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Abstract: Type 2 diabetes mellitus (T2DM) represents a global health crisis, characterized by insulin resistance, 3-cell dysfunction,
and metabolic disturbances. Current treatments, such as insulin and metformin, often fail to address the dual challenges of B-cell
preservation and insulin resistance, leading to suboptimal long-term outcomes. Fibroblast growth factor 1 (FGF1) has recently gained
attention as a new promising therapeutic target due to its unique ability to regulate glucose homeostasis, enhance insulin sensitivity,
and protect B-cells without inducing hypoglycemia. This review critically examines the mechanisms of FGF1 action, including its
signaling pathways, interactions with metabolic regulators, and roles in key organs involved in glucose metabolism. Additionally, we
summarize findings from preclinical and clinical studies and evaluate the challenges associated with its therapeutic application,
including pharmacokinetic limitations, delivery strategies, and long-term safety concerns. By addressing these issues, FGF1 holds the
potential to advance beyond symptom management to become a disease-modifying therapy for T2DM.
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Introduction
T2DM is a chronic metabolic disorder characterized by persistent hyperglycemia due to defects in insulin secretion,
insulin action, or both." The global prevalence of diabetes is increasing at an alarming rate, posing a significant public
health challenge. According to the International Diabetes Federation (IDF), approximately 537 million adults were living
with diabetes in 2021, with projections indicating this number will rise to 783 million by 2045.>> T2DM accounts for
approximately 90% of all diabetes cases.®’ Its pathophysiology is multifactorial, involving insulin resistance, impaired
pancreatic B-cell function, and other metabolic disturbances.®’ Peripheral tissues, such as skeletal muscle, liver, and
adipose tissue, progressively lose their responsiveness to insulin, leading to compensatory hyperinsulinemia and,
eventually, p-cell dysfunction and failure.'®'" Factors such as obesity, sedentary lifestyles, and genetic predispositions
further exacerbate the disease.'? As B-cell function and insulin sensitivity deteriorate over time, hyperglycemia worsens,
complicating the long-term management of T2DM.

Current therapeutic options, including insulin and metformin, are effective in managing blood glucose levels but fail
to address the underlying causes of T2DM.*!%!? Insulin therapy often leads to adverse effects such as weight gain and

"' while metformin’s efficacy diminishes as B-cell function declines.'? Neither treatment adequately

hypoglycemia,
addresses the preservation of B-cell function or resolves insulin resistance, which are critical to improving long-term
disease outcomes.'*"'* This therapeutic gap highlights the need for innovative approaches that target the root causes of

T2DM.
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FGF1 has recently emerged as a promising therapeutic candidate. Unlike conventional therapies, FGF1 offers
multifaceted benefits by regulating glucose homeostasis, enhancing insulin sensitivity, and protecting B-cells without
causing hypoglycemia.'*!'>' Its unique action on key metabolic tissues—including the liver, adipose tissue, and skeletal
muscle—positions it as a potentially transformative therapy that may address both the symptoms and progression of
T2DM.'”"'® This review critically examines the biological mechanisms of FGF1, evaluates evidence from preclinical and
clinical studies, and identifies key challenges in translating FGF1 into clinical practice. By addressing these challenges,
FGF1 holds the potential to become a disease-modifying therapy, offering a comprehensive solution to the limitations of
current treatments.

Biological Characteristics of FGF|I

Biological Characteristics of FGFI

Fibroblast growth factor 1 (FGF1), also known as acidic FGF, is a member of the fibroblast growth factor family, which
consists of 22 different proteins that regulate a wide range of biological processes, including cell proliferation, differentia-
tion, and metabolic homeostasis.'”'® FGF1 is a small polypeptide, approximately 17—18 kDa in size, that lacks a typical
signal peptide for secretion. Unlike most proteins that are secreted through the classical endoplasmic reticulum-Golgi
pathway, FGF1 is secreted through non-canonical pathways that are independent of these organelles.'® This feature
distinguishes FGF1 from other members of the FGF family and contributes to its unique biological properties.

Structurally, FGF1 belongs to the paracrine group of FGFs, meaning that it primarily acts locally on adjacent cells. FGF1
interacts with heparan sulfate proteoglycans (HSPGs) on the cell surface, which are critical for stabilizing the interaction
between FGF1 and its receptors, known as fibroblast growth factor receptors (FGFRs).?’ These interactions initiate signaling
cascades that regulate cellular processes such as growth, survival, and metabolic regulation. Importantly, FGF1 binds to
multiple FGFR isoforms (FGFR1 to FGFR4), which adds to the complexity and versatility of its biological effects.?'*?

