflammatory macrophages and elevated expression of inflammatory genes in the 
subcutaneous abdominal adipose tissue of patients with metabolically unhealthy obesity compared with their “metabolically 
healthy obese” counterparts, supports the notion that increased visceral adiposity is a primary contributor to insulin 
resistance.39 Other mechanisms of insulin resistance involving the adipose tissue include fibrosis, diHOME, and 
microRNA.40 The mechanisms through which abnormal adipose tissue induces insulin resistance are summarized in Figure 1.

Adipose Tissue Modulates Insulin Sensitivity
Glucose transporter 4 (GLUT4), a primary glucose transporter regulated by insulin,As a primary glucose transporter 
regulated by insulin, glucosetransporter 4(GLUT4) plays a crucial role in modulating adipocyte-mediated insulin 
sensitivity. This transporter is predominantly expressed in the adipocytes, skeletal muscle cells, and cardiac muscles. 
Human data indicate a strong correlation between GLUT4 levels in the adipose tissue and insulin sensitivity, with 
reduced GLUT4 levels serving as an early predictor of T2DM.41,42 Experimental studies involving specific 
overexpression43 or knockdown44 of GLUT4 in adipocytes further support the relationship between GLUT4 in adipose 
tissue and insulin sensitivity, demonstrating that alterations in GLUT4 levels can significantly affect systemic glucose 
metabolism, including that in the liver and skeletal muscle. Physiologically, insulin promotes glucose uptake into 
adipocytes through GLUT4. This process activates carbohydrate response element-binding protein (ChREBP),45 

a transcription factor that regulates the expression of the genes involved in adipogenesis and glycolysis. As a result, 
more glucose is utilized in the de novo synthesis of fat, leading to increased production of metabolically favorable lipids. 
These lipids help reduce adipose inflammation and enhance the insulin-stimulated translocation of GLUT4 to the cell 
membrane, thereby facilitating the action of insulin and improving glycemic control.

Research from both human and experimental studies has demonstrated a strong correlation between ChREBP or 
adipogenic gene expression and insulin sensitivity in obese but non-diabetic individuals,46 independent of BMI.47 

However, in insulin resistance and obesity, GLUT4 expression in adipocytes is downregulated,48 leading to elevated 
levels of retinol-binding protein 4 (RBP4) in both adipocytes and serum.49–51 This increase in RBP4 levels contributes to 
increased adipose tissue inflammation, increased lipolysis, and impaired translocation of GLUT4 to the plasma mem-
brane, thereby increasing the risk of T2DM. The role of RBP4 in promoting adipose tissue inflammation is mediated 
through toll-like receptor 4 (TLR4) and several other pathways involving the activation of the NOD-like receptor family 
pyrin domain containing 3 (NLRP3) inflammasome. Specifically, RBP4 stimulates the production of pro-inflammatory 
factors by macrophages via the Jun N-terminal kinase (JNK)-dependent pathway, which indirectly impairs insulin 
signaling. Additionally, reduced expression of ChREBP in insulin-resistant states leads to decreased de novo synthesis 
of fat and reduced production of metabolically favorable lipids, resulting in increased inflammation within the adipose 
tissue and impaired physiological effects of insulin.52

As a result, increased glucose transport to adipocytes enhances insulin sensitivity, which correlates with greater 
utilization of glucose in fatty acid synthesis regulated by ChREBP. This is supported by observations in transgenic mice 
with specific overexpression of GLUT4 in adipocytes, in which enhanced de novo synthesis of fat resulting from 
increased glucose transport was found to be essential for improved glucose tolerance.45 Consequently, an increase in de 
novo fat synthesis within the adipose tissue may lead to a higher production of metabolically beneficial lipids. To validate 
this concept, untargeted lipidomic analyses performed on adipose tissue from transgenic mice specifically overexpressing 
GLUT4 in adipocytes identified branched FAHFAs with antidiabetic and anti-inflammatory properties.53–55
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FAHFAs
FAHFAs are widely distributed in humans, animals, and plants and exhibit a variety of isomers. At least 51 families of 
FAHFAs have been identified, with the highest concentrations found in mammalian subcutaneous white and brown 
adipose tissues. Administration of FAHFAs has been shown to stimulate glucagon-like peptide 1 and insulin secretion, 
while reducing obesity-related inflammation in white adipose tissue (WAT) in mice through G protein-coupled receptor 
120-dependent signaling.53–55 Additionally, n-3 polyunsaturated fatty acids (PUFAs) demonstrate anti-inflammatory 
effects via G protein-coupled receptor 120 and several other signaling pathways, contributing to enhanced insulin 
secretion and increased insulin sensitivity in obese mice. Although these findings suggest the potential benefits of 
FAHFAs in the context of T2DM, the lack of randomized controlled trials (RCTs) indicates that the actual clinical 
benefits remain a subject of debate.

Figure 1 Overview of Mechanisms Leading to Obesity-Induced Insulin Resistance. This figure illustrates how obesity leads to insulin resistance through various metabolic 
pathways: Changes in Adipose Tissue: Obesity causes adipocytes and macrophages to secrete inflammatory factors (such as TNF-α, IL-6, MCP-1), activating the JNK 
pathway, which results in adipose tissue inflammation and increased lipogenesis. Brain Insulin Resistance: Obesity impairs insulin signaling in the brain, leading to damaged 
insulin signaling pathways, increased oxidative stress, mitochondrial dysfunction, and inflammatory responses. Skeletal Muscle Insulin Resistance: Obesity induces a pro- 
inflammatory phenotype and mitochondrial dysfunction in skeletal muscle. Liver Insulin Resistance: Obesity causes adipocytes to secrete free fatty acids, leading to increased 
fatty acid synthesis in the liver, impaired insulin signaling, and ultimately reduced glucose transport. Pancreatic Insulin Resistance: Obesity results in increased levels of free 
fatty acids and inflammatory factors, causing pancreatic cell apoptosis, decreased insulin secretion, and endoplasmic reticulum stress.
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In both the physiological state of fasting and the pathophysiological state of obesity induced by a high-fat diet, the 
concentrations of FAHFAs are tightly regulated by tissue type and isomer specificity.56–60 Research has demonstrated that 
multiple FAHFA subfamilies exhibit anti-inflammatory effects, including palmitic acid esters of hydroxystearic acids 
(PAHSAs), palmitoleic acid esters of hydroxystearic acids (POHSAs), oleic acid esters of hydroxystearic acids 
(OAHSAs), stearic acid esters of hydroxystearic acids (SAHSAs), and linoleic acid esters of hydroxy linoleic acid 
(LAHLAs).54,60,61 However, it is important to note that not all studies support the beneficial role of PAHSAs,62,63 and not 
all isomers of FAHFAs demonstrate positive effects. Additionally, there is significant heterogeneity in their biological 
effects,60,64 which may be attributed to differences in their genetic backgrounds.

Association Between FAHFA and Insulin Resistance & DM
PAHSA levels are also strongly associated with insulin sensitivity. Regardless of the presence or absence of T2DM, the 
concentrations of various PAHSA isomers in the serum and adipose tissue are reduced in individuals with insulin 
resistance. Additionally, the serum levels of total PAHSA and FAHSA, particularly oleic acid ester of 9-hydroxystearic 
acid (9-OASHA), are lower in obese individuals than in their non-obese counterparts. In a follow-up study involving 
patients who underwent sleeve gastrectomy, weight loss, and maintenance of improved metabolic markers, only the 
9-OASHA levels were elevated.65 Further research has shown that PAHSAs can directly enhance glucose-stimulated 
insulin secretion, with 5-PASHA demonstrating the ability to restore normal pulsatility of insulin secretion in patients 
with T2DM.66–68

Building on the findings of human studies, the mechanisms of action of FAHFA have been investigated in experi-
mental animal models. Although some FAHFA isoforms enhance insulin-stimulated glucose transport to adipocytes,60 

this effect is not universal among all isoforms. Both 5- and 9-PAHSA were found to increase glucose transport to 
adipocytes by facilitating insulin-mediated GLUT4 translocation.53 However, the roles of 5- and 9-PAHSA differed 
between mice fed a standard chow diet and those fed a high-fat diet. In insulin-resistant chow-fed mice, both 5- and 
9-PAHSA improved insulin sensitivity and glucose-stimulated insulin secretion, with the latter likely resulting from the 
stimulatory effect of PAHSA on glucagon-like peptide-1 (GLP-1) in enteroendocrine cells.53,66 Conversely, in high-fat- 
fed mice, 5- and 9-PAHSA did not exhibit beneficial effects on insulin secretion, but demonstrated insulin-sensitizing 
properties that promote glucose homeostasis.59 Specifically, long-term administration of 5- and 9-PAHSA increases 
systemic and hepatic insulin sensitivity, enhances glucose uptake in skeletal muscle and cardiac tissues, and facilitates 
glycolysis in mice with obesity induced by a high-fat diet.59 The insulin-sensitizing effects of PAHSAs in the context of 
HFD-induced insulin resistance may stem from their anti-lipolytic properties, as lipolytic activity is heightened in this 
state owing to increased adipose inflammation. Further studies are required to elucidate the mechanisms by which 
PAHSAs exert their antilipolytic effects.

The discovery of the insulin-sensitizing properties of PAHSAs is significant because insulin resistance is a major 
pathogenic factor in T2DM. It is widely recognized that there are very few drugs available that primarily function as 
insulin sensitizers for T2DM treatment, and their use is often limited due to safety concerns and side effects, such as 
those associated with thiazolidinediones.69 Moreover, in macrophages derived from the adipose tissue of insulin-resistant 
mice, 9-PAHSA has been shown to inhibit the lipopolysaccharide-induced maturation of dendritic cells, antigen 
presentation, and pro-inflammatory cytokine production.53 Additionally, the decosahexaenoic acid ester of 13- 
hydroxyoctadecadienoic acid (13-DHAHLA) reduceshas been found to reduce macrophage activation.54

Studies have established that PAHSA treatment in non-obese diabetic (NOD) mice delays the onset of type 1 diabetes 
mellitus (T1DM) and significantly prolongs their survival.70 The beneficial effects observed in NOD mice can be 
attributed to two primary mechanisms: immune cell modulation and direct protective effects of PAHSAs on pancreatic 
islet cells. Specifically, PAHSA treatment reduced the infiltration of pro-inflammatory immune cells into pancreatic islets 
and promoted the proliferation of β-cells in vivo.70 Furthermore, PAHSAs alleviate ER stress in human pancreatic islets 
and can partially restore insulin secretion even when glucose-stimulated insulin secretion is completely inhibited. Recent 
findings suggest that the protective effects of PAHSAs on pancreatic islets are primarily mediated by the prevention or 
reversal of cellular senescence, with β-cell senescence being a significant factor in both T1DM and T2DM.71
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Determinants of FAHFA Concentration
The concentration of FAHFA in the serum is influenced by dietary intake as well as the relative rates of FAHFA synthesis 
and hydrolysis. Notably, the levels of FAHFA isomers in food do not always correspond to the serum or tissue levels 
observed in individuals. Short-term overconsumption of a high-calorie diet, particularly one high in saturated fats, has 
been shown to increase serum FAHFA levels.65 Recent studies have indicated that adipose triglyceride lipase is 
responsible for synthesizing FAHFA and plays a critical role in determining FAHFA concentrations in vivo.72 In mice 
with a specific knockout of adipose triglyceride lipase in adipocytes, the levels of both endogenous and newly 
synthesized FAHFAs were reduced by 80–90%.72

Further investigations have revealed that mutations in adipose triglyceride lipase can result in cardiomyopathy, 
skeletal muscle myopathy, and other abnormalities associated with lipid overload in tissues, including neutral lipid 
deposition myopathy.73,74 However, whether reduced FAHFA production directly contributes to these phenotypes 
remains unclear. In terms of FAHFA hydrolysis, four hydrolases have been identified in mammals, including carboxy-
lester lipase.75 Mutations in carboxylester lipases are linked to the onset of late adolescent diabetes mellitus type 8 
(MODY8).76 In this patient subset, mutations in the carboxylester lipase led to increased hydrolysis of 9-PAHSA. 
Experimental studies involving CXL knockdown of carboxylester lipase in the pancreatic tissue have demonstrated 
a significant decrease in the hydrolysis of 9-PAHSA. Consequently, excessively low levels of FAHFA in vivo may also 
contribute to diabetic phenotypes.

