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Associated factors and principal
pathophysiological mechanisms
of type 2 diabetes mellitus

Luyao Wang, Lianxin Li, Jiaxin Liu, Changting Sheng,
Maoyi Yang, Zhipeng Hu* and Rensong Yue*

Department of Endocrinology,Hospital of Chengdu, University of Traditional Chinese Medicine,
Chengdu, China

Type 2 diabetes mellitus(T2DM) as a common chronic disease with an increasing
prevalence worldwide that poses a great threat to individual health, and is
characterized by chronic hyperglycemia resulting from insulin resistance (IR)
coupled with B-cell dysfunction. Mitochondrial dysfunction, obesity, gut
microbiota, oxidative stress and inflammation have emerged as a significant
contributor to the etiology of T2DM, affecting various metabolic processes
critical for glucose homeostasis. This short review underscores their role in
enhancing T2DM-related molecular mechanisms and explores recent
advancements in diabetic management, further highlights the importance of
personalized care plans to address the complexities of the T2DM and aims to
improve patient quality of life and long-term health outcome.
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1 Introduction

Type 2 diabetes mellitus (T2DM) is a renowned overgrowing endocrine metabolic disease,
and occurs as a result of insulin resistance (IR) and inadequate insulin production, resulting in
hyperglycemia, presenting a substantial burden on global healthcare systems (1, 2). IR is
characterized by an impaired cellular response to insulin stimulation in peripheral tissues, such
as the liver, skeletal muscle and adipose tissue.

As T2DM advances, progressive beta cell dysfunction occurs, results in relative insulin
deficiency of insulin secretion (3). Besides that, mitochondrial dysfunction, obesity, gut
microbiota, oxidative stress and inflammation are also implicated in the etiology of T2DM,
these different pathogenic factors underscore the urgent need for multifactorial approach
that address not only control of hyperglycemia but also the broader implications and side-
effects impact of overall health and well-being (4). T2DM management, pharmacological
interventions alone is insufficient, lifestyle modifications, weight management, regular
physical activity and patient self-management are critical to advance diabetic care (5). In
fact, by addressing multifactorial characteristics of onset and development in T2DM, a
focus on individualized care and prevent the risk of complications must consider patient-
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specific needs, effective and sustainable treatment preferences,
comorbidities, ultimately optimizing patient overall quality of life
and long-term health outcomes (6). Lastly, we discuss the latest
therapeutic innovations, like gene therapy, regenerative medicine
and identification of omics-related biomarkers, aid in gaining a
deeper comprehension of holistic care and precision medicine
among diabetic patients.

2 Mechanisms and pathogenic factors
of IR

2.1 Mitochondrial dysfunction

Mitochondria, commonly known as the “powerhouses” of cells,
containing their own double-stranded DNA (mtDNA), which
encodes 13 polypeptides constitute mostly part of the electron
transfer chain (ETC) (7). In fact, the mitochondrial ETC is the
site of oxidative phosphorylation (OXPHOS), which is key in
glucose metabolism and the biggest net producer of ATP in
mammalian cells (8). Mitochondria play a crucial role in
apoptosis, signaling, oxidation processes, and cellular energy
consumption and balance, as well as are vital for the proper
functioning and survival of pancreatic B-cells (9). When
mitochondria are dysfunctional, uncontrolled fission or fusion
occurs, like impaired mitochondrial fusion or excessive
mitochondrial fission, resulting in impaired mitochondrial
dynamics and mitochondrial fragmentation. Reactive oxygen
species (ROS) are next to the location of the mtDNA and
produced by OXPHOS, this makes the mtDNA highly susceptible
to oxidative damage, thus increasing the probability of mutations
and further disturbing mitochondrial energy metabolism (10, 11).
Meanwhile, this oxidative damage compromises mETC function
and worsens energy failure, in addition to oxidative stress and
dysfunctional mitochondria, which have been implicated in the part
pathogenesis of various diseases, including DM (12). Peroxisome
proliferator-activated receptors (PPARs) agonists, like pioglitazone
is a promising thiazolidinediones and restores mitochondrial
function in patients with T2DM (13). Glimins represent a new
class of oral glucose-lowering drugs, primarily targeting the
mitochondrial respiratory chain complex to reduce the
production of ROS and prevent mitochondrial meability
transition pore opening, thereby restoring mitochondrial function
in skeletal muscle, liver, and pancreas of diabetic patients (14, 15).

