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Abstract

Colorectal cancer (CRC) ranks as the second leading cause of cancer-related mortality worldwide, with treatment
challenges largely attributed to late-stage diagnoses, frequent recurrences, and resistance to therapy. In recent years,
Fruquintinib, a selective vascular endothelial growth factor receptor (VEGFR) inhibitor, has shown notable
effectiveness in advanced CRC by targeting angiogenesis. However, CRC cells often activate autophagy in
response to hypoxia and nutrient deprivation caused by anti-angiogenic therapy, which diminishes the therapeutic
efficacy of Fruquintinib. Autophagy plays a dual role in CRC by suppressing tumorigenesis through the removal
of damaged organelles, while facilitating tumor progression and therapeutic resistance through metabolic
adaptation in advanced stages. This complexity underscores the therapeutic promise of strategies targeting
autophagy. Current studies reveal that Fruquintinib induces autophagy by inhibiting VEGFR signaling, activating
AMPK, and suppressing mTOR, while interacting synergistically with other cell death mechanisms such as
apoptosis, ferroptosis, and pyroptosis to enhance its antitumor activity. However, excessive autophagy activation
may enable tumor cell survival and promote resistance, highlighting the necessity of precise modulation of
autophagy in combination therapies. Moreover, preclinical studies indicate that combining Fruquintinib with
autophagy modulators significantly enhances its antitumor effects and delays resistance emergence. This review
offers a systematic analysis of Fruguintinib's antitumor mechanisms via autophagy modulation and its potential
clinical implications. Based on the reviewed evidence, we propose strategies to optimize Fruquintinib-based
combination therapies, including the use of autophagy-related biomarkers, autophagy modulators, and precision
medicine approaches tailored to tumor genomic profiles, aiming to enhance treatment outcomes for CRC patients.
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1. Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors worldwide, characterized by persistently
high incidence and mortality rates globally. It is the second most common cause of cancer-related deaths, following
lung cancer [1]. The occurrence of colorectal cancer (CRC) is strongly linked to genetic susceptibility, poor dietary
patterns, and chronic inflammation [2]. Although advancements have been made in early screening techniques,
many patients are diagnosed at an advanced stage, complicating treatment efforts and leading to unfavorable
outcomes [3].

Fruquintinib is a selective VEGFR inhibitor that has been approved for the treatment of advanced colorectal cancer
(CRC). By suppressing the activation of VEGFR-1, VEGFR-2, and VEGFR-3, fruquintinib effectively blocks
tumor angiogenesis, ultimately suppressing tumor growth and metastasis [4]. Clinical studies have demonstrated
that the combination of fruquintinib with chemotherapy significantly extends the survival of patients with
advanced CRC [5]. However, persistent challenges, including drug resistance and adverse effects, remain
unresolved. The combined application of fruquintinib with other therapeutic approaches, particularly strategies
targeting autophagy regulation, holds promise for improving therapeutic outcomes.

Autophagy is a degradation process triggered by stress conditions, including hypoxia and nutrient deprivation, that
maintains cellular homeostasis by removing damaged organelles and abnormal proteins [6]. In cancer, autophagy
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plays a dual role: In the early stages, it acts as a tumor suppressor by clearing mutated proteins and damaged
organelles, thereby inhibiting tumorigenesis; in later stages, however, it supports tumor cell adaptation to adverse
conditions, facilitating growth and metastasis[7]. Consequently, autophagy functions as both a tumor suppressor
and a driver of drug resistance and metastasis. Studies have shown that modulating autophagy can enhance
antitumor efficacy, with notable synergistic effects observed in anti-angiogenic therapies.

This review seeks to investigate how fruquintinib mediates antitumor effects in colorectal cancer through the
regulation of autophagy. As a novel anti-angiogenic agent, whether fruquintinib enhances therapeutic efficacy via
the autophagy pathway remains a topic of considerable research interest. This article will elucidate the molecular
mechanisms of autophagy, analyze the effects of fruquintinib on autophagy pathways, discuss its role and clinical
value in colorectal cancer treatment, and assess the potential of combining fruquintinib with autophagy-modulating
strategies based on experimental and clinical data.