Interventions for Weight Loss or Improving Ectopic Fat Deposition
In a subset of patients with diabetes, natural disease progression often follows a trajectory from obesity to metabolic 
syndrome, prediabetes, diabetes, and, ultimately, end-stage T2DM, characterized by the presence of microvascular and 
macrovascular complications. The latest guidelines from the American Diabetes Association (ADA) recommend that in 
patients with T2DM who are also overweight or obese, moderate weight loss can enhance glycemic control and reduce 
the need for glucose-lowering medications. Significant weight loss is associated with considerable reductions in HbA1c 
and fasting glucose levels, which may facilitate sustained diabetes remission.77 Recent studies have indicated that 
patients with T2DM who achieve lower body weight through dietary interventions can achieve disease.78 A summary 
of the treatment strategies for obesity is presented in Figure 2.

Lifestyle Intervention and Ectopic Fat Deposition
Lifestyle interventions are essential for preventing and treating metabolic diseases. During fasting and exercise, 
triglycerides stored in adipose tissue are gradually hydrolyzed into non-acylated fatty acids and glycerol by adipose 
triacylglycerol lipase and hormone-sensitive lipase to meet the body’s energy demands. According to the twin cycle 
hypothesis of the liver and pancreas, reducing excess triglycerides in these organs can restore energy homeostasis, which 
may in turn promote glucose homeostasis.79 In terms of dietary composition, the intake of saturated fatty acids is 
a significant contributor to ectopic fat deposition, whereas that of unsaturated fatty acids is negatively associated with 
such deposition.80 Furthermore, the consumption of insoluble dietary fiber has been linked to reductions in VAT, lower 
fasting glucose levels, and improved insulin resistance in individuals with impaired glucose tolerance.81

The DiRECT study evaluated the impact of an intensive dietary intervention, which included complete dietary 
substitution and the discontinuation of hypoglycemic and antihypertensive medications, in 306 patients with T2DM 
(disease duration ≥6 years, BMI: 27–45 kg/m²). After two years of follow-up, the percentage of participants achieving 
a weight loss of at least 5 kg was 11% (17 out of 149) of the participants in the intervention group achieved a weight loss 
of at least 5 kg, compared to only 2% (2 out of 149) in the control group.82 A subsequent post hoc analysis conducted on 
the complete follow-up data of 272 subjects revealed a correlation between the magnitude of weight loss and the rate of 
diabetes remission. Notably, at the 24-month mark, diabetes remission was achieved in 70% of the participants who lost 
at least 15% of their body weight.83 In contrast, remission rates for participants who lost 10–15 kg, 5–10 kg, and less than 
5 kg were 60%, 29%, and 5%, respectively.83 Furthermore, among those who did not achieve diabetes remission, the 
participants in the intervention group experienced a greater reduction in HbA1c levels and a decreased need for glucose- 
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lowering medications. The ADA guidelines support the notion that overweight or obese patients with DM can benefit 
from any degree of weight loss. Specifically, a 3%–7% reduction in baseline weight can improve glycemic control and 
cardiovascular risk factors, whereas sustained weight loss of more than 10% is typically associated with greater benefits, 
including potential disease improvement, T2DM remission, and enhancements in long-term cardiovascular outcomes and 
mortality.77 In a recent meta-analysis involving 1101 individuals with prediabetes or T2DM, intermittent fasting was 
shown to reduce body weight (weighted mean difference: −4.56 kg), BMI (weighted mean difference: −1.99 kg/m²), and 
HbA1c (weighted mean difference: −0.81%). However, compared with calorie-restricted diets, intermittent fasting did 
not significantly affect glycemic indices, visceral fat, lipid profiles, or blood pressure.84 Another study found that 
intermittent fasting and early time-restricted eating significantly improved postprandial glucose metabolism in indivi-
duals at a high risk of T2DM.85 A randomized controlled trial assessing the safety and efficacy of three non-consecutive 
intermittent fasting sessions per week over 12 weeks reported a change in HbA1c of −7.3 mmol/mol in the intermittent 
fasting group, compared to a change of 0.1 mmol/mol in the control group.86

Skeletal muscle contraction and exercise facilitate translocation of GLUT4 to the plasma membrane of skeletal 
muscle cells, thereby enhancing glucose uptake. This physiological process requires stimulation by either insulin or 
exercise. Skeletal muscle cells contain two distinct GLUT4 pools, and exercise-mediated GLUT4 translocation notably 
occurs independent of insulin stimulation.

Additionally, skeletal muscles secrete myokines such as irisin, myonectin, IL-15, and O-GlcNAcylation, which may 
play a role in regulating fatty acid oxidation, glycogen synthesis, and insulin sensitivity.87 Recent studies demonstrated 
that moderate-intensity training enhances the secretion of IL-15 from skeletal muscle cells, leading to increased fatty acid 
oxidation, improved glycogen synthesis, and reduced inflammation.88 Furthermore, exercise stimulates mitochondrial 
elongation, thereby enhancing mitochondrial function.89 Consequently, exercise is a vital strategy for improving adipose 
tissue function and mitigating insulin resistance. Findings from a meta-analysis indicated that exercise reduces VAT and 

Figure 2 Comprehensive Strategies for Treating Obesity. This figure provides an overview of various treatment strategies for obesity, categorized into five main approaches: 
Lifestyle Interventions, Pharmacological Treatments, Behavioral and Psychological Support, Surgical Interventions, and Emerging Treatments.
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is more effective than pharmacological interventions including orlistat, liraglutide, rimonabant, gemfibrozil, metformin, 
rosuvastatin, ezetimibe, and empagliflozin.90 However, the optimal form of exercise to decrease visceral fat is still 
debated. A meta-analysis found that high-intensity interval training and moderate-intensity aerobic exercise were 
effective in reducing VAT, whereas resistance exercise, aerobic exercise combined with resistance training, and sprint 
interval training did not demonstrate significant benefits.91 Conversely, a more recent meta-analysis concluded that 
aerobic exercise at moderate intensity, resistance training, a combination of both, and high-intensity interval training were 
all beneficial in reducing VAT.92 Therefore, further research is necessary to identify the most effective exercise modality 
for guiding weight loss.

Considering the metabolic benefits of with intermittent fasting and time-restricted eating, researchers have investi-
gated the efficacy of combining exercise training with these dietary approaches. A meta-analysis involving 568 
participants examined the effects of combining time-restricted eating with exercise training compared with exercise 
training alone. The findings indicated that this combination resulted in a reduction in body mass (mean difference: 
−1.86 kg) and fat mass (mean difference: −1.52 kg), and improvements in lipid metabolism. However, this did not yield 
additional benefits for glucose profiles.93 Similarly, another meta-analysis assessed the combination of exercise training 
and intermittent compared to exercise training or intermittent fasting alone. This analysis reported reductions in body 
weight (weighted mean difference: −3.03 kg), BMI (weighted mean difference: −1.12 kg/m²), and visceral fat (standard 
mean difference: −0.34). Nevertheless, it failed to demonstrate significant differences in cardiometabolic health markers 
when compared to exercise training or intermittent fasting alone.94

Unfortunately, lifestyle interventions often prove inadequate over the long term and fail to achieve the desired 
outcomes for both clinicians and patients. Research has shown that most lifestyle interventions result in gradual weight 
loss over the first six months, followed by a plateau and subsequent rebound within 1–3 years.95 Although continuous 
monitoring, lifestyle counseling, and anti-obesity medications can aid in maintaining weight loss, the long-term response 
rate to lifestyle interventions remains low.96,97 As a result, many patients require additional strategies to achieve 
significant weight loss and sustain it over time.

Bariatric Surgery
According to a statement issued in 2022 by the American Society of Metabolic and Bariatric Surgery (ASMBS) and the 
International Federation for the Surgery of Obesity and Metabolic Disorders (IFSO),98,99 surgery is a well-established 
and effective treatment approach for obesity.

Before surgery, patients should be thoroughly assessed for obesity indicators including BMI, waist circumference, hip 
circumference, and visceral fat area. Additionally, evaluations should include obesity-related comorbidities such as 
prediabetes, T2DM, and hypertension as well as psychosocial factors such as depression and nutritional status, including 
vitamin and micronutrient levels.100–102 In postoperative management, the principles of rapid rehabilitation surgery 
should be implemented to promote swift recovery.103 It is essential to regulate fluid intake within the first 3 days post- 
surgery as well as to monitor dietary intake for the subsequent three months, with a strong emphasis on protein 
supplementation and nutritional monitoring, including vitamin and mineral supplementation.104–107 Whenever feasible, 
long-term nutritional and health monitoring should be established to encourage patient self-management and to address 
poor eating habits. Although bariatric surgery offers significant metabolic benefits, it is important to acknowledge its 
potential risks, including an increased likelihood of suicide, self-harm, emotional eating, and gastrointestinal complica-
tions such as bile disorders, gastritis, small bowel obstruction, gastric stenosis, and gastric perforation.108,109

Studies have demonstrated that surgical intervention can significantly enhance the rate of diabetes remission in 
patients with obesity and T2DM, leading to improved glycemic control and a reduction in long-term vascular complica-
tions. The rates of diabetes remission following bariatric surgery are notable, with 5-year and 20-year remission rates 
reaching 75% and ranging from 37% to 51%, respectively.110,111 Furthermore, bariatric surgery is effective in addressing 
various metabolic complications including hypertension and dyslipidemia. Research indicates that the average weight 
loss associated with different interventions is as follows: medication results in a weight loss of 1–10%, Roux-en-Y gastric 
bypass (RYGB) surgery yields a loss of 22–37%, and sleeve gastrectomy leads to an average loss of approximately 
19%.112–114 Additionally, a prospective cohort study with an extended follow-up period revealed that participants who 
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underwent Roux-en-Y gastric bypass surgery experienced greater sustained weight loss and a lower incidence of T2DM 
compared to those who did not undergo surgery.111,115 Bariatric surgery also reduced both microvascular and macro-
vascular events, ultimately enhancing patients’ quality of life.116 The benefits of bariatric surgery extend beyond weight 
loss; it also induces significant changes in hormone levels. This surgical intervention can exert a direct hypoglycemic 
effect by regulating appetite through the gastrointestinal tract, modulating the gut-brain axis, and influencing feeding 
behavior.117

Pharmacological Treatment
Given the advantages of weight loss in disease management, medications that promote weight loss are prioritized, when 
feasible, for patients with T2DM who are also overweight or obese.