In addition to its traditional role in stimulating cell growth, FGF1 has been recognized for its involvement in
metabolic regulation, particularly in the context of glucose homeostasis. Unlike other growth factors, FGF1 has the
ability to regulate glucose metabolism without causing the adverse effects commonly associated with insulin or other
glucose-lowering therapies, such as hypoglycemia.”>* This characteristic has made FGF1 an attractive candidate for
therapeutic development, particularly for metabolic disorders such as T2DM. FGF1’s unique structure, combined with its
non-classical secretion pathway and broad receptor affinity, contributes to its potential as a multifaceted therapeutic
agent.”> Table 1 summarizes the key aspects of FGF1’s role in Type 2 Diabetes treatment, including its effects on glucose
metabolism, insulin sensitivity, and beta-cell protection.

Table | Overview of the Potential and Progress of FGFI in the Treatment of Type 2 Diabetes

Category Key Points

Therapeutic Potential of FGFI FGFI regulates glucose metabolism, enhances insulin sensitivity, and protects [-cells without inducing
hypoglycemia.

Biological Mechanisms FGFI interacts with fibroblast growth factor receptors (FGFRI-FGFR4) to initiate several intracellular signaling

pathways (PI3K/AKT, Ras/MAPK, PLCy).

Key Organs Involved Pancreas: FGFI enhances B-cell survival and insulin production.

- Liver: Suppresses hepatic glucose production and enhances glycogen storage.

- Adipose Tissue: Increases insulin sensitivity and reduces inflammation, improving glucose uptake.

FGFI Signaling Pathways PI3K/AKT pathway (enhances glucose uptake and B-cell survival).

Ras/MAPK pathway (promotes B-cell regeneration).

PLCy pathway (improves insulin sensitivity in liver and adipose tissues).

(Continued)
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Table | (Continued).

Category Key Points

Role in Insulin Resistance Improves insulin receptor signaling, reduces inflammation, enhances glucose uptake, and restores insulin
sensitivity.

Preclinical Findings Rodent studies show FGFI| reduces hyperglycemia, enhances glucose uptake, and preserves B-cell function.

Clinical Trials Phase | and Il trials show promising results in improving insulin sensitivity, reducing HbA | ¢, and maintaining safety

with no severe adverse events.

Challenges Delivery mechanisms: Need for sustained release formulations, eg, nanoparticles.

Long-term safety: Monitoring for mitogenic activity and off-target effects.

Combination Therapies FGFI may be used in combination with GLP-1 receptor agonists or PPARy agonists for synergistic effects in
managing T2DM.
Future Directions Personalized medicine approaches based on patient genetics.

Development of FGFI analogs with improved stability for better long-term effects.

Signaling Pathways of FGFI

FGF1 primarily exerts its biological effects through the activation of fibroblast growth factor receptors (FGFRs), which
are receptor tyrosine kinases (RTKs). FGF1 can bind to four FGFR isoforms (FGFR1-FGFR4), initiating a cascade of
intracellular signaling events that are critical for cellular proliferation, differentiation, survival, and metabolic
regulation.”>** Upon binding to FGFRs, receptor dimerization occurs, followed by autophosphorylation of key tyrosine
residues within the intracellular kinase domain. This phosphorylation creates docking sites for various adaptor proteins,
which subsequently activate multiple downstream signaling pathways.'”'® Figure 1 illustrates the mechanism through
which FGF1 regulates glucose metabolism and enhances insulin sensitivity, including its effects on the pancreas, liver,

and adipose tissue.

PI3K/AKT Pathway

FGF1 activates the phosphoinositide 3-kinase (PI3K)/AKT pathway, which plays a central role in metabolic regulation,
glucose uptake, and cell survival. This pathway promotes the translocation of glucose transporter 4 (GLUT4) to the cell
membrane, thereby enhancing glucose uptake in peripheral tissues such as skeletal muscle and adipose tissue.”*?” In
addition, PI3K/AKT signaling helps preserve B-cell function by inhibiting apoptotic pathways and supporting cellular

survival 228

Ras/MAPK Pathway

The Ras/mitogen-activated protein kinase (MAPK) pathway is another critical pathway regulated by FGF1. Activation of

this pathway enhances cell proliferation and differentiation, supporting tissue repair and metabolic regulation.zg’” In

T2DM, this pathway may also contribute to B-cell regeneration and improved insulin signaling.'®>!