2.2 Mitochondrial biogenesis

Mitochondrial biogenesis is implicated in cells grow and
mitochondrial responses to environmental cues and metabolic
demands, which is a key feature of mitochondrial function, its
dysregulation contributes to the development and progression of
T2DM (16). Transcriptional coactivators peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGC-1a), initiates
mitochondrial biogenesis pathway by sequential activations of
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nuclear transcription factors, including nuclear respiratory factors
(NRF1/2), estrogen-related receptor-alpha(ERR-a), followed by
mitochondrial transcription factor A (TFAM) and mtDNA
replication and transcription. Dysregulation of PGC-1low activity
leads to impaired mitochondrial biogenesis and gene expression in
oxidative phosphorylation and metabolic disorders (17). Sirtuin 1
(Sirt1) is a nicotinamide adenine dinucleotide (NAD+) -dependent
histone deacetylase that plays a significant role in modulating PGC-
Lo activity, promoting mitochondrial biogenesis and renewal (18).
Inflammatory cytokines, calcium (Ca®") regulation and metabolic
stressors, such as hyperglycaemia and dyslipidaemia, are also linked
to inhibit mitochondrial biogenesis and promote onset of IR (19).
Substances such as 5-Aminoimidazole-4-carboxamide ribotide,
GW501516, and various natural compounds present in
epicatechin, have been identified as potential pharmacological via
stress kinases, transcription factors and peroxisome proliferator-
activated receptors (PPARs) activation, as well as mitochondrial
function restoration to alleviate metabolic abnormalities (20).
Besides, mitochondrial gene therapy has emerged as an
innovative tool hold significant promise for restoring
mitochondrial function and enhancing cellular bioenergetics (21).
Addressing mitochondrial dysfunction and T2DM crosstalk is
crucial for understanding the biochemistry mechanisms involved
in overproduction of ROS, reduced ATP synthesis, dysregulated
mitochondrial dynamics, poor mitochondrial biogenesis, and
impaired mitochondrial gene expression, resulting in imbalance
between energy generation and consumption, further exacerbate
metabolic disorders, which may be exactly identified the
relationship between mitochondrial dysfunction and molecular
mechanisms underlying T2DM is multifaceted and complex (16)
(Figures 1la, b).

2.3 Obesity

An long-term imbalance in energy between intake and
expenditure is a key characteristic of individuals with obesity, and
then chronic exposure to hyperglycemia, dyslipidemia,
glucotoxicity impairs B-cell function and viability, leading to
progressive deterioration of insulin secretion capacity (22, 23).
Brown adipose tissue (BAT) is a distinct type of adipose tissue
that dissipates energy and plays a natural anti-obesity role. White
adipose tissue (WAT) primarily stores energy. Disturbances in BAT
and WAT homeostasis have been associated with certain microbial
imbalances and onset of obesity (24). Given that obesity has been
closely implicated in the pathogenesis of T2DM (Figure 1c).
Browning agents, such as cold exposure, -3 adrenergic receptor
agonists (CL 316243, BRL 26830A), short-chain fatty acids
(butyrate, propionate, acetate), are compounds that can promote
the conversion of WAT into BAT, may hold promise as a target for
treating and preventing T2DM (25, 26). Besides, as reciprocal
causation between obesity and T2DM, significant progress in the
pharmacological treatment revolve around insulin resistance-
mediated obesity. Metformin is the preferred first line antidiabetic
drug, exerts its therapeutic effects by increasing insulin sensitivity,
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FIGURE 1

(a) illustrates mitochondrial dysfunction (abnormal mitochondrial fusion or excessive mitochondrial fission) triggers mitochondrial fragmentation,
anomalous mitophagy, overproduced ROS, reduced ATP synthesis, dysregulated mitochondrial dynamics, further impairs cellular metabolism and
contributes to T2DM progression; (b) presents the extracellular environment cues affect mitochondrial biogenesis and dynamics, as dysfunctional
mitochondria fail to adapt to changing metabolic demands, leading to cellular dysfunction and T2DM; (c) presents adipocyte-induced obesity is
significant in T2DM pathogenesis, and obesity-related dyslipidemia, inflammation and insistent hyperglycemia condition regulate IR through different

molecular pathway.

