
The impact of pazopanib and extremity radiotherapy on transaminase elevations in 
soft tissue sarcoma

Bauke H.G. van Rieta , Shermarke Hassanb , Thomas R. de Wijkersloothc , Tom T.P. Seijkensd , Alwin D.R. Huitemae,f,g , 
Neeltje Steeghsd,h†  and Rick L. Haasa,i† 

ACTA ONCOLOGICA
2026, VOL. 65, 641–651
https://doi.org/10.2340/1651-226X.2026.46196

https://orcid.org/0000-0003-3606-8544
https://orcid.org/0000-0002-5045-636X
https://orcid.org/0009-0003-0482-1121
https://orcid.org/0009-0008-5223-9538
https://orcid.org/0000-0003-1939-4639
https://orcid.org/0000-0003-2989-2279
https://orcid.org/0000-0003-4834-4331
https://doi.org/10.2340/1651-226X.2026.46196


ABSTRACT
Background and purpose: Unexpected high rates of grade ≥ 3 transaminase elevations were observed 
in patients receiving pazopanib and extremity radiotherapy. Although alanine transaminase (ALT) and 
aspartate transaminase (AST) primarily originate from the liver, both are also present in muscle tissue. 
In extremity soft tissue sarcomas (STS), where large muscle volumes are within the radiation field, radi-
ation-induced muscle damage may contribute to these elevations. This study evaluated the impact of 
extremity radiotherapy, pazopanib, and their combination on the incidence and degree of ALT/AST eleva-
tions in STS patients.
Patients and methods: A prospective cohort treated with extremity radiotherapy alone was combined 
with a retrospective cohort treated with pazopanib alone or in combination. Patient characteristics, 
treatment details, and laboratory values (liver enzymes and muscle injury biomarkers) were collected. 
Descriptive analyses and logistic regression were conducted to evaluate the association with grade ≥ 3 
ALT/AST elevations. 
Results: Among 154 patients (10 radiotherapy, 108 pazopanib, 36 radiotherapy plus pazopanib), none of 
the radiotherapy-only patients experienced grade ≥ 3 elevations. Post-irradiation ALT/AST, creatine kinase 
and myoglobin elevations were minimal. Grade ≥ 3 elevations occurred in 6% of patients receiving pazo-
panib and 36% of those receiving both radiotherapy and pazopanib. All elevations typically resolved after 
pazopanib discontinuation. Grade ≥ 3 elevations were significantly associated with pazopanib, and mod-
estly associated with pazopanib trough levels (odds ratio [OR]: 1.43 per 10 mg/L, 95% confidence interval 
[CI]: 1.12–1.90), but not with radiotherapy.
Interpretation: Adding pazopanib to radiotherapy in localised extremity sarcoma significantly increases 
the rate of AST/ALT elevations. Extremity radiotherapy alone does not induce clinically relevant trans-
aminase elevations. Grade ≥ 3 elevations were associated with pazopanib treatment. The mechanism 
underlying the substantially higher incidence of transaminase elevations with combined pazopanib and 
radiotherapy, compared with pazopanib alone, remains unknown.
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HIGHLIGHTS

•	 Extremity radiotherapy alone does not induce meaningful AST/ALT or muscle biomarker elevations.
•	 Grade ≥ 3 elevations occurred more frequently with pazopanib plus radiotherapy than with pazopanib alone. 
•	 Severe AST/ALT elevations typically resolved after pazopanib discontinuation.
•	 Higher pazopanib Ctrough modestly increased the risk of elevations, with no other factors identified.
•	 The reason why transaminase elevations occurred six times more often with pazopanib plus radiotherapy than with 

pazopanib alone remains not fully understood.
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Introduction

Soft tissue sarcomas (STS) are a heterogeneous group of rare 
cancers, accounting for approximately 1% of all newly diag-
nosed cancers [1]. Surgery is the cornerstone of treatment for 
localised STS and is often combined with preoperative radio-
therapy to improve local control rates in deep-seated intermedi-
ate- and high-grade sarcomas. Despite these interventions, 
approximately 15% of patients develop local recurrences and 
30% develop distant metastases [2]. As a result, various efforts 
have been made to improve treatment outcomes. 