2. Molecular Mechanisms of Autophagy and Its Role in Cancer
2.1 Molecular Mechanisms of Autophagy

Autophagy is a highly conserved, tightly regulated intracellular recycling process that maintains cellular
homeostasis and metabolic balance by degrading damaged organelles and misfolded proteins through lysosomes
[8]. The molecular mechanism of autophagy involves four key stages: induction, double-membrane formation,
autophagosome maturation, and degradation. During the induction phase, mTOR negatively regulates autophagy,
while AMPK promotes autophagy initiation by inhibiting mTOR and activating ULK1 [9]. Autophagy initiation
depends on Beclin-1, which forms a complex with PI3K to facilitate the formation and elongation of precursor
membranes. Meanwhile, LC3 transitions from LC3-I to LC3-Il, integrating into the double membrane, marking
the maturation of autophagosomes and mediating the selective engulfment of target substances [10]. Once mature
autophagosomes fuse with lysosomes, their contents are broken down into amino acids, fatty acids, and other
metabolites for recycling [9].

2.2 Dual Roles of Autophagy in Colorectal Cancer

Autophagy exhibits a dual role in colorectal cancer (CRC), exhibiting time- and context-dependent functions
during tumor initiation and progression[6]. In the early stages of tumorigenesis, autophagy maintains cellular
homeostasis and genomic integrity by clearing misfolded proteins, damaged organelles, and reactive oxygen
species (ROS), ultimately preventing malignant transformation [11]. Autophagy-related proteins, such as Beclin-
1, are often downregulated in CRC, and their downregulation correlates with tumor onset and invasiveness [12].
However, in the later stages of tumor progression, autophagy is reactivated to sustain rapid proliferation and resist
apoptosis in cancer cells [13]. By degrading intracellular macromolecules, autophagy supplies essential
metabolites to fulfill tumor cells' heightened energy demands and alleviates adverse microenvironmental
conditions, such as hypoxia and oxidative stress [14]. In cancer therapy, autophagy activation can diminish the
efficacy of chemotherapy and radiotherapy, contributing to chemoresistance [15]. For instance, high LC3-II
expression is linked to chemoresistance and unfavorable prognosis in advanced CRC [16]. Therefore,
understanding and regulating autophagy is pivotal for understanding CRC mechanisms and devising optimized
therapeutic approaches.

2.3 Interaction between Autophagy and Antiangiogenic Therapy

Autophagy plays a crucial role in anti-angiogenic therapy by regulating the alterations within the tumor
microenvironment. Anti-angiogenic therapy inhibits tumor angiogenesis, resulting in hypoxia, nutrient deprivation,
and metabolic stress, which collectively activate autophagy [17]. Hypoxia promotes the initiation of autophagy
through the upregulation of HIF-1a and its downstream effectors, BNIP3 and NIX, whereas nutrient deprivation
enhances autophagic activity by activating the AMPK signaling pathway and inhibiting mTOR [18]. Through the
clearance of damaged organelles and the provision of essential metabolites, autophagy helps tumor cells adapt to
metabolic stress and sustain their survival. During anti-angiogenic therapy, autophagy not only supports tumor cell
adaptation to therapy-induced stress but also enhances cell survival by preserving mitochondrial function and
regulating energy metabolism, which may ultimately contribute to therapeutic resistance [19]. High expression of
autophagy markers, such as LC3-1l and Beclin-1, has been associated with treatment resistance and tumor
recurrence [20]. Therefore, targeting autophagy signaling pathways may enhance the efficacy of anti-angiogenic
therapy, mitigate therapeutic resistance, and provide new therapeutic strategies for cancer treatment.
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3. Molecular Mechanism of Fruquintinib and Its Role in Cancer
3.1 Molecular Characteristics and Antitumor Mechanism of Fruquintinib

