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The Sudden Collapse of Cancer Cells: Exploring Tumor Lysis Syndrome Through a Molecular and Therapeutic Lens


                                                                Abstract           
Tumor Lysis Syndrome (TLS) is an acute oncologic emergency triggered by the rapid destruction of malignant cells, resulting in a cascade of metabolic derangements including hyperuricemia, hyperkalemia, hyperphosphatemia, and hypocalcemia. This review synthesizes contemporary understanding of TLS from molecular to clinical and translational perspectives. It examines TLS pathophysiology, focusing on intracellular release of nucleic acids and ions that overwhelm clearance mechanisms, precipitating acute kidney injury, cardiac arrhythmias, seizures, and multiorgan failure. This catabolic cascade also provokes systemic inflammatory responses (akin to cytokine release syndrome), further compounding endothelial dysfunction and organ injury. Both therapy-induced and spontaneous TLS are considered, highlighting risk factors including high tumor burden, elevated lactate dehydrogenase (LDH), proliferative indices, and oncogenic alterations that predispose to rapid lysis. Additionally, targeted therapies and immunotherapies have also broadened TLS contexts, underscoring vigilance. Management strategies include aggressive hydration, hypouricemic agents, and innovative therapies. Future directions include personalized prophylaxis guided by tumor genomics, novel targeted interventions to modulate tumor metabolism, and multidisciplinary research. Early recognition and tailored intervention remain paramount to mitigate the complexity and lethality of TLS in affected patients.

1. Introduction

Tumor lysis syndrome is an oncologic emergency defined by an acute release of intracellular contents to systemic circulation after a brisk destruction of malignant cells and is most frequently induced by cytotoxic chemotherapy. TLS is most frequently associated with hematological malignancies such as acute leukemias and high-grade lymphomas but is increasingly reported with bulky aggressive solid cancers. Based on recent clinical evidence, TLS is most frequently evident in non-Hodgkin lymphoma (~30%), followed by acute myeloid leukemia (~19%), acute lymphoblastic leukemia (~13%), and certain high-burden solid cancers (~20%) (1). Sex is not definitively predictive but is not an absolute predictor either. Known predisposing factors include male gender and old age (>65 years), elevated premorbid levels of uric acid or lactate dehydrogenase (LDH), underlying renal insufficiency, and dehydration status (2). For purposes of clinical management, existing guidelines stratify TLS risk for each individual on a spectrum of low (<1%), intermediate (1–5%), and high (>5%) based on tumor or leukemia type and histology and laboratory evidence of impending TLS. High-risk categories are frequent for those with end-stage or aggressive lymphomas such as Burkitt lymphoma and for those with acute leukemias with white cell counts >100×10⁹ or for those with bulky diffuse large B-cell lymphomas. Those with slow-growing cancers such as CLL or MM would be of low risk (1,3). 

TLS occurs when rapidly disintegrating tumor cells release intracellular ions, nucleic acids, proteins, and their byproducts into the bloodstream, ultimately triggering TLS. These metabolites, including hyperuricemia, hyperkalemia, hyperphosphatemia, hypocalcemia, and uremia, disrupt the body's natural balance mechanisms (4). These abnormalities lead to severe complications such as kidney failure, cardiac arrhythmias, and neurological issues, notably convulsions and seizures (5). TLS can manifest spontaneously, even before the commencement of cancer treatment; however, it frequently emerges within the initial week of initiating therapy. The likelihood of its occurrence is influenced by the specific cancer type the patient is diagnosed with, and the presence of larger tumors or extensive metastases increases the risk of TLS development. These acute metabolic derangements show the restricted tolerance of the body to the abrupt biochemical load from rapid tumor cell lysis, especially in cancers with higher proliferative and cell-turnover rates. A systemic understanding of these derangements necessitates a broader perspective based on cancer cell metabolism and systemic stress from metabolic dysregulation. In our previous work, we explored the impacts of metabolic overload, driven by elevated glucose metabolism and disturbed glycolytic pathways, on cancer cell survival and therapeutic outcomes (6). These are crucial insights into the metabolic instability found in Tumor Lysis Syndrome.

Notably, TLS is most observed in cases of acute leukemias characterized by elevated white cell counts at diagnosis and diffuse non-Hodgkin lymphomas of the Burkitt type. This association is largely attributed to the propensity of tumors with substantial burden, rapid cell turnover, and heightened sensitivity to chemotherapeutic agents to trigger TLS (7). Tumor Lysis Syndrome (TLS) is not restricted to individuals undergoing conventional chemotherapy; it can also manifest in patients receiving treatments such as steroids, hormonal therapy, targeted therapy, or radiation therapy (8). 