Two such efforts were the phase one PASART-1 trial 
(NCT01985295) [3] and phase two PASART-2 trial (NCT02575066) 
[4], which evaluated the angiogenesis inhibitor pazopanib 
combined with preoperative radiotherapy. While the 
combination was generally well tolerated, one-third of patients 
developed transient, isolated CTCAE grade ≥ 3 alanine 
transaminase (ALT) and aspartate transaminase (AST) elevations 
that required premature pazopanib discontinuation [5]. 
Although pazopanib is known to cause transaminase elevations, 
the reported incidence is substantially lower, suggesting 
additional contributing factors [6–10]. Unexpectedly, neither 
trial was able to identify a reasonable explanation for the high 
incidence of transaminase elevations.

Despite extensive clinical experience, the mechanism 
underlying pazopanib-associated transaminase elevations 
remains unclear. Clinically, elevations typically occur within 3 to 
12 weeks and display a mixed pattern without immunoallergic 
or autoimmune features [11, 12]. Higher pazopanib exposure 
has been associated with increased AST and ALT levels, 
suggesting a partial exposure-dependent effect [13–16]. 
Although the liver is the primary source of these enzymes, ALT 
and AST are also present in muscle, kidney, and brain tissue 
[17–19]. In extremity STS, where tumours often involve large 
volumes of adjacent muscle, radiation-induced muscle damage 
could potentially contribute to these elevations.

Given these uncertainties, this study aimed to assess the 
impact of extremity radiotherapy, pazopanib treatment and 
exposure, and their combination on the incidence and degree of 
ALT and AST elevations in STS patients.

Methods

Study design

This study combined data from the PASART [3–4] trials with a 
prospective observational clinical study and a retrospective 
record  review, conducted at the Netherlands Cancer Institute. 
Three comparative cohorts were included: (1) a prospective 
hospital-based radiotherapy cohort (RT); (2) a retrospective 
hospital-based pazopanib cohort (PAZ); and (3) patients enrolled 
in the PASART trials receiving concurrent pazopanib and radio-
therapy (PAZ+RT). 

The prospective study was approved by the local medical 
ethics committee (NedMec-O:23-007) and the retrospective 
record review by the institutional review board (IRBd25-019). All 
PASART patients provided consent for the use of their data.

Patient population

Eligible patients were aged ≥18 years with histologically con-
firmed STS. Exclusion criteria across cohorts included Ewing sar-
coma or other PNET family tumours, rhabdomyosarcomas, 
impaired organ function, liver disease, or WHO performance sta-
tus (WHO PS) ≥ 2, to yield a comparable patient population to 
the original PASART participants. 

The two hospital-based cohorts included: (1) a prospective 
RT cohort of patients treated in 2023–2024 with localised, non-
metastatic extremity STS receiving neo-adjuvant or adjuvant 
radiotherapy, and (2) a retrospective PAZ cohort of patients 
treated with pazopanib monotherapy between 2011 and 2025. 
Cohort-specific exclusion criteria included prior or concurrent 
systemic therapy for RT, and concurrent systemic therapy or 
radiotherapy, missing laboratory values, lack of consent for use 
of data, or pazopanib discontinuation within 4 weeks for reasons 
unrelated to toxicity for PAZ. 

Patients in the PAZ+RT cohort received neo-adjuvant 
radiotherapy with concurrent once-daily pazopanib for localised 
non-metastatic STS of the extremities and trunk between 2011 
and 2018 as part of the PASART trials. Pazopanib was initiated 1 
week prior to radiotherapy and continued until completion of 
radiotherapy. PASART-1 enrolled 11 patients across three dose 
levels: 400 mg (n = 3), 600 mg (n = 4), and 800 mg (n = 4), all 
receiving radiotherapy with 50 Gy in 25 fractions. PASART-2 
included 25 patients receiving 800 mg pazopanib with either 50 
Gy in 25 fractions (n = 21) or 36 Gy in 18 fractions (n = 4). 