glucose uptake by activating adenosine monophosphate activated
protein kinase, promoting weight loss, improving lipid profiles, as
well as modulating mitochondrial dynamics and biogenesis, thus
contributing to its metabolic benefits in T2DM onset (27). Sodium-
glucose cotransporter 2 (SGLT2) inhibitors, such as dapagliffozin
and empagliffozin, have emerged as promising therapeutic agents
for antihyperglycemic management (28). These substances reduce
body weight, initially through a direct effect, and subsequently by
shifting substrate utilization from carbohydrates to lipids, thereby
reducing body fat, including visceral and subcutaneous fat (29, 30).
Gastric inhibitory polypeptide (GIP) and glucagon-like peptide 1
(GLP-1) are secreted by cells in the human gut after food intake and
regulate insulin release by pancreatic 3-cells, and involved in blood
sugar homeostasis. Tirzepatide acts on the GIPR/GLP-1R receptors,
and is a recently developed drug useful in the treatment of T2DM
and for weight loss, studies show its role in improving circulating
levels of adiponectin, eventually influences lipid and glucose
metabolism (31, 32). What needs to be emphasized that each
drug has specific mechanisms and potential side effects,
necessitating the significance of personalized treatment plan.
Besides that, bariatric surgery like sleeve gastrectomy, one-
anastomosis gastric bypass, and Roux-en-Y gastric bypass have
the potential to induce remission of T2DM-related obesity (33).

2.4 Gut microbiota

The human gut microbiome is a complex ecosystem, composed
of bacteria, archaea, fungi, viruses and protozoa in the human
intestinal tract, which participate in material and energy
metabolism, each exerting a unique influence on host metabolism
(34, 35). In the context of T2DM, the gut microbiome exhibits
notable changes, termed dysbiosis, which is closely related with
dysregulation of a host metabolism, where there is an increase in
bacteria that negatively impact metabolic health and a decrease
in beneficial bacteria (36, 37). Bacteroides uniformis and
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Bacteroides acidifaciens can negatively improve glucose tolerance
and insulin sensitivity, and are instrumental in managing T2DM,
Faecalibacterium, Akkermansia, and Roseburia also exhibit
similar negative correlations with the metabolic diseases (38, 39).
Therefore, diabetic patients often exhibit an increase in harmful
bacteria, such as Escherichia and Prevotella, Tatcu OC (40). Short-
chain amino acids (SCFAs),like butyrate, propionate and acetate
regulate pancreatic beta-cell activity, reduce hepatic
gluconeogenesis, and modulate immune system functions (41).
Moreover, the alternation of branched-chain amino acids (BCAAs)
increases liver gluconeogenesis and inhibits liver adipogenesis,
directly contributes to the pathogenesis of T2DM (42, 43). Notably,
the changes in gut microbiota are related to LPS-induced
inflammatory responses, exacerbating IR in T2DM,further
emphasizing microbiome’s role in glucose homeostasis and
immune response (44) (Figure 2a). This emerging field offers
diverse applications, particularly in modifying the gut environment
through the administration of probiotics, including Bifidobacterium
(adolescentis, animalis, bifidum, reuteri, breve, longum)and
Lactobacillus (acidophilus, casei, fermentum, gasseri, johnsonii,
paracasei, plantarum, rhamnosus, and salivarius) can potentially
alleviate or even reverse the metabolic dysfunctions associated with
T2DM (45). Additionally, diabetic medications Alpha-glucosidase
inhibitors promote the growth of beneficial microbes such as
Bacteroides, Lactobacillus, and Faecalibacterium, while reducing
populations of potentially pathogenic bacteria like Ruminococcus
and Butyricicoccus (46). GLP-1 agonists also promote the growth of
SCFA-producing bacteria such as Bifidobacterium and Bacteroides,
further supporting glycemic control and metabolic health (47).
Sodium-glucose co-transporter type 2 inhibitors, such as
sotagliflozin, impact the gut microbiome by decreasing the
Firmicutes/Bacteroides ratio and enhancing fatty acid production
(48). Spermidine can significantly change the composition and
function of intestinal microbiota, moderately reduce the level of
circulating LPS, improve metabolic endotoxemia, weaken cell
apoptosis to enhance intestinal barrier function (49). Fecal
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FIGURE 2