2. Pathophysiology

The cancer cell lysis occurs spontaneously or because of the cancer treatment, which results in the release of a large number of intracellular components into the bloodstream, including a large amount of potassium, phosphate, and nucleic acids, by the breakage of the plasma membrane of the cancer cells. The amount of these intracellular contents rises faster than the kidney can remove them, which leads to various complications such as kidney failure, cardiac arrhythmias, metabolic acidosis, and seizures. This causes tumor lysis syndrome. The pathophysiology of the tumor lysis syndrome is demonstrated in Figure 1.
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Figure 1: Pathophysiology of tumor lysis syndrome.

2.1 Hyperuricemia 
In patients with tumor lysis syndrome (TLS), hyperuricemia is a frequent complication. The rapid cell turnover of tumor cells, which results in a greater production of uric acid, is the mechanism underlying hyperuricemia in TLS. Purines, which are found in DNA and RNA, are metabolized into uric acid as a byproduct. Huge quantities of purines are released into the bloodstream during the rapid destruction of tumor cells, and these purines are later converted into uric acid. The purine pathway starts with adenosine monophosphate (AMP), where AMP is processed to inosine monophosphate (IMP) as well as adenosine by an enzyme called AMP deaminase. Adenosine is then processed to inosine by the enzyme adenosine deaminase (ADA). IMP can be reprocessed into inosine. Inosine undergoes another reaction to form hypoxanthine with the help of an enzyme called purine nucleoside phosphorylase. The hypoxanthine is then metabolized by xanthine oxidase to xanthine, which can be further processed to uric acid via the xanthine oxidase enzyme (9). Most mammals have uricase, an enzyme that oxidizes uric acid into the easily excreted metabolite allantoin, which is water-soluble. Compared to uric acid, allantoin is five to ten times more soluble. A missense mutation has rendered urate oxidase inhuman, but pharmacologic urate oxidase is available and is used to treat and prevent hyperuricemia. The marked overproduction and overexcretion of uric acid in TLS can lead to crystal precipitation and deposition in the renal tubules, resulting in renal vasoconstriction, compromised glomerular filtration, reduced urine output, impaired autoregulation (impaired blood flow to organs), decreased renal flow, and inflammation, resulting in acute kidney injury (10). The pathway is explained in the figure given below . Purine metabolism and the site of action of allopurinol, febuxostat, and rasburicase are demonstrated in Figure 2
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             Figure 2: Purine metabolism and site of action of hypouricemic agents
2.2 Hyperkalemia
Hyperkalemia, or an abnormally high level of potassium in the blood, is a common manifestation of TLS. They start to show up 6 to 72 hours after chemotherapy starts. There is a huge load of potassium intracellularly which can be as high as 120 meq/L (11). Numerous cells are killed during TLS, releasing potassium from the intracellular environment into the bloodstream. The typical homeostatic processes that control serum potassium levels may be overwhelmed by this abrupt increase in potassium. Ineffective potassium excretion by the kidneys can also result in hyperkalemia. Renal failure, a common TLS consequence, can cause this in TLS patients. Decreased potassium excretion and potassium retention in the body can be caused by decreased urine production, compromised renal function and transcellular potassium shift (12).
2.3 Hyperphosphatemia and Hypocalcemia
One of the hallmarks of TLS is hyperphosphatemia. Although phosphate is a necessary part of cellular metabolism, excessive concentrations can be hazardous to the body. The actions of parathyroid hormone (PTH), vitamin D, and fibroblast growth factor 23 (FGF-23) normally maintain the serum phosphate concentration within a specific range. While FGF-23 inhibits phosphate reabsorption and induces urine excretion, PTH promotes the reabsorption of phosphate by the renal tubules. Increased intestinal absorption of calcium and phosphate and altered renal phosphate excretion are both effects of vitamin D (13). In TLS, the massive release of intracellular phosphate leads to an increase in the serum phosphate concentration, which makes it difficult for the body to handle. This hyperphosphatemia can cause several pathological effects, including: secondary hypocalcemia (the elevated serum phosphate binds to calcium, forming insoluble calcium phosphate crystals that precipitate in soft tissues and bones, leading to hypocalcemia); acute kidney injury (by the formation of calcium phosphate crystals in renal tubules); and endothelial dysfunction (by inducing oxidative stress and inflammation). 