Data collection

RT cohort patients were identified following multidisciplinary 
team meetings, while PAZ cohort patients were identified 
through the hospital pharmacy prescription information sys-
tem. Relevant clinical and treatment data were extracted from 
electronic healthcare records for both cohorts. PAZ+RT cohort 
data were obtained from the original PASART electronic case 
report forms and supplemented with healthcare record data. 

Patient characteristics, pazopanib dosing and trough levels, 
radiotherapy details, and laboratory values were collected for all 
patients. Baseline patient characteristics included age, gender, 
tumour size, tumour grade, histological subtype, location, 
history of liver disease, and WHO PS. Radiotherapy details 
included treatment schedule, delivered dose, and treated 
volumes. Laboratory values included AST and ALT, and additional 
biomarkers to differentiate between liver and muscle damage: 
creatine kinase, myoglobin, serum albumin, gamma-glutamyl 
transpeptidase (GGT), alkaline phosphatase (ALP), total bilirubin, 
lactate dehydrogenase (LDH), and blood coagulation time. 

Blood sampling schedules differed per cohort: RT patients 
were sampled at baseline, end of week 1 (day 5), end of week 3 
(day 19), and the last day of radiation (day 18, 25, or 33, 
depending on treatment schedule). On days 5 and 19, samples 
were collected both immediately prior and 2 h after radiation. 
For the PAZ and PAZ+RT cohorts, laboratory values were 
collected from treatment initiation through 8 weeks, with 
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weekly sampling in PAZ+RT according to the PASART protocol 
and variable sampling in PAZ reflecting routine clinical care. An 
overview of treatment schedules and sampling times for all 
cohorts is shown in Figure 1.

Transaminase elevations

Transaminase elevations were assessed during the first 8 weeks 
following treatment initiation to minimise confounding and 
align with PASART trial timelines. Elevations were graded 
according to the CTCAE version 5.0, and were categorised as 
either grade < 3 or ≥ 3. Elevations were further classified as mus-
cle- or liver-related based on laboratory biomarkers, the AST/
ALT ratio, with a predominance of AST relative to ALT considered 
supportive of a muscle-derived origin, and evaluated according 
to Hy’s law [20]. In the RT cohort, CK and myoglobin were used 
to support identification of a muscle-derived origin. In the PAZ 
and PAZ+RT cohorts, classification relied primarily on the treat-
ing physician’s assessment, supplemented by GGT, ALP, biliru-
bin, LDH, and CK when available. Among patients with grade ≥ 3 
liver-related elevations, the R ratio and the treating physician’s 
assessment were used to determine the pattern of injury as 
hepatocellular (R > 5), mixed (R 2–5), or cholestatic (R < 2), and 
likelihood of pazopanib-induced liver injury [18]. 

Pharmacokinetics

Pazopanib plasma trough levels were measured during stand-
ard clinical care (PAZ cohort) or within PASART-2 (PAZ+RT 
cohort). Trough levels were extrapolated using the formula by 
Wang et al. and were analysed using a validated liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) assay 
[21, 22]. To ensure accurate estimation of trough levels, samples 
were required to be collected at least 3.5 h after dosing, and 
within 43 (twice daily) or 55 (once daily) h post-dose, as extrap-
olation beyond the dosing interval plus one half-life was consid-
ered unreliable. 

In the PAZ cohort, trough samples were generally collected 
at weeks 4 and 8. Patient-level exposure was estimated by 
calculating the geometric mean of all available samples. In 
PAZ+RT, trough samples were collected on day 1 and day 22, 
with exposure based on day 22 given its steady-state condition. 
Cohort-level exposure was defined as the median patient-level 
exposure within each cohort.