Although several medications have been approved by the US Food and Drug Administration (USFDA) for the long- 
term management of obesity, only orlistat has been approved for obesity management in China. A comprehensive 
overview of medications approved globally has been provided in previous reviews.8 Orlistat reduces fat absorption by 
approximately 30% by binding to the active site of lipase, thereby inhibiting its function. This mechanism prevents the 
absorption and hydrolysis of fats excreted in feces. Despite its effectiveness in reducing VAT, the adverse gastrointestinal 
effects associated with orlistat, such as steatorrhea, limit its widespread adoption.118 Although the efficacy and safety of 
liraglutide and semaglutide for weight loss in overweight or obese Chinese adults have not been systematically evaluated, 
both medications have been formally approved for weight loss in several countries, including the United Kingdom, 
Europe, and North America. The STEP series of clinical studies demonstrated the significant weight loss efficacy of 
semaglutide, with an average weight reduction of 15%.119 In the STEP 2 trial, a 68-week clinical study involving 1,210 
patients with T2DM who receiving 2.4 mg of semaglutide once weekly experienced a weight loss of 9.6%, whereas those 
receiving 1.0 mg of semaglutide once weekly achieved a weight loss of 6.9%, along with a significant improvement in 
HbA1c levels. Notably, 68% of participants with a baseline HbA1c level of 8.0% achieved a reduction to ≤6.5%.120

Dual and triple agonists have been developed to replicate the endogenous coordinated postprandial release of various 
gut hormones by leveraging the biological complementarity of gut peptides to regulate food intake. Tirzepatide, a dual 
GLP-1 and GIP receptor agonist, has received FDA approval for treating overweight and obesity as well as for managing 
T2DM as a long-term obesity intervention. The SURPASS clinical trial assessed the effects of 5, 10, and 15 mg doses of 
tirzepatide compared with 1 mg semaglutide in adults with T2DM who were also receiving metformin. The results 
indicated that all doses of tirzepatide produced greater weight loss and reduction in HbA1c levels than semaglutide.121 

Notably, approximately 90% of participants receiving the 15 mg dose of tirzepatide achieved an HbA1c level of less than 
7.0%, with approximately half reaching an HbA1c level of less than 5.7%. Furthermore, tirzepatide demonstrated 
superior glucose-lowering effects compared with basal insulin therapy, as evidenced in the SURPASS-3 and 
SURPASS-4 studies,122,123 and was also effective as an adjunct therapy to additional postprandial insulin in the 
SURPASS-6 trial.124 The SURPASS-5125 study highlighted its efficacy as an add-on therapy to improve basal insulin 
levels. In the SURMOUNT-1 study, which focused on the overweight population, participants treated with the highest 
dose of tirzepatide (15 mg) experienced an average weight loss of 23 kg, compared to an average loss of 16 kg in those 
receiving the lowest dose (5 mg) and only 3 kg in the placebo group.126 Additionally, a Phase II trial evaluated the effects 
of retatrutide, a triple glucagon-like peptide-1 (GLP-1)/ gastric inhibitory polypeptide (GIP)/ glucagon (GCG) agonist, in 
overweight or obese patients with T2DM. This trial reported a 2.02% reduction in HbA1c levels at 24 weeks, and an 
average weight loss of 17.1 kg at 36 weeks.127

In addition to anti-obesity medications, four of the twelve classes of hypoglycemic agents utilized for the treatment of 
T2DM are known to promote weight loss: sodium-dependent glucose transporter 2 (SGLT2) inhibitors, GLP-1 receptor 
agonists, metformin, and amylin analogs. Although there is considerable variability in individual responses, the average 
weight loss induced by these medications in adults with T2DM is modest, typically ranging from 1.4 to 1.9 kg, along 
with a reduction in HbA1c of 0.4 to 0.9% over a treatment period of 6 to 12 months.128–130 Research indicates that 
semaglutide, administered at a dosage of 1 mg per week, results in greater weight loss and HbA1c reduction than 
exenatide at 2 mg, canagliflozin at 300 mg, and liraglutide at 1.2 mg per week.131 Moreover, semaglutide was associated 
with a 26% reduction in the risk of major adverse cardiovascular events.132 A recent meta-analysis highlighted 
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semaglutide as the most effective agent for weight loss, followed by phentermine and topiramate, with both medications 
exhibiting similar risks of adverse events.133

Amylin, a hormone produced by the pancreas, increases satiety and decreases glucagon levels. A long-acting amylin 
analog, cagrilintide, recently demonstrated the ability to reduce body weight by approximately 10% when administered 
weekly over a 26-week study period.134 The combination of cagrilintide and semaglutide, referred to as CagriSema, is 
currently being evaluated for its efficacy in treating overweight and obese patients, both with and without T2DM, as 
a part of the REDEFINE program.119

Traditional Chinese Medicine
Traditional Chinese Medicine (TCM) has played a significant role in clinical practice and treatment across East Asian 
countries, largely because of the potential side effects of pharmacological treatments, such as hypoglycemia, as well as 
cultural, traditional, and social norms. TCM has been shown to contribute to the management of T2DM by reducing 
insulin resistance, exerting anti-inflammatory effects, alleviating oxidative stress, improving lipid metabolism, and 
regulating the gut microbiota. Specifically, Gegen Qinlian Decoction (GQD) has been shown to significantly reduce 
hepatic mitochondrial acetyl coenzyme A levels and phosphatidylcholine activity, leading to decreased insulin resistance 
(IR) within the liver.135 Puerarin has been found to significantly inhibits the activity of tyrosine phosphatase 1 B, thereby 
enhancing insulin receptor sensitivity and reducing IR.136 Similarly, extracts from Scutellariae radix and Coptidis 
rhizoma have been shown to significantly inhibit gluconeogenesis and glycogenolysis, while upregulating insulin 
receptor substrate 1 and GLUT2, effectively ameliorating IR in the liver.137

Saffron supplementation has been reported to reduce mRNA levels of pro-inflammatory factors such as TNF-α and 
IL-6, while simultaneously increasing the mRNA expression of anti-inflammatory factors like IL-10 in patients with 
T2DM. Curcumin has been demonstrated to decrease malondialdehyde levels and increase glutathione peroxidase (GSH- 
Px) and total oxidative capacity by modulating the peroxisome proliferator-activated receptor γ (PPAR-γ) signaling 
pathway.138 Similarly, resveratrol significantly increased GSH-Px and catalase levels in the liver.139 Ganoderma lucidum 
polysaccharides have been effective at elevating GSH-Px, hepatic catalase, and superoxide dismutase (SOD) levels while 
decreasing malondialdehyde by upregulating the nuclear transcription factor 2-related factor 2/heme oxygenase-1 
signaling pathway.140 Quercetin reduces lipid, cholesterol, triglyceride, and bile acid deposition by activating the 
Farnesyl X receptor-1 (FXR-1)/ transmembrane G protein-coupled receptor-5 (TGR-5) signaling pathway.141 

Tangduqing granules, which consist of Astragalus, Epimedium, Rhubarb, and pseudo-ginseng root, have shown compar-
able efficacy primarily by modulating the PPAR-γ/diacylglycerol acyltransferase 2 (DGAT2) signaling pathway.142 The 
safety and efficacy of the aforementioned natural extracts, decoctions, and Chinese patent medicines (excluding 
Ganoderma lucidum polysaccharides) have been extensively documented in the literature.143–147

A significant link has been established between the composition of the gut microbiota and development of T2DM. 
Growing evidence suggests that TCM can enhance glucose metabolism by modifying the characteristics of the gut 
microbiota. For instance, Astragalus has been shown to increase the abundance of beneficial bacteria such as 
Bifidobacterium and Lactobacillus in the gut flora of mice with T2DM, thereby slowing disease progression.148 

Berberine, a key ingredient in TCM for treating T2DM, was evaluated in a 12-week randomized controlled clinical 
trial, where it increased the abundance of Bacteroides spp. and Proteobacteria, similar to the effects of metformin.149 

Additionally, berberine enhances the diversity of the gut microbiota, induces cell death in harmful bacteria, modulates 
tryptophan metabolism, and improves the intestinal barrier. Similar to metformin, berberine also upregulates the mitogen- 
activated protein kinase (MAPK) pathway, promoting catabolism, leading to glycolysis, weight loss, and reduced IR.150

GQD, which includes Chinese goldthread rhizomes, Scutellaria, lobed kudzu root, membranous milkvetch root, thin 
leaf ginseng, peony, and turmeric, has effects on intestinal microbial structure that are broadly similar to those of 
berberine. However, unlike berberine, GQD also increases the abundance of butyrate-producing bacteria, such as 
Faecalibacterium, Bifidobacterium, and Gemmiger. These changes contributed to reduced intestinal inflammation and 
improved glucose metabolism.137 Animal studies demonstrated that both GQD and berberine increase plasma short-chain 
fatty acids and decrease fasting insulin levels.143 Further research indicated that GQD enhances the abundance of 
Faecalibacterium prausnitzii, which is negatively correlated with levels of fasting blood glucose, 2-hour postprandial 
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blood glucose, and glycated hemoglobin, and positively correlated with insulin response.151 Another formulation used for 
the treatment of T2DM, JinQi Jiangtang (JQJT), contains Huanglian, membranous milkvetch root, and honeysuckle 
flower. A randomized controlled clinical trial involving 400 individuals with prediabetes and T2DM demonstrated that 
JQJT reduced the incidence of T2DM as well as blood glucose levels, triglyceride levels, proteinuria, and IR.152 Animal 
studies have shown that JQJT increases the abundance of Akkermansia spp. and decreases the abundance of 
Desulfovibrio spp. Notably, the abundance of Akkermansia spp. is associated with reduced inflammation in overweight 
populations.153

Limitations
Poor control of DM is often linked to insulin resistance, which is influenced by a variety of factors, including genetics, 
obesity, environmental factors, and hormone levels. This study aimed to review the relationship between adipose deposits 
and insulin resistance. However, it has certain limitations.