Hypocalcemia is another common feature of TLS. Calcium is a vital electrolyte that is required for many cellular processes, including muscle contraction and nerve function. Hypocalcemia in TLS occurs due to a combination of factors. First, the high levels of serum phosphate in TLS can lead to the formation of calcium phosphate crystals, which can bind to and remove calcium from the bloodstream. Additionally, the rapid release of intracellular potassium and nucleic acids can lead to an influx of hydrogen ions into the bloodstream, which can lead to an increase in the acidity of the blood. This acidosis can then lead to increased calcium binding to albumin, making it unavailable for use by the body. Low calcium levels can cause muscle cramps, tetany, seizures, and cardiac arrhythmias (14).
3. Clinical Features and Risk Factors
As discussed earlier the identification of the syndrome is very crucial for implementing the prophylactic treatment and for preventing the mortality among the cancer patients. The clinical features of TLS are directly linked to the metabolic abnormalities that are observed in this disorder, which include hyperuricemia, hyperkalaemia, hyperphosphatemia, hypocalcaemia, and uraemia. Therefore, these abnormalities can be identified by the clinical manifestations. For example the hypocalcemia caused by TLS may have common symptoms such as prolonged QT intervals, paresthesia, muscle spasms, cramps, tetany, circumoral numbness, seizures and alteration of mental status (14). Hyperkalemia is associated with Muscle fatigue, deadly cardiac arrhythmias, ECG abnormalities and renal dysfunction (15). In severe acute phosphatemia, the clinical manifestations arise from hypocalcemia caused by the formation of insoluble calcium phosphate salts: musculoskeletal weakness, tetany and increased neuromuscular excitability. At the central nervous system level seizures and cognitive impairment may develop (16). 
 Meanwhile, as a direct result of hyperuricemia, uric acid crystals precipitate out of the renal tubules. The main complaints associated with hyperuricemia are gout and uric acid nephrolithiasis, which are followed by clinical manifestations such as swollen joints, flank pain, hematuria, nausea or vomiting, and colicky pain (17). These symptoms should be closely monitored in patients receiving chemotherapy, especially those who are in the high-risk category of developing TLS (18). Tumor Lysis Syndrome (TLS) most commonly arises in patients with malignancies characterized by rapid proliferation and a substantial tumor burden. Elevated serum levels of lactate dehydrogenase (LDH), a marker of tumor aggressiveness and high cellular turnover, are frequently observed in these individuals and serve as a significant predictor of TLS. Hematologic malignancies, particularly acute lymphoblastic leukemia (ALL), often present with markedly elevated white blood cell counts, further amplifying the risk. Additionally, pre-treatment hyperuricemia can predispose patients to uric acid nephropathy once cytotoxic therapy is initiated. Underlying renal dysfunction or existing kidney disease significantly impairs the clearance of metabolic byproducts, thereby exacerbating the risk of TLS. Pre-existing electrolyte disturbances, such as hyperkalemia, hyperphosphatemia, or hypocalcemia can intensify metabolic derangements once cell lysis begins. Importantly, the initiation of chemotherapy, radiation, or targeted therapies often serves as the precipitating trigger, rapidly inducing tumor cell death and the subsequent release of intracellular contents into the circulation. Identifying these high-risk features prior to the initiation of therapy is essential for timely prophylactic interventions and optimal patient outcomes.
We have categorized the tumors based on the risk of developing tumor lysis syndrome into high-risk, intermediate-risk, and low-risk tumors (1). It is also important that the clinician differentiate TLS from other causes of acute kidney injury, such as autoimmune kidney disease, use of certain medications that are nephrotoxic, urinary tract obstruction, and untreated systemic diseases such as liver disease or heart disease.
4. Diagnosis and Classification
The diagnosis of tumor lysis syndrome (TLS) is established through a combination of clinical symptoms and laboratory findings. One of the most widely recognized diagnostic approaches is the Cairo–Bishop classification, which was developed to address the limitations of an earlier system proposed by Hande and Garrow. Their original classification was based on a retrospective review of 102 patients with intermediate- to high-grade non-Hodgkin’s lymphoma and introduced the concepts of laboratory TLS (LTLS) and clinical TLS (CTLS). Despite its utility, the Hande–Garrow model lacked key features such as severity stratification, broad tumor applicability, and sufficient clinical precision (2,19).
To overcome these shortcomings, Cairo and Bishop refined the criteria to enhance its relevance in diverse oncological settings. Their revised classification clearly differentiates LTLS, defined by specific biochemical disturbances, from CTLS, which includes laboratory abnormalities along with clinical complications such as acute kidney injury, cardiac arrhythmias, or seizures. This modification has since become the preferred diagnostic framework for TLS in both clinical practice and research (4). The criteria are summarized in Table 1.
	Criterion
	Cairo–Bishop Threshold