Statistical analysis

Summary tables for continuous variables include median and 
interquartile range. For categorical variables, counts and pro-
portions are reported. Between-cohort differences were 
assessed using Fisher’s exact test, unpaired t-tests, or one-way 
analysis of variance (ANOVA), as appropriate. Associations in 
plasma AST and ALT were visualised per cohort using general-
ised additive models with cubic regression splines. 

The RT cohort was analysed first to assess the association 
between radiotherapy and transaminase elevations in the 
absence of pazopanib. Logistic regression analysis was 
performed to evaluate associations between cohorts, patient 
and treatment characteristics, and grade ≥ 3 transaminase 
elevations. No correction for multiple comparisons was applied.

Sensitivity analyses were conducted using a lower clinically 
relevant grade ≥ 2 threshold, aligning with the liver toxicity 
warning threshold of the U.S. Food and Drug Administration 

Figure 1.  Treatment and sampling schedule cohorts, sampling collection times are indicated by collection vials, showing both laboratory and pharmaco-
kinetic sampling points.
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(FDA) and European Medicines Agency (EMA) [10, 23]. To assess 
whether the observed event rate in PASART trials exceeded the 
expected rate, a one-sided, one-sample binomial test was 
performed using reference event rates from the Summary of 
Product Characteristics (SmPC) and literature as reference 
ranges (2% to 11%) [6–10]. No imputation or analysis of missing 
data was performed. Analyses were performed in R version 4.4.2 
[24]. P-values of < 0.05 were considered significant. 

Sample size radiotherapy cohort

Transaminase levels are generally stable, making significant ele-
vations unlikely without intervention [25, 26]. Based on prior 
literature and the pazopanib SmPC, grade ≥ 3 elevations occur 
in 7% of patients, whereas 36% of PASART patients experienced 
grade ≥ 3 elevations [6–10]. Assuming an expected incidence of 
15% (between 7% and 36%), a sample size of 10 patients pro-
vided 80% power at 5% significance to reject the null hypothesis 
of 0.5% (conservative estimate) if at least one patient developed 
grade ≥ 3 elevations.

Results

Baseline patient and tumour characteristics of the three cohorts 
are summarised in Table 1. RT included 10 patients, PAZ 108, and 
PAZ+RT 36. The selection and identification of PAZ patients is 
illustrated in Supplementary Figure 1. Briefly, age and WHO PS 
were comparable across cohorts. Sarcoma locations and sub-
types differed. PAZ+RT patients had larger sarcomas, received 
higher radiation doses, and had higher median pazopanib 
Ctrough.

Transaminase elevations were absent in the RT cohort. In the 
PAZ cohort, seven of 108 patients (6%) developed grade ≥ 3 
elevations and 15 of 108 (14%) developed grade ≥ 2 elevations. 
In PAZ+RT, 13 of 36 patients (36%) developed grade ≥ 3 and 16 
of 36 (44%) grade ≥ 2 elevations. All grade ≥ 2 cases (n = 31) 
were attributed to pazopanib by the treating physician; 23 were 
classified as hepatocellular and eight as mixed pattern. No 
clinically apparent differences in pazopanib exposure, or 
biochemical parameters were observed between the two 
groups. None met Hy’s law criteria. A liver biopsy was performed 
in only one out of 20 patients with grade ≥ 3 elevations and 
showed moderately active chronic hepatitis with cholangitis, 
cholestasis, and mild mononuclear infiltration.

Proportion of patients with grade ≥ 3 transaminase eleva-
tions

Given the higher incidence observed in the PAZ+RT cohort 
(PASART trials), the probability of these events was assessed rel-
ative to the PAZ cohort and literature-reported rates of 2% to 
11% [6–10]. Assuming a true event rate of 6.5% (7/108), the 
probability of observing ≥ 13 events (36%) in 36 patients was 
< 1 in 5 million. For comparison, if the true event rate was 2% or 
11%, the corresponding probabilities would be < 1 in 8 trillion 
and < 1 in 14,670, respectively. The observed incidence far 

exceeds what would be expected by chance given an expected 
event rate of 2% – 11%.