Fruquintinib is a highly selective small-molecule inhibitor administered orally that targets vascular endothelial
growth factor receptors (VEGFR1, VEGFR2, and VEGFR3). By inhibiting the kinase activities of these receptors,
it blocks tumor angiogenesis, thereby reducing the blood and nutrient supply, ultimately suppressing tumor growth
and metastasis [21]. Compared to conventional anti-angiogenic agents, fruquintinib exhibits higher selectivity
while minimizing its impact on normal vasculature, which results in fewer side effects and demonstrates favorable
clinical safety and efficacy.By inhibiting tumor angiogenesis, fruquintinib induces hypoxia and nutrient
deprivation, thereby limiting the proliferative and migratory capacities of tumor cells while reducing their
dependency on oxygen and nutrients [21]. In addition to directly suppressing angiogenesis, fruquintinib exerts
anti-tumor effects by improving the tumor microenvironment, such as reducing vascular permeability, weakening
immune evasion, enhancing immune cell infiltration, and stimulating anti-tumor immune responses [22].
Furthermore, fruquintinib reduces tumor stroma accumulation and prevents tumor adaptation to therapy, thereby
enhancing the efficacy of chemotherapy and immunotherapy. Fruquintinib is a pivotal therapeutic agent within
anti-angiogenic treatment strategies.

3.2 Direct Effect of Fruquintinib on Colorectal Cancer Cells

As a selective VEGFR inhibitor, fruquintinib not only exerts its anti-tumor effects in colorectal cancer (CRC) by
inhibiting angiogenesis but also directly influences tumor cells by modulating key processes such as apoptosis,
autophagy, and cancer stem cells (CSCs). Fruquintinib induces cancer cell apoptosis by inhibiting VEGFR
signaling pathways while upregulating apoptosis-related proteins, including Bax and caspase-3 [23]. In addition,
fruquintinib activates autophagy pathways, thereby enabling tumor cells to adapt to therapeutic stress. While
autophagy protects cell survival by clearing damaged organelles, excessive autophagy, however, may result in cell
death. Thus, maintaining a balance between apoptosis and autophagy is critical for the anti-tumor efficacy of
fruquintinib [24]. Fruquintinib also exerts significant inhibitory effects on CSCs, which play a critical role in tumor
resistance, recurrence, and metastasis [25]. By targeting VEGFR signaling and other key pathways, such as Notch
and Wnt, fruquintinib suppresses the self-renewal capacity of CSCs while downregulating key surface markers,
including CD44 and CD133 [26]. Moreover, by improving the tumor microenvironment, fruquintinib alleviates
hypoxia and nutrient deprivation and suppresses CSC adaptive survival mechanisms, ultimately reducing tumor
recurrence, limiting metastatic potential, and enhancing treatment sensitivity.

3.3 Mechanism of Autophagy Induced by Fruquintinib

Fruquintinib, a selective VEGFR inhibitor, not only suppresses angiogenesis but also contributes to tumor therapy
by regulating autophagy. By inhibiting VEGFR signaling pathways, fruquintinib reduces tumor neovascularization,
thereby inducing hypoxia and nutrient deprivation within the tumor microenvironment [23]. These stress
conditions activate autophagic responses, which enable tumor cell survival by facilitating the clearance of
intracellular damage and waste. Autophagy plays a dual role in this process, promoting cell adaptation to stress
while mitigating cellular damage and limiting proliferation through the removal of harmful substances [27].
Additionally, fruguintinib modulates autophagic activity via classical autophagy pathways. By inhibiting VEGFR
signaling, it activates the AMPK pathway, which in turn suppresses mTOR activity, thereby releasing autophagy
from suppression [28]. As an energy-sensing molecule, AMPK activates autophagy under energy-deprived
conditions, helping cells adapt to metabolic stress [29]. Through this mechanism, fruquintinib enhances autophagic
activity, facilitating the clearance of intracellular waste and damaged organelles, allowing tumor cells to more
effectively adapt to adverse microenvironmental conditions.

4. Antitumor Mechanism of Fruquintinib Regulating Colorectal Cancer through Autophagy

Fruquintinib demonstrates significant anti-tumor activity in colorectal cancer (CRC) through autophagy
modulation, with its molecular mechanisms involving the inhibition of tumor angiogenesis and precise regulation
of autophagic signaling pathways. As a highly selective vascular endothelial growth factor receptor (VEGFR)
inhibitor, fruquintinib effectively blocks the kinase activities of VEGFR1, VEGFR2, and VEGFRS3, thereby
inducing hypoxia and nutrient deprivation within the tumor microenvironment[30]. This metabolic stress activates
autophagy within tumor cells by upregulating the AMPK signaling pathway and inhibiting the mTOR signaling
pathway, thereby initiating autophagic responses [31]. Fruquintinib also regulates the expression levels of key
autophagic molecules, such as Beclin-1 and LC3, thereby promoting autophagosome formation and lysosomal
degradation. This facilitates the clearance of damaged organelles and misfolded proteins, while subsequently
inhibiting tumor cell proliferation and survival [32]. Furthermore, autophagy activation not only supports
metabolic reprogramming to help tumor cells adapt to unfavorable microenvironmental conditions but also induces