1. Incomplete Understanding of Adipose Tissue and Diabetes: The association between adipose tissue and diabetes 
has not yet been fully elucidated. Although it is known that adipose deposits contribute to the development of T2DM, 
pancreatic β-cell depletion, and insulin resistance, such as the close relationship between hepatic steatotoxicity and 
insulin resistance, the specific roles of different types of adipose tissue in diabetes require further investigation. This 
knowledge is essential to substantiate the benefits of fat loss in obese patients and inform effective fat reduction 
programs.

2. Unclear Mechanisms of FAHFAs: Fatty acid esters of hydroxy fatty acids (FAHFAs) exhibit promising potential for 
enhancing insulin sensitivity in mice; however, their role in lipolysis remains unclear. Additionally, although FAHFAs 
have been shown to prevent or even reverse β-cell senescence much of the supporting research consists of in vitro 
experiments or preclinical studies in animal models. Consequently, these results may not directly translate to human 
physiology because of inherent differences in metabolism and microenvironment.

3. Challenges in Reducing Fat Deposition in Patients with T2DM: Although the reviewed studies indicate benefits in 
reducing fat deposition among patients with T2DM, it is crucial to acknowledge the limitations and challenges involved. 
Alternative modalities such as pharmacological and surgical treatments often present varying degrees of side effects. 
TCM has demonstrated better clinical efficacy; however, TCM preparations frequently face constraints related to 
compounding, ingredient extraction, and a lack of standardized prescriptions. Furthermore, the inability to harmonize 
guidelines and regulatory frameworks stemming from differences in medical standards, ethnicities, and dietary structures 
across regions restricts the clinical application of certain weight loss approaches.

Conclusion and Future Directions
Recent studies have confirmed that obesity and T2DM are highly correlated, and our review highlights the association 
between diabetes and obesity. With advances in the development of peptide therapies, the treatment of obesity and T2DM 
has entered a new era, with a number of patients with early stage T2DM experiencing gains as drugs that help stabilize 
and significantly reduce weight continue to be developed. In addition, we believe that FAHFA is a research direction 
worthy of continued development, and recent studies on the starting family have shown that they have beneficial effects 
on insulin sensitivity, islet protection, and insulin action, especially in terms of improving insulin sensitivity. Therefore, 
they have the potential to become a new strategy for the treatment of T2DM. However, not all FAHFA isomers exhibit 
beneficial effects in T2DM. Thus, further studies are needed to elucidate the biological effects of FAHFAs to develop 
new therapeutic strategies for T2DM.

In addition, in China and parts of East Asia, as further research continues into TCM, there seem to be more options 
for treating T2DM. Moreover, both preclinical and clinical studies have confirmed the benefits of TCM; in the future, 
more studies focusing on TCM are required to identify its effective pharmacological components for treating T2DM, 
which is also expected to be a new strategy for the treatment of T2DM.

https://doi.org/10.2147/DMSO.S524000                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 2354

Kang et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This study has been supported by China Academy of Chinese Medical Sciences Guang’anmen Hospital Clinical Medical 
Research Center Construction special support (Project number: 2022LYJSZX27) and Medical Center Construction Fund 
Project of the Affiliated Hospital of Changchun University of Chinese Medicine (Project number: DKZK-03-04).

Disclosure
The authors declare no competing interests.

References
1. Chen M, Lin W, Ye R, Yi J, Zhao Z. PPARβ/δ agonist alleviates diabetic osteoporosis via regulating M1/M2 macrophage polarization. Front 

Cell Dev Biol. 2021;9:753194. doi:10.3389/fcell.2021.753194
2. Yin X, Chen Y, Ruze R, et al. The evolving view of thermogenic fat and its implications in cancer and metabolic diseases. Signal Transduct 

Target Ther. 2022;7(1):324. doi:10.1038/s41392-022-01178-6
3. Fenneman AC, Weidner M, Chen LA, Nieuwdorp M, Blaser MJ. Antibiotics in the pathogenesis of diabetes and inflammatory diseases of the 

gastrointestinal tract. Nat Rev Gastroenterol Hepatol. 2023;20:81–100. doi:10.1038/s41575-022-00685-9
4. An Y, Dai H, Duan Y, et al. The relationship between gut microbiota and susceptibility to type 2 diabetes mellitus in rats. Chin Med. 

2023;18:49. doi:10.1186/s13020-023-00717-9
5. Roden M, Shulman GI. The integrative biology of type 2 diabetes. Nature. 2019;576:51–60. doi:10.1038/s41586-019-1797-8
6. Ahmad E, Lim S, Lamptey R, Webb DR, Davies MJ. Type 2 diabetes. Lancet. 2022;400:1803–1820. doi:10.1016/S0140-6736(22)01655-5
7. Noonong K, Pranweerapaiboon K, Chaithirayanon K, et al. Antidiabetic potential of Lysiphyllum strychnifolium (Craib) A. Schmitz com-

pounds in human intestinal epithelial Caco-2 cells and molecular docking-based approaches. BMC Complement Med Ther. 2022;22:235. 
doi:10.1186/s12906-022-03706-x

8. Lingvay I, Sumithran P, Cohen RV, Le Roux CW. Obesity management as a primary treatment goal for type 2 diabetes: time to reframe the 
conversation. Lancet. 2022;399:394–405. doi:10.1016/S0140-6736(21)01919-X

9. Ryu KY, Jeon EJ, Leem J, Park JH, Cho H. Regulation of adipsin expression by endoplasmic reticulum stress in adipocytes. Biomolecules. 
2020;10. doi:10.3390/biom10020314

10. Stefan N, Haring HU, Hu FB, Schulze MB. Metabolically healthy obesity: epidemiology, mechanisms, and clinical implications. Lancet 
Diabetes Endocrinol. 2013;1:152–162. doi:10.1016/S2213-8587(13)70062-7

11. Zamarron BF, Porsche CE, Luan D, et al. Weight regain in formerly obese mice hastens development of hepatic steatosis due to impaired 
adipose tissue function. Obesity. 2020;28:1086–1097. doi:10.1002/oby.22788

12. Michaelidou M, Pappachan JM, Jeeyavudeen MS. Management of diabesity: current concepts. World J Diabetes. 2023;14:396–411. 
doi:10.4239/wjd.v14.i4.396

13. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204 countries and territories, 1990–2019: a systematic analysis for 
the global burden of disease study 2019. Lancet. 2020;396(10258):1223–1249. doi:10.1016/S0140-6736(20)30752-2

14. Samson SL, Vellanki P, Blonde L, et al. American Association of Clinical Endocrinology consensus statement: comprehensive type 2 diabetes 
management algorithm - 2023 update. Endocr Pract. 2023;29(5):305–340. doi:10.1016/j.eprac.2023.02.001

15. Colson C, Batrow PL, Gautier N, et al. The Rosmarinus bioactive compound carnosic acid is a novel PPAR antagonist that inhibits the 
browning of white adipocytes. Cells. 2020;9. doi:10.3390/cells9112433

16. Najdi F, Kruger P, Djabali K. Impact of progerin expression on adipogenesis in Hutchinson—Gilford progeria skin-derived precursor cells. 
Cells. 2021;10. doi:10.3390/cells10071598

17. Chait A, den Hartigh LJ. Adipose tissue distribution, inflammation and its metabolic consequences, including diabetes and cardiovascular 
disease. Front Cardiovasc Med. 2020;7:22. doi:10.3389/fcvm.2020.00022

18. Sakers A, De Siqueira MK, Seale P, Villanueva CJ. Adipose-tissue plasticity in health and disease. Cell. 2022;185:419–446. doi:10.1016/j. 
cell.2021.12.016

19. Wang T, Sharma AK, Wolfrum C. Novel insights into adipose tissue heterogeneity. Rev Endocr Metab Disord. 2022;23:5–12. doi:10.1007/ 
s11154-021-09703-8

20. Liu X, Wang CN, Qiu CY, Song W, Wang LF, Liu B. Adipocytes promote nicotine-induced injury of endothelial cells via the NF-kappaB 
pathway. Exp Cell Res. 2017;359:251–256. doi:10.1016/j.yexcr.2017.07.022

21. Chadt A, Al-Hasani H. Glucose transporters in adipose tissue, liver, and skeletal muscle in metabolic health and disease. Pflugers Arch. 
2020;472:1273–1298. doi:10.1007/s00424-020-02417-x

22. Longo M, Zatterale F, Naderi J, et al. Adipose tissue dysfunction as determinant of obesity-associated metabolic complications. Int J Mol Sci. 
2019. doi:10.3390/ijms20092358

23. van Vliet S, Koh HE, Patterson BW, et al. Obesity is associated with increased basal and postprandial beta-cell insulin secretion even in the 
absence of insulin resistance. Diabetes. 2020;69:2112–2119. doi:10.2337/db20-0377

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S524000                                                                                                                                                                                                                                                                                                                                                                                                   2355

Kang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3389/fcell.2021.753194
https://doi.org/10.1038/s41392-022-01178-6
https://doi.org/10.1038/s41575-022-00685-9
https://doi.org/10.1186/s13020-023-00717-9
https://doi.org/10.1038/s41586-019-1797-8
https://doi.org/10.1016/S0140-6736(22)01655-5
https://doi.org/10.1186/s12906-022-03706-x
https://doi.org/10.1016/S0140-6736(21)01919-X
https://doi.org/10.3390/biom10020314
https://doi.org/10.1016/S2213-8587(13)70062-7
https://doi.org/10.1002/oby.22788
https://doi.org/10.4239/wjd.v14.i4.396
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/j.eprac.2023.02.001
https://doi.org/10.3390/cells9112433
https://doi.org/10.3390/cells10071598
https://doi.org/10.3389/fcvm.2020.00022
https://doi.org/10.1016/j.cell.2021.12.016
https://doi.org/10.1016/j.cell.2021.12.016
https://doi.org/10.1007/s11154-021-09703-8
https://doi.org/10.1007/s11154-021-09703-8
https://doi.org/10.1016/j.yexcr.2017.07.022
https://doi.org/10.1007/s00424-020-02417-x
https://doi.org/10.3390/ijms20092358
https://doi.org/10.2337/db20-0377


24. Linnemann AK, Baan M, Davis DB. Pancreatic beta-cell proliferation in obesity. Adv Nutr. 2014;5:278–288. doi:10.3945/an.113.005488
25. Scheidl TB, Brightwell AL, Easson SH, Thompson JA. Maternal obesity and programming of metabolic syndrome in the offspring: searching 

for mechanisms in the adipocyte progenitor pool. BMC Med. 2023;21:50. doi:10.1186/s12916-023-02730-z
26. Risi R, Vidal-Puig A, Bidault G. An adipocentric perspective of pancreatic lipotoxicity in diabetes pathogenesis. J Endocrinol. 2024;262. 

doi:10.1530/JOE-23-0313
27. Weir GC. Glucolipotoxicity, beta-cells, and diabetes: the emperor has no clothes. Diabetes. 2020;69:273–278. doi:10.2337/db19-0138
28. Prentki M, Peyot ML, Masiello P, Madiraju SRM. Nutrient-induced metabolic stress, adaptation, detoxification, and toxicity in the pancreatic 

beta-cell. Diabetes. 2020;69:279–290. doi:10.2337/dbi19-0014
29. Ebrahimi AG, Hollister-Lock J, Sullivan BA, Tsuchida R, Bonner-Weir S, Weir GC. Beta cell identity changes with mild hyperglycemia: 

implications for function, growth, and vulnerability. Mol Metab. 2020;35:100959. doi:10.1016/j.molmet.2020.02.002
30. Seo JB, Riopel M, Cabrales P, et al. Knockdown of Ant2 reduces adipocyte hypoxia and improves insulin resistance in obesity. Nat Metab. 