	Uric acid
	≥8.0 mg/dL (≥476 μmol/L) or ≥25% increase from baseline

	Potassium (serum K⁺)
	≥6.0 mmol/L or ≥25% increase

	Phosphate (serum PO₄³⁻)
	≥4.5 mg/dL (≥1.45 mmol/L) or ≥25% increase

	Calcium (serum Ca²⁺)
		≤7.0 mg/dL (≤1.75 mmol/L) or ≥25% decrease

	Laboratory TLS
	≥2 of above abnormalities within 3 days before to 7 days after therapy

	Clinical TLS
	Laboratory TLS plus ≥1 of: creatinine >1.5×ULN; seizure; cardiac arrhythmia or sudden death


                                   Table 1. Cairo–Bishop diagnostic criteria for TLS
Reproduced with permission from Cairo MS and Bishop M, Tumour lysis syndrome: new therapeutic strategies and classification, British Journal of Haematology. Wiley. License number: 6046001503603.


Molecular Signatures and Biomarkers of TLS
Early recognition of tumor lysis risk increasingly depends on molecular markers. Urate transporters, such as URAT1 (SLC22A12), play a key role in modulating hyperuricemia by regulating tubular uric acid reabsorption (17). Genetic variations or pharmacologic inhibition of these transporters can influence urate accumulation during TLS. Serum lactate dehydrogenase (LDH) remains a reliable surrogate for tumor burden and turnover, with elevated levels strongly correlating with TLS risk. While total LDH is commonly used, isozyme profiling, particularly LDH-3 and LDH-4, often elevated in lymphoid malignancies, may offer insights into tumor origin, though its clinical utility is still under evaluation (20). The massive tumor breakdown also triggers an inflammatory cascade. High interleukin-6 (IL-6) levels, observed in nearly all TLS cases, along with elevated TNF-α, IL-8, and IL-10, contribute to capillary leakage and acute kidney injury, potentially serving as early biochemical red flags (21). Novel biomarkers, including circulating tumor DNA and γH2AX (indicative of DNA damage), are under active investigation. Incorporating such serum and urinary biomarkers into risk models may enable proactive TLS management in high-risk patients (22).
 Current and Emerging Therapies
Management of tumor lysis syndrome (TLS) hinges on early intervention with uric acid–lowering agents, supported by vigilant monitoring and fluid therapy. The two primary pharmacological options are allopurinol and rasburicase, each with distinct mechanisms and indications (23). Allopurinol works by inhibiting xanthine oxidase, thereby reducing the production of uric acid from purine metabolism. It is most effective when initiated prior to chemotherapy, particularly in patients with lower baseline uric acid levels (1). However, its action is preventive rather than therapeutic, it does not reduce pre-existing uric acid, and can lead to xanthine accumulation, posing a risk of crystal-induced renal injury. Known adverse effects include hypersensitivity reactions, which may be severe in individuals with certain genetic predispositions.
Rasburicase, by contrast, is an enzymatic agent that rapidly converts uric acid into allantoin, a more soluble metabolite readily eliminated by the kidneys. It is especially useful in patients already experiencing TLS or those at high risk, such as individuals with underlying renal impairment or a large tumor burden. Clinical studies have consistently demonstrated rasburicase’s superior efficacy in rapidly lowering serum uric acid levels compared to allopurinol (24). However, its high cost and the risk of hemolysis in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency, due to oxidative stress caused by the drug, are important limitations. An additional option under investigation is febuxostat, a non-purine xanthine oxidase inhibitor. Unlike allopurinol, febuxostat is metabolized in the liver, making it potentially safer for patients with renal dysfunction (25). It also carries a lower likelihood of hypersensitivity reactions. While its use in TLS is not yet backed by large randomized trials, it may be considered in cases where allopurinol is contraindicated.
Beyond pharmacological measures, supportive care plays a vital role in TLS prevention and management. Adequate intravenous hydration, typically ranging from 2 to 3 liters per square meter per day, is critical to maintaining renal perfusion and enhancing urinary excretion of uric acid and electrolytes. Diuretics may be used judiciously if fluid overload is a concern, provided hydration status is sufficient. Urate-lowering therapy should be administered in parallel: rasburicase is preferred for treating established hyperuricemia, while allopurinol may be continued in moderate-risk cases (20).
Electrolyte abnormalities must be managed promptly. Hyperkalemia requires immediate treatment with interventions such as insulin-glucose infusions, beta-agonists, sodium bicarbonate, or calcium administration to stabilize cardiac membranes (26). Hyperphosphatemia can be managed through phosphate binders and dietary modifications, while hypocalcemia is treated only when symptomatic, due to the risk of calcium-phosphate precipitation (16). If severe renal dysfunction or unmanageable electrolyte imbalances occur, renal replacement therapy, including dialysis, may be necessary. Common indications include persistent oliguria or anuria, severe fluid overload, refractory hyperkalemia, and symptomatic disturbances in calcium or phosphate levels (27,28).