37 Published by IDEAS SPREAD



mhs.ideasspread.org Modern Health Science Vol. 7, No. 2; 2024

autophagy-dependent cell death, thereby further compromising cancer cell survival[33]. Notably, the autophagy-
regulating effects of fruquintinib are likely to impact the tumor immune microenvironment. For instance,
fruquintinib reduces the infiltration of immunosuppressive cells, such as regulatory T cells and myeloid-derived
suppressor cells (MDSCs), while promoting the activity and infiltration of effector immune cells. These effects
improve anti-tumor immune responses [34]. Highlighting the potential of combining fruquintinib with immune
checkpoint inhibitors or other complementary therapies.However, the dual role of autophagy in tumors necessitates
careful consideration. Under certain conditions, autophagy may act as a protective mechanism that enables tumor
cells to better withstand treatment-induced metabolic stress and may ultimately compromise therapeutic efficacy.
Therefore, future research should further explore the spatiotemporal dynamics and mechanisms of fruquintinib-
mediated autophagy regulation to refine clinical application strategies and accelerate the development of precision
medicine approaches.

5. Progress in Preclinical and Clinical Studies
5.1 Preclinical Study Data

Preclinical studies have demonstrated that the combination of fruquintinib and autophagy modulators significantly
enhances antitumor efficacy, underscoring the essential role of autophagy activation in tumor resistance. In animal
models, fruquintinib suppresses tumor angiogenesis by inhibiting the VEGFR signaling pathway, thereby inducing
hypoxia and nutrient deprivation within the tumor microenvironment, which markedly suppresses tumor
proliferation [34]. However, tumor cells counteract the microenvironmental stress by activating autophagy, which
ultimately diminishes the therapeutic efficacy of fruquintinib. Studies have revealed that autophagy inhibitors,
such as chloroquine (CQ), enhance the antitumor effects of fruquintinib by blocking the fusion of autophagosomes
with lysosomes and consequently disrupting the adaptive mechanisms of tumor cellst®lIn colorectal cancer
xenograft models, the combination of fruquintinib and CQ demonstrated enhanced antitumor efficacy. Moreover,
autophagy inducers, such as rapamycin, have demonstrated potential as part of synergistic therapeutic strategies
by enhancing autophagic activity and promoting tumor cell death [36]. Abnormal activation of autophagy is
recognized as a central mechanism driving tumor resistance. In fruquintinib-resistant models, the expression of
autophagy-related molecules such as LC3-I1 and Beclin-1 is significantly upregulated, suggesting that autophagy
promotes tumor cell survival through the clearance of therapy-induced damaged organelles and proteins, thereby
maintaining metabolic homeostasis [37]. Blocking autophagic pathways can significantly overcome tumor cell
resistance to fruguintinib and enhance therapeutic efficacy. Furthermore, autophagy plays a pivotal role in the
survival of resistant tumor cells by regulating mitochondrial function and mitigating the accumulation of reactive
oxygen species (ROS).

5.2 Clinical Research Situation

Clinical studies have demonstrated that fruquintinib exhibits significant efficacy and favorable safety in patients
with advanced colorectal cancer, while autophagy-related biomarkers may act as potential biomarkers for
predicting its therapeutic efficacy. In the Phase Il FRESCO trial, fruquintinib significantly improved overall
survival (OS) and progression-free survival (PFS) in patients with advanced colorectal cancer, achieving a median
0OS of 9.3 months versus 6.6 months and a median PFS of 3.7 months versus 1.8 months in the placebo group.
Fruquintinib demonstrated consistent efficacy across various subgroups, such as RAS mutation status and
metastatic characteristics. Its safety profile was favorable, with the most common adverse events being
hypertension, proteinuria, and hand-foot skin reactions, which were generally manageable with symptomatic
interventions [38]. This study established the pivotal role of fruquintinib in third-line or later treatment of advanced
colorectal cancer.