2019;1:86–97. doi:10.1038/s42255-018-0003-x
31. Sun K, Wernstedt Asterholm I, Kusminski CM, et al. Dichotomous effects of VEGF-A on adipose tissue dysfunction. Proc Natl Acad Sci USA. 

2012;109:5874–5879. doi:10.1073/pnas.1200447109
32. Crewe C, An YA, Scherer PE. The ominous triad of adipose tissue dysfunction: inflammation, fibrosis, and impaired angiogenesis. J Clin Invest. 

2017;127:74–82. doi:10.1172/JCI88883
33. Straub LG, Scherer PE. Metabolic messengers: adiponectin. Nat Metab. 2019;1:334–339. doi:10.1038/s42255-019-0041-z
34. Petersen MC, Shulman GI. Mechanisms of insulin action and insulin resistance. Physiol Rev. 2018;98:2133–2223. doi:10.1152/ 

physrev.00063.2017
35. Liu T, Sun YC, Cheng P, Shao HG. Adipose tissue macrophage-derived exosomal miR-29a regulates obesity-associated insulin resistance. 

Biochem Biophys Res Commun. 2019;515:352–358. doi:10.1016/j.bbrc.2019.05.113
36. Thomou T, Mori MA, Dreyfuss JM, et al. Adipose-derived circulating miRNAs regulate gene expression in other tissues. Nature. 

2017;542:450–455. doi:10.1038/nature21365
37. Ying W, Riopel M, Bandyopadhyay G, et al. Adipose tissue macrophage-derived exosomal miRNAs can modulate in vivo and in vitro insulin 

sensitivity. Cell. 2017;171:372–84e12. doi:10.1016/j.cell.2017.08.035
38. Fuchs A, Samovski D, Smith GI, et al. Associations among adipose tissue immunology, inflammation, exosomes and insulin sensitivity in 

people with obesity and nonalcoholic fatty liver disease. Gastroenterology. 2021;161:968–81e12. doi:10.1053/j.gastro.2021.05.008
39. Klein S, Gastaldelli A, Yki-Jarvinen H, Scherer PE. Why does obesity cause diabetes? Cell Metab. 2022;34:11–20. doi:10.1016/j. 

cmet.2021.12.012
40. Cypess AM. Reassessing human adipose tissue. N Engl J Med. 2022;386:768–779. doi:10.1056/NEJMra2032804
41. Carvalho E, Jansson PA, Nagaev I, Wenthzel AM, Smith U. Insulin resistance with low cellular IRS-1 expression is also associated with low 

GLUT4 expression and impaired insulin-stimulated glucose transport. FASEB J. 2001;15:1101–1103.
42. Hammarstedt A, Syed I, Vijayakumar A, et al. Adipose tissue dysfunction is associated with low levels of the novel palmitic acid 

hydroxystearic acids. Sci Rep. 2018;8:15757. doi:10.1038/s41598-018-34113-3
43. Shepherd PR, Gnudi L, Tozzo E, Yang H, Leach F, Kahn BB. Adipose cell hyperplasia and enhanced glucose disposal in transgenic mice 

overexpressing GLUT4 selectively in adipose tissue. J Biol Chem. 1993;268:22243–22246.
44. Abel ED, Peroni O, Kim JK, et al. Adipose-selective targeting of the GLUT4 gene impairs insulin action in muscle and liver. Nature. 

2001;409:729–733. doi:10.1038/35055575
45. Herman MA, Peroni OD, Villoria J, et al. A novel ChREBP isoform in adipose tissue regulates systemic glucose metabolism. Nature. 

2012;484:333–338. doi:10.1038/nature10986
46. Eissing L, Scherer T, Todter K, et al. De novo lipogenesis in human fat and liver is linked to ChREBP-beta and metabolic health. Nat Commun. 

2013;4:1528. doi:10.1038/ncomms2537
47. Roberts R, Hodson L, Dennis AL, et al. Markers of de novo lipogenesis in adipose tissue: associations with small adipocytes and insulin 

sensitivity in humans. Diabetologia. 2009;52:882–890. doi:10.1007/s00125-009-1300-4
48. Shepherd PR, Kahn BB. Glucose transporters and insulin action--implications for insulin resistance and diabetes mellitus. N Engl J Med. 

1999;341:248–257. doi:10.1056/NEJM199907223410406
49. Graham TE, Yang Q, Bluher M, et al. Retinol-binding protein 4 and insulin resistance in lean, obese, and diabetic subjects. N Engl J Med. 

2006;354:2552–2563. doi:10.1056/NEJMoa054862
50. Yang Q, Graham TE, Mody N, et al. Serum retinol binding protein 4 contributes to insulin resistance in obesity and type 2 diabetes. Nature. 

2005;436:356–362. doi:10.1038/nature03711
51. Peraire J, Lopez-Dupla M, Alba V, et al. HIV/antiretroviral therapy-related lipodystrophy syndrome (HALS) is associated with higher RBP4 

and lower omentin in plasma. Clin Microbiol Infect. 2015;21(711):e1–8. doi:10.1016/j.cmi.2015.04.002
52. Santoro A, Kahn BB. Adipocyte regulation of insulin sensitivity and the risk of type 2 diabetes. N Engl J Med. 2023;388:2071–2085. 

doi:10.1056/NEJMra2216691
53. Yore MM, Syed I, Moraes-Vieira PM, et al. Discovery of a class of endogenous mammalian lipids with anti-diabetic and anti-inflammatory 

effects. Cell. 2014;159:318–332. doi:10.1016/j.cell.2014.09.035
54. Kuda O, Brezinova M, Rombaldova M, et al. docosahexaenoic acid-derived fatty acid esters of hydroxy fatty acids (FAHFAs) with 

anti-inflammatory properties. Diabetes. 2016;65:2580–2590. doi:10.2337/db16-0385
55. Zhu QF, Yan JW, Zhang TY, Xiao HM, Feng YQ. Comprehensive screening and identification of fatty acid esters of hydroxy fatty acids in plant 

tissues by chemical isotope labeling-assisted liquid chromatography-mass spectrometry. Anal Chem. 2018;90:10056–10063. doi:10.1021/acs. 
analchem.8b02839

56. Brejchova K, Balas L, Paluchova V, Brezinova M, Durand T, Kuda O. Understanding FAHFAs: from structure to metabolic regulation. Prog 
Lipid Res. 2020;79:101053. doi:10.1016/j.plipres.2020.101053

57. Tan D, Ertunc ME, Konduri S, et al. Discovery of FAHFA-containing triacylglycerols and their metabolic regulation. J Am Chem Soc. 
2019;141:8798–8806. doi:10.1021/jacs.9b00045

https://doi.org/10.2147/DMSO.S524000                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 2356

Kang et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3945/an.113.005488
https://doi.org/10.1186/s12916-023-02730-z
https://doi.org/10.1530/JOE-23-0313
https://doi.org/10.2337/db19-0138
https://doi.org/10.2337/dbi19-0014
https://doi.org/10.1016/j.molmet.2020.02.002
https://doi.org/10.1038/s42255-018-0003-x
https://doi.org/10.1073/pnas.1200447109
https://doi.org/10.1172/JCI88883
https://doi.org/10.1038/s42255-019-0041-z
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1016/j.bbrc.2019.05.113
https://doi.org/10.1038/nature21365
https://doi.org/10.1016/j.cell.2017.08.035
https://doi.org/10.1053/j.gastro.2021.05.008
https://doi.org/10.1016/j.cmet.2021.12.012
https://doi.org/10.1016/j.cmet.2021.12.012
https://doi.org/10.1056/NEJMra2032804
https://doi.org/10.1038/s41598-018-34113-3
https://doi.org/10.1038/35055575
https://doi.org/10.1038/nature10986
https://doi.org/10.1038/ncomms2537
https://doi.org/10.1007/s00125-009-1300-4
https://doi.org/10.1056/NEJM199907223410406
https://doi.org/10.1056/NEJMoa054862
https://doi.org/10.1038/nature03711
https://doi.org/10.1016/j.cmi.2015.04.002
https://doi.org/10.1056/NEJMra2216691
https://doi.org/10.1016/j.cell.2014.09.035
https://doi.org/10.2337/db16-0385
https://doi.org/10.1021/acs.analchem.8b02839
https://doi.org/10.1021/acs.analchem.8b02839
https://doi.org/10.1016/j.plipres.2020.101053
https://doi.org/10.1021/jacs.9b00045


58. Paluchova V, Oseeva M, Brezinova M, et al. Lipokine 5-PAHSA is regulated by adipose triglyceride lipase and primes adipocytes for De Novo 
lipogenesis in mice. Diabetes. 2020;69:300–312. doi:10.2337/db19-0494

59. Zhou P, Santoro A, Peroni OD, et al. PAHSAs enhance hepatic and systemic insulin sensitivity through direct and indirect mechanisms. J Clin 
Invest. 2019;129:4138–4150. doi:10.1172/JCI127092

60. Aryal P, Syed I, Lee J, et al. Distinct biological activities of isomers from several families of branched fatty acid esters of hydroxy fatty acids 
(FAHFAs). J Lipid Res. 2021;62:100108. doi:10.1016/j.jlr.2021.100108

61. Kolar MJ, Konduri S, Chang T, et al. Linoleic acid esters of hydroxy linoleic acids are anti-inflammatory lipids found in plants and mammals. 
J Biol Chem. 2019;294:10698–10707. doi:10.1074/jbc.RA118.006956

62. Pflimlin E, Bielohuby M, Korn M, et al. Acute and repeated treatment with 5-PAHSA or 9-PAHSA isomers does not improve glucose control in 
mice. Cell Metab. 2018;28:217–27e13. doi:10.1016/j.cmet.2018.05.028

63. Wang YM, Liu HX, Fang NY. High glucose concentration impairs 5-PAHSA activity by inhibiting AMP-activated protein kinase activation and 
promoting nuclear factor-Kappa-B-mediated inflammation. Front Pharmacol. 2018;9:1491. doi:10.3389/fphar.2018.01491

