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Low muscle mass is significantly associated with low tolerability of chemotherapy and poor survival. In this context,
despite the great strides in the treatment of cancer, targeted therapies such as tyrosine kinase inhibitors (TKIs)
could exacerbate loss of muscle mass in cancer patients. In the last decades, the impact of muscle mass wasting
during TKI treatment on clinical outcomes has been put under the spotlights. We evaluated different molecular
pathways of TKls potentially involved in muscle wasting assessing the effects of different TKI therapies — such as
sorafenib, regorafenib, sunitinib, lenvatinib - on muscle mass, and highlighted their potential clinical implications.
The assessment of muscle mass from CT imaging could be helpful in predicting toxicity and prognosis in patients
treated with TKI such as sorafenib. An early recognition of low muscle mass and an effective personalized
nutritional support could prevent or attenuate muscle mass wasting. However, the role of nutrition is still overlooked
and future clinical trials are needed to find the optimal nutritional support to countermeasure muscle mass
depletion during TKI therapy.
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| 1. Introduction

The discovery of the overexpression of kinases in various cancers has led to the development of tyrosine kinase
inhibitors (TKIs). TKIs demonstrated to produce a significant improvement in survival rates in several cancers. Just
to name a few examples, imatinib has revolutionized the treatment of chronic myelogenous leukemia as well as
gastrointestinal stromal tumors (GISTs) [: sorafenib was the first therapy proven to prolong survival in patients with
metastatic hepatocellular carcinoma (HCC) & sunitinib provided for the first time a survival advantage over
interferon to treat metastatic renal cell cancer (RCC) B, However, despite the great strides in the treatment of
cancer, these agents can also induce frustrating dose-limiting toxicities (DLTs) partially due to the loss of body
weight and muscle mass M. Indeed, the reduction in physical activity, the nutritional deficiencies resulting from
cancer itself, and the side effects of oncologic treatment—such as nausea, vomiting, diarrhea, taste alteration, and
early satiety—often lead to a loss of weight and lean tissue mass. Patients with poor nutritional status are often not
able to tolerate chemotherapy and discontinue treatment. Low skeletal muscle mass was already shown to be a
significant predictor of chemotherapy toxicity and survival in cancer patients BB Thus, research increasingly
focuses on the importance of preserving skeletal muscle mass of patients receiving chemotherapy. In recent
decades, a growing number of studies attempted to understand whether muscle wasting was exacerbated by TKI

treatment and if such muscle loss was associated with toxicity and survival outcomes.
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| 2. Molecular Pathways of TKI Involved in Muscle Wasting

The maintenance of skeletal muscle mass is determined by a close balance between protein synthesis and protein
degradation. Intracellular signaling cascades, regulating the mechanisms for muscle growth or muscle loss, initiate
with a variety of chemical signals depending on nutritional and hormonal status—such as insulin or insulin-like
growth factor-1 (IGF-1)—or energy state (AMP kinase) and physical activity, or other mediators of environmental
stress (glucocorticoids, cytokines). A key point of integration in muscle protein synthesis is the phosphoinositide 3-
kinase (PI3K)/thymoma viral proto-oncogene (AKT) kinase 8. The insulin/IGF-1- Akt pathway increases skeletal
muscle protein synthesis via inhibiting glycogen synthase kinase 3 and activating the mechanistic target of
rapamycin complex 1 (mTORC1) signaling &, In turn, mTORC1 activates translation initiation and elongation, and

ribosome biogenesis of proteins, and consequently muscle cell growth 29,

Tyrosine kinases are enzymes that target proteins involved in diverse normal cellular regulatory processes 2. The
receptors of tyrosine kinases are membrane-spanning cell surface proteins linking extracellular signals to the
cytoplasm 12 Ligand binding induces dimerization of these receptors, resulting in autophosphorylation of their
cytoplasmic domains and activation of tyrosine kinase activity 1. TKls target different receptor tyrosine kinases
such as vascular endothelial growth factor receptors (VEGFRs). VEGFRs 1/2/3 are located on vascular endothelial
cells and play a key role in angiogenesis [23l. In healthy adults, angiogenesis is a complex multistep process that is
tightly controlled by a balance between endogenous pro-angiogenic and anti-angiogenic factors. However,
angiogenesis is a crucial prognostic factor in cancer and frequently correlates with tumor progression, disease
severity, and metastatic potential 14, TKIs such as sorafenib and sunitinib partly exert their anti-tumor activity by
inhibiting the tyrosine kinase activity of VEGFR-2 18l Platelet-derived growth factor receptors (PDGFRs) are also
TKIs’ targets involved in angiogenesis: mutational activation or upregulation of PDGFRs lead to uncontrolled blood
vessel formation and cancer. Moreover, PDGFR-3 emerged as a key regulator of cell growth and division and
mediates a significant impact on malignant cells and tumor microenvironment 1€ Epidermal growth factor
receptors (EGFRs) are transmembrane protein receptors for extracellular protein ligands belonging to the group of
epidermal growth factor (EGF) [2Zl. The overexpression of the EGFR is associated with the development of a wide
variety of tumors such as non-small cell lung cancer and breast cancer 28, Finally, KIT, RET, and B-RAF are other
receptor tyrosine kinases encoded by proto-oncogenes: the overexpression or mutations of these proteins can

promote carcinogenesis in several tissues 19,

All these tyrosine kinase receptors have been associated with the signaling pathway of activation of the
PISK/AKT/mTOR, which promotes cell growth, survival, and proliferation. In many cancers, the PI3BK/AKT/mTOR
pathway is overactive, thus reducing apoptosis and allowing cell proliferation 2. On the other hand, the activation
of the AKT/mTOR pathway and its downstream targets is essential for regulating skeletal muscle fiber size 21, In
Vivo, genetic activation of the AKT/mTOR pathway caused muscle hypertrophy and prevented atrophy, whereas
blocking of this pathway blocked muscle hypertrophy 22, By inhibiting receptor tyrosine kinase signaling, TKIs
have shown to indirectly suppress AKT and mTOR. In particular, sorafenib blocks VEGFR, PDGFR, c¢c-KIT, and RET
and inhibits downstream Raf serine/threonine kinase activity to prevent tumor growth, as demonstrated in

advanced HCC, RCC, and unresectable thyroid cancer [23l. Additionally, regorafenib is an oral multikinase inhibitor
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of VEGFR1-3, KIT, RET, B-RAF, and PDGFR 24, As illustrated in HCC in Figure 1, several TKIs indirectly inhibit

MTOR and consequently impair cell proliferation, protein synthesis, and muscle growth.

Tyrosine kinase . .
inhibitors WV Sorafenib ¥ Lenvatinib ¥ Regorafenib Y7 Cabozantinib — Inhibit @ Growth factors

Figure 1. Mechanisms of action of tyrosine kinase inhibitors (TKIs) in hepatocellular carcinoma (HCC).
Abbreviations: FGFR, fibroblast growth factor receptors; GDP, guanosine diphosphate; GTP, guanosine
triphosphate; mTORC1, mammalian target of rapamycin complex 1; PDGFR, platelet-derived growth factor
receptor; PI3K, phosphoinositide 3-kinase; TSC, tuberous sclerosis complex; VEGFR, vascular endothelial growth

factor receptor.

Although the effects of mTOR inhibitors on muscle mass have still to be fully elucidated, a recent human study 23]
demonstrated that the long-term use of mTOR inhibitors induces a marked loss of muscle mass. This confirms that
TKls may alter muscle mass, probably due to interferences with pathways of AKT/mTOR. As reported in the next

paragraph, several studies assessed the impact of TKI treatment on muscle mass in cancer patients.
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