Additionally, autophagy-related biomarkers have been identified as potential predictors of fruquintinib efficacy,
providing opportunities to enhance personalized therapeutic strategies. Studies have shown that upregulation of
LC3-Il and downregulation of p62 in tumor tissues, indicative of autophagy activation, are strongly correlated
with therapeutic responses to fruquintinib [39]. These biomarkers not only reflect tumor cell responses to
microenvironmental stress, such as hypoxia and nutrient deprivation induced by therapy, but also serve as valuable
tools for predicting treatment outcomes. Further investigations have investigated non-invasive techniques for
detecting autophagy biomarkers, such as LC3-11 and p62, in serum or peripheral blood. These approaches enable
real-time dynamic monitoring, offering novel perspectives for efficacy assessment and therapeutic optimization.
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6. Future Research Directions and Challenges
6.1 Exploring the Role of Autophagy Regulation in Personalized Therapy

Exploring the role of autophagy regulation in personalized therapy offers valuable insights into optimizing
fruquintinib efficacy. As a key mechanism by which cells adapt to microenvironmental stress, autophagy can both
enhance the antitumor effects of fruquintinib and contribute to therapeutic resistance. Studies have demonstrated
that autophagy inhibitors, such as chloroquine (CQ), enhance the antitumor effects of fruquintinib by blocking the
fusion of autophagosomes with lysosomes, thereby disrupting tumor cells’ reliance on autophagy to adapt to
hypoxia and nutrient deprivation [35]. In animal models, the combination of fruquintinib and CQ significantly
suppressed tumor growth and delayed the onset of therapeutic resistance [40]. Additionally, autophagy activators,
such as rapamycin, have shown synergistic effects with fruquintinib in certain tumors by promoting autophagic
activity and facilitating the removal of cytotoxic substances [41]. These findings suggest that modulating
autophagy based on tumor characteristics offers a dual-faceted approach for combination therapy.

Precision therapy that integrates tumor genomic and epigenetic characteristics further optimizes these combination
strategies. The functional status of autophagy-related genes (e.g., ATG5 and Beclin-1) and pathways (e.g., mTOR
and AMPK) has a profound impact on therapeutic outcomes [42]. For instance, tumors with ATG5 mutations or
hyperactive mTOR signaling are more reliant on autophagy as a protective mechanism and represent ideal
candidates for combination therapies incorporating autophagy inhibitors. Conversely, patients with tumors
exhibiting weaker autophagy pathways are likely to benefit from autophagy activators. Furthermore, epigenetic
alterations, such as DNA methylation and histone modifications, govern the expression of autophagy-related genes
and modulate treatment sensitivity. These features may serve as valuable biomarkers for stratifying patient
populations and tailoring personalized therapeutic strategies.

6.2 Further Understanding of the Interaction between Autophagy and Antiangiogenic Therapy

A deeper understanding of the interplay between autophagy and anti-angiogenic therapy is essential for enhancing
antitumor strategies and mitigating therapeutic resistance. Anti-angiogenic therapy blocks tumor angiogenesis by
inhibiting the VEGF signaling pathway, leading to stress conditions, including hypoxia and nutrient deprivation,
which subsequently activate autophagy. Autophagy enables tumor cells to survive under these adverse conditions
by degrading damaged organelles and proteins to generate metabolites and energy, thereby reducing therapeutic
efficacy and contributing to resistance development. Studies have demonstrated that autophagy inhibitors, such as
chloroquine, can block the fusion of autophagosomes with lysosomes, disrupting tumor cells’ capacity to adapt to
metabolic stress. When combined with anti-angiogenic agents like fruquintinib, this approach significantly
enhances antitumor effects and delays the onset of resistance [43]. Moreover, autophagy activation not only
supports tumor cell survival but may also exacerbate resistance by promoting proliferation and metastasis, thereby
establishing autophagy as a critical target for therapeutic intervention [44]. The development of novel agents
targeting autophagy-related molecules, such as mTOR, AMPK, and Beclin-1, holds significant promise. In parallel,
the role of autophagy in modulating the tumor immune microenvironment has attracted growing attention in recent
research. For example, autophagy can influence the activity of T cells and macrophages and thereby modulate the
immune responses to anti-angiogenic therapies.Combining autophagy-targeting approaches with immune
regulation strategies represents a promising avenue for addressing therapeutic resistance. Such dual-targeted
therapies not only enhance the efficacy of anti-angiogenic treatments but also open new avenues for research and
clinical innovation. This integrated approach offers a comprehensive strategy to enhance outcomes in patients with
resistant tumors.