Patterns of transaminase elevations 

The course of plasma AST and ALT levels is visualised in Figure 2 
(PAZ and PAZ+RT) and Supplementary Figure 2 (RT). 
Transaminase elevations in the RT cohort were absent with 
mean AST and ALT increases of 2 IU/L (median: 3, range: 0–4) 
and 2 IU/L (median: 2, range: 0–7), respectively. Myoglobin and 
creatine kinase elevations were also negligible. No significant 
differences in laboratory biomarker levels were observed 
between pre- and post-radiation measurements. 

In the PAZ and PAZ+RT cohorts, transaminase levels remained 
stable during the first 2 weeks but showed pronounced elevation 
in week 3. Levels typically normalised after pazopanib 
discontinuation. The patterns in PAZ+RT closely mirrored those 
observed in PAZ. Mean increases from baseline were 23 IU/L for 
AST (median: 11, interquartile range [IQR]: 20) and 89 IU/L for 
ALT (median: 19, IQR: 157) in PAZ and 33 IU/L for AST (median: 
12, IQR: 22) and 190 IU/L for ALT (median: 44, IQR: 280) in PAZ+RT.

Radiotherapy, pazopanib, and transaminase elevations 

Firth’s penalised logistic regression was performed to assess the 
association between treatment and grade ≥ 3 transaminase ele-
vations. Compared with PAZ+RT, both PAZ (odds ratio [OR]: 0.13, 
95% confidence interval [CI]: 0.05–0.34) and RT (OR: 0.08, 95% CI: 
0.01–0.74) were associated with significantly lower odds of 
grade ≥ 3 elevations (Table 2). These estimates should be inter-
preted with caution given the absence of grade ≥ 3 events in the 
RT cohort.

Among pazopanib-treated patients, median Ctrough was 
slightly higher in the PAZ+RT cohort than in the PAZ cohort (35.8 
vs. 32.9 mg/L) (Figure 3). Within each cohort, patients with grade 
≥ 3 elevations had higher median Ctrough than those without 
(PAZ+RT, 47 vs. 34 mg/L; PAZ, 44 vs. 31 mg/L). Higher Ctrough was 
associated with an increased risk of grade ≥ 3 elevations (OR: 
1.43 per 10 mg/L; 95% CI: 1.12–1.90), consistent with a modest 
exposure-toxicity relationship (Table 2). In multivariate analysis, 
the association between PAZ+RT and grade ≥ 3 elevations was 
partially attenuated but remained significant when adjusted for 
Ctrough (OR: 5.44, 95% CI: 1.66–18.24) (Supplementary Table 1).

Descriptive analyses of pooled pazopanib-treated cohorts 
stratified by grade ≥ 3 transaminase elevations were performed to 
assess the associations with pazopanib exposure and patient 
characteristics, as all elevations were attributed to pazopanib and 
none occurred in the RT cohort. Patients were generally 
comparable between groups, except for median Ctrough, which was 
significantly higher in patients with grade ≥ 3 elevations (46 vs. 32 
mg/L, p = 0.01) and grade ≥ 2 elevations (42 vs. 32 mg/L, p = 0.02) 
(Table 3). Other laboratory variables did not differ between groups 
(data not shown). Evaluation of patients with grade ≥ 3 elevations 
did not reveal any apparent patterns, risk factors, or probable 
causes across clinical characteristics, biochemical parameters, or 
inflammatory parameters (Supplementary Table 2). 

Supplementary
Supplementary
https://doi.org/10.2340/1651-226X.2026.46196
https://doi.org/10.2340/1651-226X.2026.46196


ACTA ONCOLOGICA  645

Table 1.  Patient and treatment characteristics.