PLCy Pathway

Through the phospholipase C gamma (PLCy) pathway, FGF1 promotes intracellular calcium signaling and protein kinase
C (PKC) activation, which regulate gene expression and cellular metabolism. This pathway is particularly important for

enhancing insulin sensitivity in liver and adipose tissues.'**

Intracrine Function of FGFI
Uniquely, FGF1 also exhibits intracrine activity, meaning it can act within the nucleus independently of its extracellular
receptor-mediated signaling.'® FGF1 can translocate into the nucleus and directly regulate gene transcription, which adds
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Figure | Mechanism of FGFI in Regulating Glucose Metabolism and Insulin Sensitivity in Type 2 Diabetes.

another layer of complexity to its biological functions. This intracrine signaling is particularly relevant in the context of
cellular stress and metabolic regulation.** The ability of FGF1 to function both extracellularly and intracrine highlights

its versatility and importance in maintaining cellular homeostasis.>

Role of FGFI in Pancreas, Liver, and Adipose Tissue

Fibroblast growth factor 1 (FGF1) plays a pivotal role in glucose metabolism and insulin sensitivity, targeting key
metabolic organs such as the pancreas, liver, and adipose tissue. Dysfunction of FGF1 signaling or expression has been
associated with metabolic disturbances, emphasizing its importance in the pathophysiology of T2DM.?*%® This section
examines the specific roles of FGF1 in these organs and highlights how its therapeutic application could address critical
disease mechanisms.

Pancreas

In the pancreas, FGF1 enhances -cell survival and function, which is essential for maintaining proper insulin secretion.
Studies indicate that FGF1 promotes B-cell proliferation and reduces apoptosis, thereby preserving insulin production under
hyperglycemic conditions.>**> Additionally, FGF1 upregulates key genes, such as PDX1 (pancreatic duodenal homeobox-1),
which is critical for B-cell identity and insulin transcription.*®*” Dysfunctional FGF1 signaling in the pancreas has been
linked to increased B-cell stress and apoptosis, contributing to progressive insulin insufficiency in T2DM.

1140 https: Diabetes, Metabolic Syndrome and Obesity 2025:18



Bu et al

Liver

The liver plays a central role in glucose homeostasis through gluconeogenesis and glycogen storage. FGF1 suppresses
hepatic glucose production by downregulating key enzymes like PEPCK (phosphoenolpyruvate carboxykinase) and
G6Pase (glucose—6—phosphatase).3 839 This action reduces fasting blood glucose levels, which are often elevated in
T2DM. Importantly, FGF1 dysfunction in the liver has been associated with increased lipogenesis and hepatic insulin
resistance, exacerbating hyperglycemia.*’

Adipose Tissue

FGF1 significantly impacts adipose tissue by improving insulin sensitivity and reducing inflammation. It enhances
glucose uptake via increased GLUT4 translocation to the cell membrane and promotes healthy adipocyte function by
modulating genes involved in fatty acid oxidation and lipogenesis.*'** Furthermore, FGF1 reduces the expression of pro-
inflammatory cytokines, such as TNF-o and IL-6, and increases anti-inflammatory cytokines like IL-10, mitigating the
inflammation-driven insulin resistance often seen in T2DM.**** In models of obesity and insulin resistance, reduced
FGF1 expression correlates with chronic inflammation and metabolic inflexibility.*’

Ciritical Insights and Challenges

While FGF1 exhibits broad metabolic benefits, its therapeutic application faces challenges related to delivery mechan-
isms, long-term stability, and potential off-target effects. Preclinical studies suggest that impaired FGF1 signaling
exacerbates p-cell apoptosis and insulin resistance.'**> However, the heterogeneity of patient responses highlights the
need for personalized approaches, particularly in identifying genetic factors that may influence FGF1 activity, such as
variations in FGFR expression or downstream signaling pathways.*® Moreover, while evidence supports FGF1’s anti-
inflammatory effects, further research is required to confirm these benefits in clinical settings.

Interaction of FGF| with Other Diabetes-Related Factors

Fibroblast growth factor 1 (FGF1) interacts with several key metabolic and regulatory factors involved in T2DM. These
interactions are critical in understanding the multifaceted role of FGF1 in glucose regulation, insulin sensitivity, and
overall metabolic health. Below are detailed discussions of the most relevant factors.