6. TLS in Immunotherapy and Targeted therapy
With the advent of potent immunotherapies and molecularly targeted treatments, Tumor Lysis Syndrome (TLS) has re-emerged as a clinically significant complication, particularly in patients with high disease burden. CAR T-cell therapies, especially those directed against B-cell maturation antigen (BCMA) in multiple myeloma and CD19 in chronic lymphocytic leukemia (CLL), have been associated with notable TLS incidence. In a clinical cohort of relapsed or refractory multiple myeloma patients receiving BCMA-targeted CAR T cells, TLS occurred in approximately 17% of cases, typically manifesting around eight days post-infusion (29). All patients who developed TLS also experienced cytokine release syndrome (CRS), with a majority presenting severe (grade 3–4) forms. Similarly, earlier studies using CD19 CAR T cells in CLL reported TLS in around 14% of patients. These findings highlight that high tumor burden and rapid immune-mediated cytotoxicity, often accompanied by CRS, are critical risk factors, warranting close biochemical and clinical surveillance (30,31).
Among targeted therapies, venetoclax, a selective BCL-2 inhibitor used in hematologic malignancies such as CLL and AML, has a well-documented TLS risk due to its potent pro-apoptotic effect (32). Early clinical trials reported fatal TLS events, especially when rapid dose initiation protocols were employed. Consequently, a structured 5-week dose escalation strategy with concurrent hydration and urate-lowering therapy (typically allopurinol) is now standard. Real-world data support the effectiveness of this approach: in a large series involving 297 CLL patients treated with venetoclax, clinical TLS occurred in just 2.7% of cases, with one fatality and one dialysis-requiring episode. Laboratory TLS was observed in 5.7% (33). In AML, TLS is comparatively rare; for example, the VIALE-A trial evaluating azacitidine plus venetoclax reported only three laboratory TLS events and no clinical cases. Nonetheless, isolated reports of TLS in AML and even multiple myeloma suggest that risk persists, particularly in settings of aggressive disease biology or large tumor burden (34). Collectively, these observations underscore the need for proactive TLS risk assessment and tailored prophylaxis in patients undergoing immunotherapy or targeted treatment regimens.
7. Future Direction
Looking ahead, advanced analytics and artificial intelligence hold significant promise for improving risk stratification in Tumor Lysis Syndrome (TLS). Recent research has demonstrated the utility of machine learning algorithms, such as CatBoost and LASSO-based models, that leverage baseline clinical and laboratory parameters to predict TLS risk, particularly in patients with acute leukemia. For instance, in a pediatric acute lymphoblastic leukemia cohort, a CatBoost model achieved an area under the curve (AUC) of approximately 0.832, while a LASSO-derived nomogram incorporating variables such as white blood cell count, electrolyte levels, and organ function markers reported an AUC near 0.824 (35,36). These predictive tools could potentially be integrated into clinical workflows, such as electronic health record systems or mobile-based applications, to flag high-risk individuals in real time and support proactive intervention. The addition of multi-omic data and longitudinal lab trends may further refine prediction accuracy. Simultaneously, precision medicine is reshaping TLS prophylaxis, with risk-adapted strategies gaining traction. For example, in chronic lymphocytic leukemia, venetoclax is introduced through a gradual dose escalation protocol alongside close monitoring to reduce TLS incidence (37). Future directions also include tailoring preventive measures based on pharmacogenomics and tumor-specific characteristics, such as screening for HLA variants to avoid hypersensitivity reactions or customizing uric acid-lowering therapy based on genetic predispositions. 
Conclusion
Tumor Lysis Syndrome represents a critical tipping point where the effectiveness of cancer treatments collides with the dangers of rapid tumor breakdown. As our understanding of the underlying molecular events continues to grow, so does our ability to recognize and manage TLS across a wide range of therapies, from traditional chemotherapy to cutting-edge immunotherapies. The destruction of cancer cells, while often a sign of treatment success, brings with it serious risks that demand early attention and careful monitoring. By embracing advances like genomics, AI-based risk assessment, and personalized treatment strategies, we can move from reacting to crises toward preventing them. In this delicate space between healing and harm, the future of TLS care depends on innovation, foresight, and strong collaboration across disciplines.
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