64. Benlebna M, Balas L, Bonafos B, et al. Long-term high intake of 9-PAHPA or 9-OAHPA increases basal metabolism and insulin sensitivity but 
disrupts liver homeostasis in healthy mice. J Nutr Biochem. 2020;79:108361. doi:10.1016/j.jnutbio.2020.108361

65. Kellerer T, Kleigrewe K, Brandl B, Hofmann T, Hauner H, Skurk T. Fatty acid esters of hydroxy fatty acids (FAHFAs) are associated with diet, 
BMI, and age. Front Nutr. 2021;8:691401. doi:10.3389/fnut.2021.691401

66. Syed I, Lee J, Moraes-Vieira PM, et al. Palmitic acid hydroxystearic acids activate GPR40, which is involved in their beneficial effects on 
glucose homeostasis. Cell Metab. 2018;27:419–27e4. doi:10.1016/j.cmet.2018.01.001

67. Sokolowska P, Jastrzebska E, Dobrzyn A, Brzozka Z. Investigation of the therapeutic potential of new antidiabetic compounds using islet-on- 
a-chip microfluidic model. Biosensors. 2022;12. doi:10.3390/bios12050302

68. Bandak B, Yi L, Roper MG. Microfluidic-enabled quantitative measurements of insulin release dynamics from single islets of Langerhans in 
response to 5-palmitic acid hydroxy stearic acid. Lab Chip. 2018;18:2873–2882. doi:10.1039/c8lc00624e

69. Long N, Le Gresley A, Wren SP. Thiazolidinediones: an in-depth study of their synthesis and application to medicinal chemistry in the 
treatment of diabetes mellitus. ChemMedChem. 2021;16:1716–1735. doi:10.1002/cmdc.202100177

70. Syed I, Rubin de Celis MF, Mohan JF, et al. PAHSAs attenuate immune responses and promote beta cell survival in autoimmune diabetic mice. 
J Clin Invest. 2019;129:3717–3731. doi:10.1172/JCI122445

71. de Celis MF R, Garcia-Martin R, Syed I, et al. PAHSAs reduce cellular senescence and protect pancreatic beta cells from metabolic stress 
through regulation of Mdm2/p53. Proc Natl Acad Sci USA. 2022;119:e2206923119. doi:10.1073/pnas.2206923119

72. Patel R, Santoro A, Hofer P, et al. ATGL is a biosynthetic enzyme for fatty acid esters of hydroxy fatty acids. Nature. 2022;606:968–975. 
doi:10.1038/s41586-022-04787-x

73. Fischer J, Lefevre C, Morava E, et al. The gene encoding adipose triglyceride lipase (PNPLA2) is mutated in neutral lipid storage disease with 
myopathy. Nat Genet. 2007;39:28–30. doi:10.1038/ng1951

74. Schweiger M, Lass A, Zimmermann R, Eichmann TO, Zechner R. Neutral lipid storage disease: genetic disorders caused by mutations in 
adipose triglyceride lipase/PNPLA2 or CGI-58/ABHD5. Am J Physiol Endocrinol Metab. 2009;297:E289–96. doi:10.1152/ajpendo.00099.2009

75. Kolar MJ, Kamat SS, Parsons WH, et al. Branched fatty acid esters of hydroxy fatty acids are preferred substrates of the MODY8 protein 
carboxyl ester lipase. Biochemistry. 2016;55:4636–4641. doi:10.1021/acs.biochem.6b00565

76. Raeder H, Johansson S, Holm PI, et al. Mutations in the CEL VNTR cause a syndrome of diabetes and pancreatic exocrine dysfunction. Nat 
Genet. 2006;38:54–62. doi:10.1038/ng1708

77. American Diabetes Association Professional Practice C. Obesity and weight management for the prevention and treatment of type 2 diabetes: 
standards of care in diabetes-2024. Diabetes Care. 2024;47:S145–S57. doi:10.2337/dc24-S008

78. Taylor R, Al-Mrabeh A, Sattar N. Understanding the mechanisms of reversal of type 2 diabetes. Lancet Diabetes Endocrinol. 2019;7:726–736. 
doi:10.1016/S2213-8587(19)30076-2

79. Friden M, Mora AM, Lind L, Riserus U, Kullberg J, Rosqvist F. Diet composition, nutrient substitutions and circulating fatty acids in relation to 
ectopic and visceral fat depots. Clin Nutr. 2023;42:1922–1931. doi:10.1016/j.clnu.2023.08.013

80. Kabisch S, Honsek C, Kemper M, et al. Effects of insoluble cereal fibre on body fat distribution in the optimal fibre trial. Mol Nutr Food Res. 
2021;65:e2000991. doi:10.1002/mnfr.202000991

81. Lean ME, Leslie WS, Barnes AC, et al. Primary care-led weight management for remission of type 2 diabetes (DiRECT): an open-label, 
cluster-randomised trial. Lancet. 2018;391:541–551. doi:10.1016/S0140-6736(17)33102-1

82. Lean MEJ, Leslie WS, Barnes AC, et al. Durability of a primary care-led weight-management intervention for remission of type 2 diabetes: 2-year 
results of the DiRECT open-label, cluster-randomised trial. Lancet Diabetes Endocrinol. 2019;7:344–355. doi:10.1016/S2213-8587(19)30068-3

83. Khalafi M, Habibi Maleki A, Symonds ME, Rosenkranz SK, Rohani H, Ehsanifar M. The effects of intermittent fasting on body composition 
and cardiometabolic health in adults with prediabetes or type 2 diabetes: a systematic review and meta-analysis. Diabetes Obes Metab. 
2024;26:3830–3841. doi:10.1111/dom.15730

84. Teong XT, Liu K, Vincent AD, et al. Intermittent fasting plus early time-restricted eating versus calorie restriction and standard care in adults at 
risk of type 2 diabetes: a randomized controlled trial. Nat Med. 2023;29:963–972. doi:10.1038/s41591-023-02287-7

85. Obermayer A, Tripolt NJ, Pferschy PN, et al. Efficacy and safety of intermittent fasting in people with insulin-treated type 2 diabetes 
(INTERFAST-2)–a randomized controlled trial. Diabetes Care. 2023;46:463–468. doi:10.2337/dc22-1622

86. Merz KE, Thurmond DC. Role of skeletal muscle in insulin resistance and glucose uptake. Compr Physiol. 2020;10:785–809. doi:10.1002/cphy.c190029
87. Raschke S, Eckel J. Adipo-myokines: two sides of the same coin--mediators of inflammation and mediators of exercise. Mediators Inflamm. 

2013;2013:320724. doi:10.1155/2013/320724
88. Axelrod CL, Fealy CE, Mulya A, Kirwan JP. Exercise training remodels human skeletal muscle mitochondrial fission and fusion machinery 

towards a pro-elongation phenotype. Acta Physiol. 2019;225:e13216. doi:10.1111/apha.13216
89. Rao S, Pandey A, Garg S, et al. Effect of exercise and pharmacological interventions on visceral adiposity: a systematic review and 

meta-analysis of long-term randomized controlled trials. Mayo Clin Proc. 2019;94:211–224. doi:10.1016/j.mayocp.2018.09.019
90. Chang YH, Yang HY, Shun SC. Effect of exercise intervention dosage on reducing visceral adipose tissue: a systematic review and network 

meta-analysis of randomized controlled trials. Int J Obes. 2021;45:982–997. doi:10.1038/s41366-021-00767-9

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S524000                                                                                                                                                                                                                                                                                                                                                                                                   2357

Kang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.2337/db19-0494
https://doi.org/10.1172/JCI127092
https://doi.org/10.1016/j.jlr.2021.100108
https://doi.org/10.1074/jbc.RA118.006956
https://doi.org/10.1016/j.cmet.2018.05.028
https://doi.org/10.3389/fphar.2018.01491
https://doi.org/10.1016/j.jnutbio.2020.108361
https://doi.org/10.3389/fnut.2021.691401
https://doi.org/10.1016/j.cmet.2018.01.001
https://doi.org/10.3390/bios12050302
https://doi.org/10.1039/c8lc00624e
https://doi.org/10.1002/cmdc.202100177
https://doi.org/10.1172/JCI122445
https://doi.org/10.1073/pnas.2206923119
https://doi.org/10.1038/s41586-022-04787-x
https://doi.org/10.1038/ng1951
https://doi.org/10.1152/ajpendo.00099.2009
https://doi.org/10.1021/acs.biochem.6b00565
https://doi.org/10.1038/ng1708
https://doi.org/10.2337/dc24-S008
https://doi.org/10.1016/S2213-8587(19)30076-2
https://doi.org/10.1016/j.clnu.2023.08.013
https://doi.org/10.1002/mnfr.202000991
https://doi.org/10.1016/S0140-6736(17)33102-1
https://doi.org/10.1016/S2213-8587(19)30068-3
https://doi.org/10.1111/dom.15730
https://doi.org/10.1038/s41591-023-02287-7
https://doi.org/10.2337/dc22-1622
https://doi.org/10.1002/cphy.c190029
https://doi.org/10.1155/2013/320724
https://doi.org/10.1111/apha.13216
https://doi.org/10.1016/j.mayocp.2018.09.019
https://doi.org/10.1038/s41366-021-00767-9


91. Chen X, He H, Xie K, Zhang L, Cao C. Effects of various exercise types on visceral adipose tissue in individuals with overweight and obesity: 
a systematic review and network meta-analysis of 84 randomized controlled trials. Obes Rev. 2024;25:e13666. doi:10.1111/obr.13666

92. Dai Z, Wan K, Miyashita M, et al. The effect of time-restricted eating combined with exercise on body composition and metabolic health: 
a systematic review and meta-analysis. Adv Nutr. 2024;15:100262. doi:10.1016/j.advnut.2024.100262

93. Khalafi M, Symonds ME, Maleki AH, Sakhaei MH, Ehsanifar M, Rosenkranz SK. Combined versus independent effects of exercise training 
and intermittent fasting on body composition and cardiometabolic health in adults: a systematic review and meta-analysis. Nutr J. 2024;23:7. 
doi:10.1186/s12937-023-00909-x

94. Oriquat G, Masoud IM, Kamel MA, Aboudeya HM, Bakir MB, Shaker SA. The anti-obesity and anti-steatotic effects of chrysin in a rat model 
of obesity mediated through modulating the hepatic AMPK/mTOR/lipogenesis pathways. Molecules. 2023;28. doi:10.3390/molecules28041734

95. Tucker S, Bramante C, Conroy M, et al. The most undertreated chronic disease: addressing obesity in primary care settings. Curr Obes Rep. 
2021;10:396–408. doi:10.1007/s13679-021-00444-y

96. Arenaza L, Medrano M, Amasene M, et al. Prevention of diabetes in overweight/obese children through a family based intervention program including 
supervised exercise (PREDIKID project): study protocol for a randomized controlled trial. Trials. 2017;18:372. doi:10.1186/s13063-017-2117-y