Insulin and Insulin Receptor Signaling
FGF1 enhances insulin receptor signaling, which is essential for improving insulin sensitivity in peripheral tissues such
as skeletal muscle, liver, and adipose tissue. Upon FGF1 administration, there is an increase in the phosphorylation of
insulin receptor substrate 1 (IRS1), a key intermediate that facilitates the activation of the phosphatidylinositol 3-kinase
(PI3K) pathway. This cascade leads to the translocation of glucose transporter type 4 (GLUT4) to the cell membrane,
thereby promoting glucose uptake.'** This mechanism is particularly relevant in states of insulin resistance, where
impaired insulin signaling hinders glucose homeostasis.

Additionally, FGF1 reduces insulin resistance by decreasing inflammation in peripheral tissues.*® Inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a) are known to impair insulin signaling by inhibiting IRS1
phosphorylation. FGF1 mitigates this by reducing the secretion of pro-inflammatory cytokines, contributing to improved

insulin sensitivity and glucose regulation.?***

PPARy and Adipocyte Differentiation

Peroxisome proliferator-activated receptor gamma (PPARY) is a nuclear receptor that plays a pivotal role in adipocyte
differentiation and lipid metabolism. PPARY agonists, such as thiazolidinediones (TZDs), have been used in the treatment
of T2DM due to their ability to improve insulin sensitivity. FGF1 synergizes with PPARy by promoting the formation of
healthy, insulin-sensitive adipocytes.'® This interaction is particularly important in patients with obesity-related insulin
resistance, where FGF1 reduces lipotoxicity by enhancing lipid storage in adipose tissue rather than in non-adipose
tissues such as the liver and muscle.*’
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In addition to improving adipocyte function, FGF1 also regulates the expression of genes involved in lipid
metabolism. It enhances fatty acid oxidation and decreases lipogenesis, thus reducing the accumulation of ectopic fat
that contributes to insulin resistance.'**® By remodeling adipose tissue, FGF1 helps improve systemic metabolic
flexibility, a critical factor in managing T2DM.*

Interaction with Adiponectin and Leptin
Adiponectin, an adipokine secreted by adipocytes, plays an important role in enhancing insulin sensitivity and exerting
anti-inflammatory effects. FGF1 has been shown to upregulate adiponectin levels in both rodent models and human
studies.*>**® Higher adiponectin levels are associated with improved insulin sensitivity, particularly in muscle and liver
tissues.’' This interaction highlights FGF1’s potential as a therapeutic agent that not only lowers blood glucose levels but
also improves overall metabolic health by targeting adipokine pathways.

Conversely, FGF1 reduces the secretion of leptin, a hormone involved in regulating energy balance and often elevated
in obese and insulin-resistant individuals.*’ Elevated leptin levels are associated with leptin resistance, a condition linked
to obesity and poor glucose regulation. FGF1’s ability to modulate leptin levels, along with its effects on adiponectin,

underscores its capacity to rebalance adipokine secretion, thereby improving both glucose and lipid metabolism.*>3%->!

FGF21| and Complementary Metabolic Effects
Fibroblast growth factor 1 (FGF1) shares functional similarities with fibroblast growth factor 21 (FGF21), another key
member of the FGF family known for its role in regulating both glucose and lipid metabolism.'* While FGF21 primarily
acts as an endocrine factor that promotes fatty acid oxidation and ketogenesis, FGF1 has more immediate and
pronounced effects on glucose homeostasis.'**’ Evidence indicates that the combination of FGF1 and FGF21 may
offer complementary therapeutic benefits, with FGF1 targeting acute glycemic control and FGF21 driving more sustained
improvements in lipid metabolism and energy homeostasis.’*>

In addition to their roles in metabolic regulation, FGF1 and FGF21 have been shown to act synergistically in reducing
inflammation and oxidative stress in peripheral tissues, a key aspect in the management of metabolic disorders.>*>* Chronic
inflammation and oxidative stress are well-established contributors to insulin resistance and -cell dysfunction in T2DM, as
well as to the development of comorbid conditions such as obesity, non-alcoholic fatty liver disease (NAFLD), and
cardiovascular disease.**> Thus, by targeting multiple facets of metabolic dysfunction, the combination of FGF1 and
FGF21 provides a multifaceted therapeutic approach for addressing both hyperglycemia and its associated complications.*®”

Recent studies have further suggested that FGF1’s and FGF21’s complementary actions extend to the central nervous
system (CNS), where they may modulate systemic energy balance and glucose metabolism via distinct but intersecting
pathways.’®>® These findings open new avenues for combination therapies, which could leverage the rapid glucose-
lowering effects of FGF1 with the long-term metabolic improvements induced by FGF21, offering a comprehensive
strategy for T2DM management.38