(a) illustrates dysbiosis of gut microbiota is related to LPS-induced inflammatory pathways, as well as BCAAs, SCFAs and BAs disrupt metabolic
pathways, eventually triggers IR by impairing the gut mucosal barrier and increasing intestinal permeability; (b) presents inflammatory pathways
impacting IR and possible action, and illustrates chronic hyperglycemia, oxidative stress, lipid metabolism and B-cell dysfunction can activate pro-
inflammatory pathways, further exacerbate IR in T2DM; (c) presents oxidative stress-induced insulin resistance-related signaling pathways, and
summarizes the mitochondrial dysfunction, lipid oxidation, insulin signaling pathway, infammatory response, as well as its related pathways are

instrumental in regulating T2DM.

microbiota transplantation (FMT) effectively mitigates damage to the
intestinal barrier through altering the microbial structure (50).

2.5 Inflammation

T2DM patients have elevated blood glucose and free fatty acids
levels, dyslipidemia, impaired insulin receptor function. Metabolic
inflammation is one of markedly causatives among the metabolic
derangement factors (51). Specifically, chronic hyperglycemia and
hyperlipidemia are the typical features of diabetes manifestations,
which inevitably lead to glucolipotoxicity and in turn alter
mitochondrial function. Dysfunctional mitochondria induce non-
physiological generation of ROS, exacerbate the disturbance of
inflammatory microenvironmental balance between adipose and
pancreatic islet tissue, inevitably forming a vicious cycle (52, 53).
Along with chronic production of proinflammatory cytokines and
inefficient fatty acid B-oxidation, triggering a decrease in B cell
insulin secretion and an increase in IR. Chronic overload of free
fatty acids and glucose trigger inflammatory pathways (AMPK and
PPARY) directly or via increased production of ROS, which is the
possible causative factor in the metabolic inflammation (54, 55),
depicted in Figure 2b. Adipose tissue-derived cytokines, such as
tumor necrosis factor-alpha (TNF-o) and interleukin-6 (IL-6),
promote IR by interfering with insulin signaling pathway and
promoting inflammation (56). The anti-inflammatory mediators,
such as visfatin, plasminogen activator inhibitor-1, blocking IL-1R,
anti-IL-1f,anti-TNF-0o,CCR2 antagonists and IL-6R inhibitors,
have emerged as available therapeutic approach for reversing
T2DM (57).

2.6 Oxidative stress

Reactive oxygen species(ROS) are byproducts of mitochondrial
metabolism, as hyperglycemia advances, oxidative stress in -cells is
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often driven by mitochondrial ROS, which overwhelms the body’s
antioxidant defenses, leading to impairment of insulin signaling
pathway and metabolic dysregulation, thus plays a significant role
in the pathophysiology of T2DM and its associated complications
causing IR (58, 59). Most antioxidants, like SS-31 (elamipretide) and
SkQ1,that reduces oxidative stress and maintains mitochondrial
function offer a potential treatment strategy for T2DM and its
complications (60). Additionally, ROS-mediated oxidative stress
activates stress kinases and pro-inflammatory pathways, such as
nuclear factor kB (NF-xB),which stimulates the release of
proinflammatory cytokines and further exacerbating [B-cell
dysfunction and IR (1) (Figure 2c). Quercetin, curcumin,
resveratrol, vitamin C and vitamin D have emerged as critical
mediators in this antioxidant process, linking nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway and inflammation
signaling to counteract B-cell dysfunction in diabetes (61).
Glutathione (GSH), a water-soluble antioxidant, plays a critical role
in maintaining cellular homeostasis and mitigating oxidative stress,
study shows that metformin, teneligliptin, and pioglitazone not only
impacts GSH redox pathway but also preserves [3-cell function (62,
63). Therapeutic strategies focusing on reducing oxidative stress,
enhancing antioxidant defenses, and focusing on Mediterranean
diet, such as vegetables, function and preventing diabetes
progression (64). It becomes increasingly evident that therapeutic
strategies focusing on targeting oxidative stress pathways and
enhancing antioxidant defenses as promising therapeutic strategies
to preserve -cell function and prevent diabetic progression.