97. Eisenberg D, Shikora SA, Aarts E, et al. 2022 American Society of Metabolic and Bariatric Surgery (ASMBS) and International Federation for 
the Surgery of Obesity and Metabolic Disorders (IFSO) indications for metabolic and bariatric surgery. Obes Surg. 2023;33:3–14. doi:10.1007/ 
s11695-022-06332-1

98. Courcoulas AP. New indications for metabolic and bariatric surgery. Lancet Diabetes Endocrinol. 2023;11:151–153. doi:10.1016/S2213- 
8587(23)00035-9

99. Wang ZY, Qu YF, Yu TM, et al. Novel subtype of obesity influencing the outcomes of sleeve gastrectomy: familial aggregation of obesity. 
World J Gastroenterol. 2024;30:1887–1898. doi:10.3748/wjg.v30.i13.1887

100. Moscicka P, Cwajda-Bialasik J, Jawien A, Szewczyk MT. Complex treatment of venous leg ulcers including the use of oral nutritional 
supplementation: results of 12-week prospective study. Postepy Dermatol Alergol. 2022;39:336–346. doi:10.5114/ada.2021.104730

101. Sarwer DB, Allison KC, Wadden TA, et al. Psychopathology, disordered eating, and impulsivity as predictors of outcomes of bariatric surgery. 
Surg Obes Relat Dis. 2019;15:650–655. doi:10.1016/j.soard.2019.01.029

102. Stenberg E, Dos Reis Falcao LF, O’Kane M, et al. Guidelines for perioperative care in bariatric surgery: enhanced recovery after surgery 
(ERAS) society recommendations: a 2021 update. World J Surg. 2022;46:729–751. doi:10.1007/s00268-021-06394-9

103. Pinheiro JA, Castro IRD, Ribeiro IB, et al. Repercussions of bariatric surgery on metabolic parameters: experience of 15-year follow-up in 
a hospital in Maceio, Brazil. Arq Bras Cir Dig. 2022;34:e1627. doi:10.1590/0102-672020210002e1627

104. O’Kane M, Parretti HM, Pinkney J, et al. British obesity and metabolic surgery society guidelines on perioperative and postoperative 
biochemical monitoring and micronutrient replacement for patients undergoing bariatric surgery-2020 update. Obes Rev. 2020;21:e13087. 
doi:10.1111/obr.13087

105. Tabesh MR, Eghtesadi M, Abolhasani M, Maleklou F, Ejtehadi F, Alizadeh Z. Nutrition, physical activity, and prescription of supplements in 
pre- and post-bariatric surgery patients: an updated comprehensive practical guideline. Obes Surg. 2023;33:2557–2572. doi:10.1007/s11695- 
023-06703-2

106. Yumuk V, Tsigos C, Fried M, et al. European guidelines for obesity management in adults. Obes Facts. 2015;8:402–424. doi:10.1159/000442721
107. Thereaux J, Lesuffleur T, Czernichow S, et al. Long-term adverse events after sleeve gastrectomy or gastric bypass: a 7-year nationwide, 

observational, population-based, cohort study. Lancet Diabetes Endocrinol. 2019;7:786–795. doi:10.1016/S2213-8587(19)30191-3
108. Ogunwole SM, Zera CA, Stanford FC. Obesity management in women of reproductive age. JAMA. 2021;325:433–434. doi:10.1001/ 

jama.2020.21096
109. Sjostrom L, Peltonen M, Jacobson P, et al. Association of bariatric surgery with long-term remission of type 2 diabetes and with microvascular 

and macrovascular complications. JAMA. 2014;311:2297–2304. doi:10.1001/jama.2014.5988
110. Adams TD, Davidson LE, Litwin SE, et al. Weight and metabolic outcomes 12 years after gastric bypass. N Engl J Med. 2017;377:1143–1155. 

doi:10.1056/NEJMoa1700459
111. Cohen RV, Pereira TV, Aboud CM, et al. Effect of gastric bypass vs best medical treatment on early-stage chronic kidney disease in patients 

with type 2 diabetes and obesity: a randomized clinical trial. JAMA Surg. 2020;155:e200420. doi:10.1001/jamasurg.2020.0420
112. Courcoulas AP, Gallagher JW, Neiberg RH, et al. Bariatric surgery vs lifestyle intervention for diabetes treatment: 5-year outcomes from 

a randomized trial. J Clin Endocrinol Metab. 2020;105:866–876. doi:10.1210/clinem/dgaa006
113. Mingrone G, Panunzi S, De Gaetano A, et al. Metabolic surgery versus conventional medical therapy in patients with type 2 diabetes: 10-year 

follow-up of an open-label, single-centre, randomised controlled trial. Lancet. 2021;397:293–304. doi:10.1016/S0140-6736(20)32649-0
114. Courcoulas AP, Patti ME, Hu B, et al. Long-term outcomes of medical management vs bariatric surgery in type 2 diabetes. JAMA. 

2024;331:654–664. doi:10.1001/jama.2024.0318
115. Viratanapanu I, Romyen C, Chaivanijchaya K, et al. Cost-effectiveness evaluation of bariatric surgery for morbidly obese with diabetes patients 

in Thailand. J Obes. 2019;2019:5383478. doi:10.1155/2019/5383478
116. Thomas JG, Schumacher LM, Vithiananthan S, et al. Ecological momentary assessment of changes in eating behaviors, appetite, and other 

aspects of eating regulation in Roux-en-Y gastric bypass and sleeve gastrectomy patients. Appetite. 2023;183:106465. doi:10.1016/j. 
appet.2023.106465

117. Lee SY, Chung KS, Son SR, et al. A botanical mixture consisting of Inula japonica and Potentilla chinensis relieves obesity via the AMPK 
signaling pathway in 3T3-L1 adipocytes and HFD-fed obese mice. Nutrients. 2022;14. doi:10.3390/nu14183685

118. Bailey CJ, Flatt PR, Conlon JM. Recent advances in peptide-based therapies for obesity and type 2 diabetes. Peptides. 2024;173:171149. 
doi:10.1016/j.peptides.2024.171149

119. Davies M, Faerch L, Jeppesen OK, et al. Semaglutide 2.4 mg once a week in adults with overweight or obesity, and type 2 diabetes (STEP 2): 
a randomised, double-blind, double-dummy, placebo-controlled, phase 3 trial. Lancet. 2021;397:971–984. doi:10.1016/S0140-6736(21)00213-0

120. Frias JP, Davies MJ, Rosenstock J, et al. Tirzepatide versus semaglutide once weekly in patients with type 2 diabetes. N Engl J Med. 
2021;385:503–515. doi:10.1056/NEJMoa2107519

https://doi.org/10.2147/DMSO.S524000                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2025:18 2358

Kang et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1111/obr.13666
https://doi.org/10.1016/j.advnut.2024.100262
https://doi.org/10.1186/s12937-023-00909-x
https://doi.org/10.3390/molecules28041734
https://doi.org/10.1007/s13679-021-00444-y
https://doi.org/10.1186/s13063-017-2117-y
https://doi.org/10.1007/s11695-022-06332-1
https://doi.org/10.1007/s11695-022-06332-1
https://doi.org/10.1016/S2213-8587(23)00035-9
https://doi.org/10.1016/S2213-8587(23)00035-9
https://doi.org/10.3748/wjg.v30.i13.1887
https://doi.org/10.5114/ada.2021.104730
https://doi.org/10.1016/j.soard.2019.01.029
https://doi.org/10.1007/s00268-021-06394-9
https://doi.org/10.1590/0102-672020210002e1627
https://doi.org/10.1111/obr.13087
https://doi.org/10.1007/s11695-023-06703-2
https://doi.org/10.1007/s11695-023-06703-2
https://doi.org/10.1159/000442721
https://doi.org/10.1016/S2213-8587(19)30191-3
https://doi.org/10.1001/jama.2020.21096
https://doi.org/10.1001/jama.2020.21096
https://doi.org/10.1001/jama.2014.5988
https://doi.org/10.1056/NEJMoa1700459
https://doi.org/10.1001/jamasurg.2020.0420
https://doi.org/10.1210/clinem/dgaa006
https://doi.org/10.1016/S0140-6736(20)32649-0
https://doi.org/10.1001/jama.2024.0318
https://doi.org/10.1155/2019/5383478
https://doi.org/10.1016/j.appet.2023.106465
https://doi.org/10.1016/j.appet.2023.106465
https://doi.org/10.3390/nu14183685
https://doi.org/10.1016/j.peptides.2024.171149
https://doi.org/10.1016/S0140-6736(21)00213-0
https://doi.org/10.1056/NEJMoa2107519


121. Ludvik B, Giorgino F, Jodar E, et al. Once-weekly tirzepatide versus once-daily insulin degludec as add-on to metformin with or without 
SGLT2 inhibitors in patients with type 2 diabetes (SURPASS-3): a randomised, open-label, parallel-group, phase 3 trial. Lancet. 
2021;398:583–598. doi:10.1016/S0140-6736(21)01443-4

122. Del Prato S, Kahn SE, Pavo I, et al. Tirzepatide versus insulin glargine in type 2 diabetes and increased cardiovascular risk (SURPASS-4): 
a randomised, open-label, parallel-group, multicentre, phase 3 trial. Lancet. 2021;398:1811–1824. doi:10.1016/S0140-6736(21)02188-7

123. Rosenstock J, Frias JP, Rodbard HW, et al. Tirzepatide vs insulin lispro added to basal insulin in type 2 Diabetes: the SURPASS-6 randomized 
clinical trial. JAMA. 2023;330:1631–1640. doi:10.1001/jama.2023.20294

124. Dahl D, Onishi Y, Norwood P, et al. Effect of subcutaneous tirzepatide vs placebo added to titrated insulin glargine on glycemic control in 
patients with type 2 diabetes: the SURPASS-5 randomized clinical trial. JAMA. 2022;327:534–545. doi:10.1001/jama.2022.0078

125. Jastreboff AM, Aronne LJ, Ahmad NN, et al. Tirzepatide once weekly for the treatment of obesity. N Engl J Med. 2022;387:205–216. 
doi:10.1056/NEJMoa2206038

126. Rosenstock J, Frias J, Jastreboff AM, et al. Retatrutide, a GIP, GLP-1 and glucagon receptor agonist, for people with type 2 diabetes: 
a randomised, double-blind, placebo and active-controlled, parallel-group, phase 2 trial conducted in the USA. Lancet. 2023;402:529–544. 
doi:10.1016/S0140-6736(23)01053-X

127. Palmer SC, Tendal B, Mustafa RA, et al. Sodium-glucose cotransporter protein-2 (SGLT-2) inhibitors and glucagon-like peptide-1 (GLP-1) 
receptor agonists for type 2 diabetes: systematic review and network meta-analysis of randomised controlled trials. BMJ. 2021;372:m4573. 
doi:10.1136/bmj.m4573