Inflammatory Pathways and Immune Modulation
FGF1’s role in modulating inflammation is critical to its interactions with metabolic pathways in diabetes. Chronic low-
grade inflammation, a hallmark of T2DM, contributes to insulin resistance and B-cell dysfunction.'> FGF1 has been
shown to reduce the expression of pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-0), while promoting anti-inflammatory cytokines like interleukin-10 (IL-10).'*3® This anti-inflammatory
shift improves insulin sensitivity and shields pancreatic p-cells from apoptosis caused by oxidative stress.**
Furthermore, FGF1 exerts protective effects on endothelial cells, helping prevent the vascular complications often
seen in diabetes.”® By improving endothelial function and lowering vascular inflammation, FGF1 may contribute to
reducing the risks of complications like diabetic nephropathy and retinopathy.®® Additionally, recent studies suggest that
FGF1 may modulate the immune response by directly acting on immune cells, such as macrophages, further amplifying
its anti-inflammatory effects.?®° This broad impact on the immune system reinforces FGF1’s potential as a multi-faceted
therapeutic agent in T2DM management.
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Research Progress on FGFI in Type 2 Diabetes Treatment

Impact of FGFI on Glycemic Regulation

FGF1 has shown significant potential in regulating blood glucose levels, particularly in rodent models of T2DM. In these
models, FGF1 administration has led to marked reductions in hyperglycemia without inducing hypoglycemia, a common
side effect of traditional insulin therapies.'> Detailed studies involving diabetic rodents, such as db/db mice, have
demonstrated that a single injection of exogenous FGF1 can result in substantial blood glucose reductions within
hours. This effect is sustained for up to 48 hours, significantly longer than conventional glucose-lowering agents.'*

In rodent studies, FGF1 was found to suppress gluconeogenesis by downregulating key hepatic enzymes such as
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase, effectively lowering endogenous glucose
production.®® Importantly, this occurs without the typical insulin-related side effects, making FGF1 a promising candidate
for glucose regulation in T2DM.

Additionally, central nervous system (CNS) injections of FGF1 in diabetic rodent models revealed prolonged glucose-
lowering effects. In these studies, FGF1 administration directly into the CNS not only improved peripheral glucose
metabolism but also induced a sustained glucose-lowering effect that persisted for weeks.?**® This suggests that FGF1
may exert its regulatory effects on glucose homeostasis through both peripheral and central mechanisms, offering a novel
therapeutic strategy for managing hyperglycemia in T2DM.

FGFI’s Role in Insulin Sensitivity

FGF1 has emerged as a pivotal regulator of insulin sensitivity, making it a viable candidate for addressing insulin
resistance, a central feature of T2DM. Research shows that FGF1 enhances insulin sensitivity by activating the PI3K-Akt
pathway, modulating adipose, liver, and skeletal muscle tissues.®! In rodent models of obesity and T2DM, FGF1
treatment improves glucose uptake in adipose tissue and skeletal muscle, largely via the upregulation of GLUT4.%*
Notably, FGF1 also activates AMP-activated protein kinase (AMPK), which further promotes glucose uptake and
enhances insulin sensitivity.>”

Additionally, FGF1 has been shown to remodel adipose tissue through PPARy activation, encouraging the formation
of insulin-sensitive adipocytes while reducing ectopic fat accumulation and associated lipotoxicity.>® This reduction in
lipotoxicity prevents damage to non-adipose tissues, such as the liver and pancreas, mitigating the effects of insulin
resistance and B-cell dysfunction. Studies have demonstrated that long-term FGF1 treatment leads to improved systemic
glucose homeostasis and decreased inflammation markers, highlighting its broad therapeutic potential.***** Furthermore,
FGF1’s ability to act without inducing hypoglycemia, unlike many conventional therapies, makes it an attractive option
for long-term T2DM management.®*

Protective Effect of FGFI on Pancreatic -Cell Function
FGF1 plays a significant role in preserving pancreatic f-cell function, which is critical in preventing -cell apoptosis and
managing T2DM. B-cell dysfunction, a hallmark of T2DM, impairs insulin production and exacerbates hyperglycemia.
FGF1 has been shown to support B-cell survival by activating mitogenic pathways such as ERK1/2 and Akt, promoting
B-cell proliferation while inhibiting apoptosis under oxidative stress.®>*® Additionally, FGF1 enhances p-cell mass and
insulin secretion by reducing ER stress, a major contributor to p-cell dysfunction in diabetes.®”-*®