3 Conclusion and perspective

Type 2 diabetes mellitus stands as the most prevalent metabolic
disease globally, characterized by intricate pathophysiological
mechanism, including IR, impaired glucose homeostasis and [3-
cell dysfunction, genetic and environmental variables are also
implicated in the etiology of T2DM. Considering multifactorial
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contributors of diabetes, such as mitochondrial dysfunction, obesity
and gut microbiota, mutually reinforcing each other, and creating a
vicious cycle that exacerbates both insulin sensitivity and resistance,
underscores the urgent need for effective T2DM management
strategies that not only offer improved hypoglycemic control but
also address the broader health implications (5). Retatrutide is a
novel triple agonist of the glucose-dependent insulinotropic
polypeptide, glucagon-like peptide 1 and glucagon receptors,
distinguishes itself for its favorable glycemic control ability and its
broader effects such as increasing insulin secretion, improving
glucose homeostasis, and refining appetite modulation, clinical
trials have demonstrated significant reductions in body weight
superior to dulaglutide, tirzepatide, and even semaglutide (65-67).
Dorzagliatin and Cadisegliatin are promising antidiabetic drugs
activate Glucokinase (GK), which regulate glucose metabolism and
enhance beta cell function in diabetic patients, although they are
still in the clinical stages (68, 69).

As diabetes management continues to advance, regenerative
medicine has evolved significantly, with modern therapeutic
avenues and a broader focus on immunomodulatory properties
and adjuvant delivery biomaterials to repair damaged tissues, like
mesenchymal stem cells (70). Immune cell-derived exosomes
(including engineered exosomes) may also regulate the function of
immune cells by transferring miRNA and mRNA, making them a
promising directions reverse metabolic disorders of T2DM (71).
Although they have great clinical application prospects, there are
associated hurdles about immune rejection, tumorigenesis and the
precise manipulation of stem cell behaviors needed to be surmounted
(70). Gene therapy differs from a glucocentric approach, utilizes
lentivirus, adenovirus, adeno-associated virus (AAV), along with
non-viral techniques like liposomes and naked DNA, to deliver the
insulin gene to target tissues, such as CRISPR-Cas9 sequencing
enables to precise modification mtDNA mutations associated with
T2DM, offering potential therapeutic precision and safety for
metabolic disorders (72, 73).

Omic-related fields have illuminated a path of immense
promise and significant potential for revolutionizing modern
therapeutic interventions. Insist hyperglycemia impacts the
metabolism of glucose, lipids, amino acids, as well as gut
microbiota, which all in turn impact the drug responses of
individuals living with T2DM.Hence, metabolomics, lipidomics
and microbiomics are applied to uncover additional biomarkers
that might better predict heterogeneity observed in personalized
management outcome and enhance our understanding of disease
mechanisms, thus offering new opportunities for various diabetic
stages and patient-specific therapeutic interventions (74).
Additionally, with the complex nature of T2DM and its
widespread prevalence, the integration of precision medicine into
all-around care should consider a myriad of factors encompass
social, demographics, phenotypic, biochemical, genetic aspects, and
individual patient variability (75). Complementary and alternative
medicine (CAM) therapies herbal remedies like cinnamon,
fenugreek, and bitter melon, allied with mindbody therapies,
including yoga, tai chi, and meditation offers holistic and patient-
centered approach to alleviate disease progression, have been
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viewed as complementary strategy to advance T2DM care
(2).Moreover, interdisciplinary research is the foreword trend to
develop diabetic treatment, artificial intelligence (AI) technologies
analyze genes, proteins and metabolites, provide more intelligent
and precise support from early screening, diagnosis to personalized
treatment and monitoring, and leveraging machine learning
algorithms to assess the risk trend in metabolic diseases and
empower patients in self-management (76, 77). While AI has
opened new options for conquering complexity of the human
insulin system, sole reliance on it for personalized treatment is far
from enough, it still needs collaboration with healthcare
professionals, researchers, and technical implementation experts
to harness the full potential of AT in diabetic management (78).
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