6.3 Autophagy-Related Clinical Transformation Studies

Autophagy holds substantial promise for clinical translation, particularly in disease diagnosis, therapeutic
prediction, and drug development. Autophagy-related biomarkers, such as LC3-1l and p62, have been shown to
reflect autophagic flux activity and provide diagnostic and predictive value across a range of pathological
conditions, such as cancer, neurodegenerative diseases, and inflammatory disorders [20]. However, the expression
of autophagy biomarkers shows considerable variability across diverse disease contexts. Key challenges remain in
establishing their specificity and sensitivity while standardizing detection methods to ensure reliable clinical
application.Targeting autophagy in drug development presents considerable challenges. While manipulating
pathways such as mTOR, AMPK, and ULK1 has demonstrated therapeutic potential in preclinical models, factors
such as drug selectivity, the dual role of autophagy, and its intricate interactions with other signaling pathways
pose significant challenges to ensuring the safety and efficacy of these therapies. For instance, in cancer treatment,
autophagy promotion may enhance tumor cell resistance to therapy, whereas autophagy inhibition may result in
toxicity to normal cells. Therefore, it is imperative to conduct disease- and patient-specific studies to better
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understand the precise mechanisms underlying autophagy regulation. Combining these insights with genomic and
proteomic approaches is expected to accelerate the development of precision therapies. Innovative drug delivery
systems, such as nanotechnology-based delivery platforms, represent promising strategies for improving tissue
specificity and maximizing the therapeutic efficacy of autophagy-targeted treatments. These systems can improve
the bioavailability and minimize off-target effects of autophagy-modulating agents. Moving forward, integrating
basic research with clinical studies is crucial for building an integrated framework linking molecular mechanisms
with clinical applications. This approach will drive the advancement of autophagy-based precision medicine and
pave the way for more effective and personalized therapeutic strategies.

7. Conclusion

In summary, fruquintinib, as a highly selective vascular endothelial growth factor receptor (VEGFR) inhibitor,
demonstrates significant antitumor activity in colorectal cancer through multifaceted regulation of autophagy. On
one hand, fruquintinib suppresses tumor angiogenesis, thereby reducing blood supply and nutrient availability to
the tumor, thereby inducing autophagy within tumor cells as an adaptive mechanism to metabolic stress. On the
other hand, fruquintinib's precise modulation of autophagy-related signaling pathways, such as the mTOR/AMPK
axis, can inhibit tumor cell proliferation and may enhance the therapeutic efficacy of antitumor
treatments.However, the biological role of autophagy in anti-angiogenic therapy is inherently dualistic. While
autophagy may serve as a protective mechanism for tumor cells under conditions of hypoxia and nutrient
deprivation, promoting resistance, it can also inhibit tumor growth via excessive activation, which induces
autophagic cell death. This complex mechanism highlights the need for deeper investigation into the dynamic
regulation of autophagy during anti-angiogenic therapy and its interplay with the tumor microenvironment.Future
research should focus on bridging fundamental research with clinical practice. Utilizing multidimensional
analytical tools such as genomics, proteomics, and single-cell technologies, researchers can achieve a more
comprehensive understanding of the molecular mechanisms by which fruquintinib regulates autophagy.
Additionally, exploring its combination with other therapies—such as immunotherapy, chemotherapy, or targeted
therapy—will be critical for optimizing combination regimens, dosing schedules, and delivery protocols. These
efforts aim to develop more effective combination treatment regimens and provide colorectal cancer patients with
more precise and personalized therapeutic options, ultimately enhancing clinical outcomes and long-term
prognosis.
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