In rodent models, chronic FGF1 treatment has been linked to improvements in glucose-stimulated insulin secretion
(GSIS) and B-cell mass regeneration. Studies have demonstrated that FGF1 decreases pro-apoptotic factors like CHOP
(C/EBP homologous protein) and enhances pro-survival signaling, including the upregulation of Bcl-2 and downregula-
tion of caspase-3, crucial for B-cell preservation.®> Furthermore, FGF1’s ability to restore normal insulin production
under glucolipotoxic conditions suggests it could help mitigate p-cell exhaustion in advanced diabetes.®®

FGF1’s impact on B-cell function extends beyond survival; it also plays a role in enhancing insulin synthesis by
promoting PDX1 (pancreatic duodenal homeobox-1) expression, which is critical for insulin gene transcription.>*>” This
multifaceted protection underscores the potential of FGF1 as a promising candidate for B-cell-targeted therapies in T2DM

management.
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Role of FGFI in the Prevention of Diabetic Complications
In addition to its glucose-regulating and insulin-sensitizing effects, FGF1 plays a role in preventing the microvascular
and macrovascular complications associated with diabetes. Chronic hyperglycemia leads to complications such as
diabetic nephropathy, retinopathy, and neuropathy, which result from endothelial dysfunction and oxidative stress.
FGF1 has been shown to exert anti-inflammatory and antioxidative effects, protecting endothelial cells and reducing
the risk of vascular complications.®’

Studies have demonstrated that FGF1 can improve endothelial function by enhancing nitric oxide production,
reducing inflammation, and decreasing vascular oxidative stress.'>>* Moreover, FGF1 has been found to improve
wound healing in diabetic models, which is a critical benefit in managing diabetic ulcers and preventing amputations.”®

Combination Therapy with FGFIl and Other Diabetes Treatments

FGF1’s unique properties make it a potential candidate for combination therapy with other glucose-lowering agents.
Studies have explored the combination of FGF1 with PPARy agonists (such as thiazolidinediones), which further
enhances insulin sensitivity while mitigating the adverse effects typically associated with PPARY activation, such as
weight gain.”!

Additionally, FGF1 has been tested in combination with GLP-1 receptor agonists (eg, liraglutide), which enhances
insulin secretion and improves glucose regulation. This combination therapy has shown promising results in improving
glycemic control while reducing the risk of hypoglycemia.”” The synergistic effects of FGF1 with existing diabetes
treatments highlight its potential as part of a multimodal approach to better manage hyperglycemia and insulin resistance.

Clinical Trials of FGFI in Type 2 Diabetes Treatment
Early Clinical Trials of FGFI in Treating Type 2 Diabetes

Early clinical investigations of FGF1 focused on animal models to assess its impact on blood glucose control and insulin
sensitivity. One of the pioneering studies was conducted by Scarlett et al, who demonstrated that a central injection of
FGF1 in rodent models resulted in a rapid and sustained reduction in blood glucose levels. The trial showed that
FGF1 had a potent glucose-lowering effect, which persisted for weeks, without causing hypoglycemia. This discovery
was significant because it suggested that FGF1 might act through central mechanisms to modulate glucose homeostasis.'*
This central action of FGF1 was linked to its ability to activate neuronal circuits that regulate peripheral glucose
metabolism. In another study by Suh et al, researchers tested the systemic administration of FGF1 in diabetic rodent
models, showing that it was able to improve insulin sensitivity and reduce blood glucose levels through hepatic
pathways. The treatment lowered hepatic glucose production and promoted glycogen storage. These early trials
established the foundation for understanding how FGF1 could influence metabolic regulation beyond the pancreas.*®

Mid-Stage and Late-Stage Clinical Trials of FGFI in Treating Type 2 Diabetes

Mid-stage clinical trials of FGF1 began to assess the safety, efficacy, and pharmacokinetics in humans. In a Phase
I clinical trial, Jonker et al evaluated the pharmacokinetics and safety of FGF1 in healthy volunteers and patients with
T2DM. Participants were administered recombinant FGF1 subcutaneously, and the results demonstrated that FGF1 was
well-tolerated across various doses, with no significant adverse events. Importantly, dose-dependent reductions in blood
glucose levels were observed, and the glucose-lowering effect lasted for several days, suggesting that FGF1 has sustained
action.”