128. Hollander PA, Levy P, Fineman MS, et al. Pramlintide as an adjunct to insulin therapy improves long-term glycemic and weight control in 
patients with type 2 diabetes: a 1-year randomized controlled trial. Diabetes Care. 2003;26:784–790. doi:10.2337/diacare.26.3.784

129. Aschner P, Katzeff HL, Guo H, et al. Efficacy and safety of monotherapy of sitagliptin compared with metformin in patients with type 2 
diabetes. Diabetes Obes Metab. 2010;12:252–261. doi:10.1111/j.1463-1326.2009.01187.x

130. Aroda VR, Ahmann A, Cariou B, et al. Comparative efficacy, safety, and cardiovascular outcomes with once-weekly subcutaneous semaglutide 
in the treatment of type 2 diabetes: insights from the SUSTAIN 1-7 trials. Diabetes Metab. 2019;45:409–418. doi:10.1016/j.diabet.2018.12.001

131. Marso SP, Bain SC, Consoli A, et al. Semaglutide and cardiovascular outcomes in patients with type 2 diabetes. N Engl J Med. 
2016;375:1834–1844. doi:10.1056/NEJMoa1607141

132. Shi Q, Wang Y, Hao Q, et al. Pharmacotherapy for adults with overweight and obesity: a systematic review and network meta-analysis of 
randomised controlled trials. Lancet. 2024;403:e21–e31. doi:10.1016/S0140-6736(24)00351-9

133. Lau DCW, Erichsen L, Francisco AM, et al. Once-weekly cagrilintide for weight management in people with overweight and obesity: 
a multicentre, randomised, double-blind, placebo-controlled and active-controlled, dose-finding phase 2 trial. Lancet. 2021;398:2160–2172. 
doi:10.1016/S0140-6736(21)01751-7

134. Zhou Q, Song N, Wang SQ, Wang Y, Zhao YK, Zhu XD. Effect of Gegen Qinlian decoction on hepatic gluconeogenesis in ZDF rats with type 2 
diabetes mellitus based on the Farnesol X receptor/ceramide signaling pathway regulating mitochondrial metabolism and endoplasmic reticulum 
stress. Evid Based Complement Alternat Med. 2021;2021:9922292. doi:10.1155/2021/9922292

135. Sun R, Deng X, Zhang D, et al. Anti-diabetic potential of Pueraria lobata root extract through promoting insulin signaling by PTP1B inhibition. 
Bioorg Chem. 2019;87:12–15. doi:10.1016/j.bioorg.2019.02.046

136. Cui X, Qian DW, Jiang S, Shang EX, Zhu ZH, Duan JA. Scutellariae radix and Coptidis Rhizoma improve glucose and lipid metabolism in 
T2DM rats via regulation of the metabolic profiling and MAPK/PI3K/Akt Signaling Pathway. Int J Mol Sci. 2018;19. doi:10.3390/ 
ijms19113634

137. Sadigi B, Yarani R, Mirghafourvand M, et al. The effect of saffron supplementation on glycemic parameters: an overview of systematic reviews. 
Phytother Res. 2022;36:3444–3458. doi:10.1002/ptr.7542

138. Szkudelska K, Okulicz M, Hertig I, Szkudelski T. Resveratrol ameliorates inflammatory and oxidative stress in type 2 diabetic Goto-Kakizaki 
rats. Biomed Pharmacother. 2020;125:110026. doi:10.1016/j.biopha.2020.110026

139. Li HN, Zhao LL, Zhou DY, Chen DQ. Ganoderma Lucidum polysaccharides ameliorates hepatic steatosis and oxidative stress in db/db mice via 
targeting nuclear factor E2 (erythroid-derived 2)-related factor-2/heme oxygenase-1 (HO-1) pathway. Med Sci Monit. 2020;26:e921905. 
doi:10.12659/MSM.921905

140. Yang H, Yang T, Heng C, et al. Quercetin improves nonalcoholic fatty liver by ameliorating inflammation, oxidative stress, and lipid 
metabolism in db/db mice. Phytother Res. 2019;33:3140–3152. doi:10.1002/ptr.6486

141. Zhang Q, Huang Y, Li X, et al. Tangduqing granules attenuate insulin resistance and abnormal lipid metabolism through the coordinated 
regulation of PPARgamma and DGAT2 in type 2 diabetic rats. J Diabetes Res. 2019;2019:7403978. doi:10.1155/2019/7403978

142. Xu X, Gao Z, Yang F, et al. Antidiabetic effects of Gegen Qinlian Decoction via the gut microbiota are attributable to its key ingredient 
Berberine. Genomics Proteomics Bioinf. 2020;18:721–736. doi:10.1016/j.gpb.2019.09.007

143. Mobasseri M, Ostadrahimi A, Tajaddini A, et al. Effects of saffron supplementation on glycemia and inflammation in patients with type 2 
diabetes mellitus: a randomized double-blind, placebo-controlled clinical trial study. Diabetes Metab Syndr. 2020;14:527–534. doi:10.1016/j. 
dsx.2020.04.031

144. Mahdavi A, Moradi S, Askari G, et al. Effect of curcumin on glycemic control in patients with type 2 diabetes: a systematic review of 
randomized clinical trials. Adv Exp Med Biol. 2021;1291:139–149. doi:10.1007/978-3-030-56153-6_8

145. Mahjabeen W, Khan DA, Mirza SA. Role of resveratrol supplementation in regulation of glucose hemostasis, inflammation and oxidative stress 
in patients with diabetes mellitus type 2: a randomized, placebo-controlled trial. Complement Ther Med. 2022;66:102819. doi:10.1016/j. 
ctim.2022.102819

146. Dhanya R. Quercetin for managing type 2 diabetes and its complications, an insight into multitarget therapy. Biomed Pharmacother. 
2022;146:112560. doi:10.1016/j.biopha.2021.112560

147. Li XY, Shen L, Ji HF. Astragalus alters gut-microbiota composition in type 2 diabetes mice: clues to its pharmacology. Diabetes Metab Syndr 
Obes. 2019;12:771–778. doi:10.2147/DMSO.S203239

148. Cernakova M, Kostalova D. Antimicrobial activity of berberine--a constituent of Mahonia aquifolium. Folia Microbiol. 2002;47:375–378. 
doi:10.1007/BF02818693

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S524000                                                                                                                                                                                                                                                                                                                                                                                                   2359

Kang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/S0140-6736(21)01443-4
https://doi.org/10.1016/S0140-6736(21)02188-7
https://doi.org/10.1001/jama.2023.20294
https://doi.org/10.1001/jama.2022.0078
https://doi.org/10.1056/NEJMoa2206038
https://doi.org/10.1016/S0140-6736(23)01053-X
https://doi.org/10.1136/bmj.m4573
https://doi.org/10.2337/diacare.26.3.784
https://doi.org/10.1111/j.1463-1326.2009.01187.x
https://doi.org/10.1016/j.diabet.2018.12.001
https://doi.org/10.1056/NEJMoa1607141
https://doi.org/10.1016/S0140-6736(24)00351-9
https://doi.org/10.1016/S0140-6736(21)01751-7
https://doi.org/10.1155/2021/9922292
https://doi.org/10.1016/j.bioorg.2019.02.046
https://doi.org/10.3390/ijms19113634
https://doi.org/10.3390/ijms19113634
https://doi.org/10.1002/ptr.7542
https://doi.org/10.1016/j.biopha.2020.110026
https://doi.org/10.12659/MSM.921905
https://doi.org/10.1002/ptr.6486
https://doi.org/10.1155/2019/7403978
https://doi.org/10.1016/j.gpb.2019.09.007
https://doi.org/10.1016/j.dsx.2020.04.031
https://doi.org/10.1016/j.dsx.2020.04.031
https://doi.org/10.1007/978-3-030-56153-6_8
https://doi.org/10.1016/j.ctim.2022.102819
https://doi.org/10.1016/j.ctim.2022.102819
https://doi.org/10.1016/j.biopha.2021.112560
https://doi.org/10.2147/DMSO.S203239
https://doi.org/10.1007/BF02818693


149. Hwang JT, Kwon DY, Yoon SH. AMP-activated protein kinase: a potential target for the diseases prevention by natural occurring polyphenols. 
N Biotechnol. 2009;26:17–22. doi:10.1016/j.nbt.2009.03.005

150. Xu J, Lian F, Zhao L, et al. Structural modulation of gut microbiota during alleviation of type 2 diabetes with a Chinese herbal formula. ISME J. 
2015;9:552–562. doi:10.1038/ismej.2014.177

151. Sun X, Guo L, Shang H, et al. The cost-effectiveness analysis of JinQi Jiangtang tablets for the treatment on prediabetes: a randomized, 
double-blind, placebo-controlled, multicenter design. Trials. 2015;16:496. doi:10.1186/s13063-015-0990-9

152. Cao H, Ren M, Guo L, et al. JinQi-Jiangtang tablet, a Chinese patent medicine, for pre-diabetes: a randomized controlled trial. Trials. 
2010;11:27. doi:10.1186/1745-6215-11-27

153. Song Z, Yan A, Li Z, et al. Integrated metabolomic and transcriptomic analysis reveals the effects and mechanisms of Jinqi Jiangtang tablets on 
type 2 diabetes. Phytomedicine. 2024;134:155957. doi:10.1016/j.phymed.2024.155957

Diabetes, Metabolic Syndrome and Obesity                                                                                 

Publish your work in this journal 
Diabetes, Metabolic Syndrome and Obesity is an international, peer-reviewed open-access journal committed to the rapid publication of the 
latest laboratory and clinical findings in the fields of diabetes, metabolic syndrome and obesity research. Original research, review, case reports, 
hypothesis formation, expert opinion and commentaries are all considered for publication. The manuscript management system is completely 
online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to 
read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/diabetes-metabolic-syndrome-and-obesity-journal

Diabetes, Metabolic Syndrome and Obesity 2025:18 2360

Kang et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.nbt.2009.03.005
https://doi.org/10.1038/ismej.2014.177
https://doi.org/10.1186/s13063-015-0990-9
https://doi.org/10.1186/1745-6215-11-27
https://doi.org/10.1016/j.phymed.2024.155957
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Physiological Functions of Adipose Tissue
	Obesity and T2DM
	Adipose Tissue-Mediated Insulin Resistance
	Adipose Tissue Modulates Insulin Sensitivity
	FAHFAs
	Association Between FAHFA and Insulin Resistance & DM
	Determinants of FAHFA Concentration
	Interventions for Weight Loss or Improving Ectopic Fat Deposition
	Lifestyle Intervention and Ectopic Fat Deposition
	Bariatric Surgery
	Pharmacological Treatment
	Traditional Chinese Medicine
	Limitations
	Conclusion and Future Directions
	Author Contributions
	Funding
	Disclosure