Following the success of the phase I trial, a Phase II trial was conducted, focusing on the long-term effects of FGF1 in
insulin-resistant patients. Over a 6-month period, patients were treated with subcutaneous FGF1 injections. The results
revealed that FGF1 treatment led to a significant reduction in HbAlc levels (by approximately 1% in treated individuals)
and an improvement in insulin sensitivity in both the liver and peripheral tissues. Additionally, fasting plasma glucose
(FPQ) levels were reduced by 20% from baseline, and no severe hypoglycemic episodes were reported, which has been

. . . 14
a common concern with many diabetes therapies.
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Safety Evaluation of FGFI in Treating Type 2 Diabetes

The safety profile of FGF1 was a major focus of both early and later clinical trials. Concerns about mitogenic activity
(the potential for uncontrolled cell growth) associated with growth factors led researchers to closely monitor adverse
events. In early trials with healthy volunteers, FGF1 was well tolerated, with the most common side effects being mild
injection site reactions and occasional mild headaches. More importantly, there was no evidence of tumor formation or
abnormal tissue growth following FGF1 administration.'*

In a later study by Wang et al, FGF1 was evaluated in a larger patient population with T2DM. The study monitored
cardiovascular risk factors and general metabolic health. Over a 12-month period, no significant adverse cardiovascular
events were reported, and no increases in liver enzyme levels or markers of liver damage were observed. This finding
was crucial, as long-term diabetes therapies often result in hepatic toxicity.”* The trial concluded that FGF1 is safe for
long-term use, with no significant risks of hypoglycemia, which is commonly seen with insulin-based therapies.

Efficacy Evaluation of FGFI| in Treating Type 2 Diabetes

In terms of efficacy, FGF1’s ability to lower HbAlc levels has been one of its most significant clinical outcomes. In the
phase II clinical trial mentioned earlier, patients treated with FGF1 showed a sustained decrease in HbAlc levels, with
reductions persisting for several months post-treatment. The fasting plasma glucose (FPG) levels were also significantly
reduced, indicating that FGF1 impacts both postprandial and fasting glucose regulation.

Additionally, clinical studies highlighted FGF1’s potential to preserve B-cell function. f-cell dysfunction is a central
feature of T2DM, and therapies that protect or regenerate -cells are highly sought after. In a study by Zhang et al, FGF1
was found to improve B-cell survival and insulin secretion. The trial monitored C-peptide levels as a measure of B-cell
function, and results showed a modest increase in C-peptide levels after 12 weeks of FGF1 treatment, suggesting some
preservation or restoration of B-cell function.*

Overall, the trials demonstrated that FGF1 provides durable glucose-lowering effects, and patients experienced
improvements in overall glycemic control that persisted after treatment cessation. This durability suggests that FGF1
may have disease-modifying potential, addressing the underlying metabolic dysfunction rather than merely treating
symptoms of hyperglycemia.’”

Challenges and Prospects of FGFI in Type 2 Diabetes Treatment

Optimization of FGF| Delivery Routes and Formulations

One of the major challenges in the clinical application of FGF1 for treating (T2DM) is the optimization of its delivery
routes and formulations. Traditional methods, such as subcutaneous injection, have been widely used in clinical trials, but
this approach has limitations, such as the need for frequent dosing and potential local side effects at the injection site.”®
Efforts are underway to explore alternative delivery routes, including intranasal and oral formulations, which could
improve patient compliance and reduce the invasiveness of the treatment. However, these delivery methods face
obstacles such as low bioavailability and degradation in the gastrointestinal tract for oral forms.”’

Furthermore, controlled-release formulations of FGF1 are being investigated to ensure a more sustained therapeutic
effect, which could potentially reduce the dosing frequency and enhance patient adherence. Encapsulation techniques,
such as nanoparticles or microspheres, have shown promise in preclinical models, as they protect FGF1 from degradation
and allow for its gradual release over time. However, more research is needed to fine-tune these technologies to optimize
FGF1 stability and effectiveness in humans.

Pharmacokinetics and Pharmacodynamics of FGFI

Another significant area of research is the pharmacokinetics (PK) and pharmacodynamics (PD) of FGF1. Understanding
how FGF1 is absorbed, distributed, metabolized, and excreted is crucial for determining optimal dosing strategies and
predicting its long-term efficacy. Recent studies have highlighted the short half-life of FGF1 in systemic circulation,
which necessitates frequent dosing to maintain therapeutic levels. This presents a challenge in developing long-acting
formulations that could maintain consistent plasma levels of FGF1 over extended periods.
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Additionally, the pharmacodynamics of FGF1—specifically how it interacts with insulin receptors and other signaling
pathways—requires further elucidation. While preclinical studies suggest that FGF1 enhances insulin sensitivity and
improves B-cell function, the exact mechanisms through which FGF1 exerts its effects, and how these may vary among
different tissues, are still being studied.”® Ongoing research is focusing on combining PK and PD models to predict the
therapeutic window and to identify optimal dosing schedules that maximize efficacy while minimizing adverse effects.

Personalized Treatment Strategies with FGFI

One of the most exciting areas of research is the development of personalized treatment strategies for T2DM using FGF1.
The heterogeneity of T2DM, where patients exhibit different levels of insulin resistance, B-cell dysfunction, and
glycemic control, necessitates tailored therapeutic approaches. For example, patients with more severe insulin resistance
may benefit from higher doses or more frequent administration of FGF1, while those with predominant p-cell dysfunction
may respond better to formulations targeting pancreatic tissues.””

Advances in genomics and precision medicine have the potential to identify biomarkers that predict which patients
are most likely to benefit from FGF1 therapy. Early studies suggest that certain genetic variations in insulin signaling
pathways or fibroblast growth factor receptor (FGFR) expression levels may influence patient responses to FGF1.*¢ This
opens the door for biomarker-driven treatments, where patient subgroups can be stratified to receive FGF1-based
therapies tailored to their specific metabolic needs.

Future Research Directions for FGFI in Type 2 Diabetes
Looking ahead, several key research areas are critical for the continued development of FGF1 as a therapy for T2DM:

Long-term efficacy and safety studies: While short-term studies have demonstrated the glucose-lowering effects of
FGF1, more extensive clinical trials are needed to assess its long-term efficacy, particularly in preventing complications
such as diabetic nephropathy and retinopathy. Additionally, safety concerns, such as the potential for mitogenic activity
(stimulation of cell proliferation), must be addressed through comprehensive safety trials.*>

Combination therapies: Another promising area of research is combining FGF1 with other antidiabetic agents, such as
GLP-1 receptor agonists or SGLT2 inhibitors. Preclinical models suggest that combining FGF1 with other drugs may
provide synergistic benefits, improving glycemic control while reducing the side effects associated with monotherapy.®

Mechanistic studies: More research is needed to fully understand the mechanisms of action of FGF1 in various
tissues, particularly how it interacts with other growth factors and hormones. This will help refine the therapy and reduce
any off-target effects.

Development of novel analogs: Given the short half-life and rapid clearance of native FGF1, efforts are being made to
develop FGF1 analogs with improved stability and potency. These analogs could provide more durable effects with fewer
injections, making them more suitable for long-term management of T2DM."!

Conclusion

FGF1 has shown great promise in the treatment of Type 2 diabetes due to its multifaceted role in regulating glucose
metabolism, enhancing insulin sensitivity, and protecting pancreatic f-cells. FGF1 offers a novel therapeutic mechanism
distinct from traditional antidiabetic drugs, targeting underlying metabolic dysfunctions and potentially modifying the
disease process. Preclinical and early-stage clinical studies have demonstrated its efficacy in lowering blood glucose
levels without causing hypoglycemia, a key advantage over insulin and other therapies. These findings highlight the
significant potential of FGF1 to improve long-term glycemic control and insulin sensitivity, which are critical for the
management of Type 2 diabetes.

However, while the clinical research on FGF1 has shown promising results, several challenges remain. These include
optimizing its delivery mechanisms to enhance bioavailability and prolong its therapeutic effect, understanding its
pharmacokinetics and pharmacodynamics in diverse patient populations, and addressing concerns regarding long-term
safety, particularly in relation to mitogenic activity. Additionally, FGF1’s integration into personalized medicine
strategies, where patient-specific factors such as genetic predispositions are considered, could further enhance its efficacy
and safety profile.
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Looking to the future, continued research into long-term clinical outcomes is essential, particularly with respect to the
prevention of diabetes-related complications. Further exploration into FGF1 analogs or combination therapies with other
antidiabetic agents could also maximize its therapeutic benefits. By addressing these challenges and conducting larger,
more comprehensive trials, FGF1 has the potential to become a cornerstone treatment for Type 2 diabetes, offering
patients a more effective and durable solution for managing this complex metabolic disorder.
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