Radiotherapy (RT) Pazopanib (PAZ) Pazopanib + Radiotherapy (PAZ+RT)

N = 10 N = 108 N = 36

Sex, N (%)
  Male 6 (60) 36 (33) 23 (64)
  Female 4 (40) 72 (67) 13 (36)
Age at diagnosis (years), median (IQR) 60 (5) 63 (19) 58 (19)
WHO PS
  0–1 10 (100) 108 (100) 36 (100)
Tumour size median (range)a 6.0 (2.4–12.8) NA 9.0 (2.8–21.1)
FNCLCC grade, N (%)a

  Grade I/II 7 (70) NA 20 (56)
  Grade III 3 (30) NA 16 (44)
Histological subtype, N (%)
  USTS 5 (50) 25 (23) 19 (53)
  Synovial sarcoma 0 (0) 12 (11) 2 (6)
  Myxofibrosarcoma 0 (0) 4 (4) 9 (25)
  MLS 3 (30) 1 (1) 1 (3)
  LMS 1 (10) 43 (40) 0 (0)
  Other 1 (10) 23 (21) 5 (14)
Tumour site, N (%)
  Lower extremity 10 (100) 20 (19) 24 (67)
  Upper extremity 0 (0) 2 (2) 4 (11)
  Thorax 0 (0) 14 (13) 8 (22)
  Abdomen 0 (0) 68 (62) 0 (0)
  Other 0 (0) 4 (4) 0 (0)
Radiation schedule, N (%)
  25 × 2 Gy neo-adjuvant 3 (30) NA 32 (89)
  18 × 2 Gy neo-adjuvant 3 (30) NA 4 (11)
  14 × 3 Gy neo-adjuvant 2 (20) NA 0 (0)
  30 × 2 Gy adjuvant 1 (10) NA 0 (0)
  16 × 3 Gy adjuvant 1 (10) NA 0 (0)
GTV, cc median (range)b 51 (25–478) NA 189 (17–746)
CTV, cc median (range)b 292 (92–2,025) NA 696 (91–1,554)
PTV, cc median (range)b 632 (260–3,241) NA 850 (286–3,364)
Pazopanib starting dose, N (%)
  800 mg NA 100 (92) 29 (81)
  600 mg NA 2 (2) 4 (11)
  400 mg NA 4 (4) 3 (8)
  200 mg NA 2 (2) 0 (0)
Pazopanib prescription 
  Discontinuation NA 8 (7) 12 (33)
  Temporary interruption (≥ 10 days) NA 5 (5) 1 (3)
  Dose decrease NA 8 (7) 0 (0)
  Dose increase NA 4 (4) 0 (0)
Pazopanib geometric mean ctrough (mg/L) per patient, 
median (IQR); meanc

NA 32.9 (24.8); 33.2 35.8 (26.0); 43.8

Grade ≥ 3 transaminase elevations
  AST and/or ALT 0 (0) 7 (6) 13 (36)
  AST 0 (0) 5 (5) 11 (31)
  ALT 0 (0) 7 (6) 13 (36)
Baseline AST (IU/L) mean, (median, IQR) 31 (27, 4) 27 (25, 11) 22 (22, 7)
Baseline ALT (IU/L) mean, (median, IQR) 31 (26, 4) 24 (20, 15) 24 (20, 10)

AST: aspartate aminotransferase; ALT: alanine aminotransferase; CTV: clinical target volume; GTV: gross tumour volume; PTV: planning target volume; 
FNCLCC: Fédération Nationale des Centres de Lutte Contre le Cancer; IQR: interquartile range; WHO PS: World Health Organization performance status; NA: 
not applicable; MLS: myxoid liposarcoma; USTS: undifferentiated soft tissue sarcoma; LMS: leiomyosarcoma (excluding skin).
aSarcoma size and grade were not collected for the pazopanib cohort due to the metastatic setting.
bRadiotherapy treatment details were available for 19/36 PASART patients.
cTrough levels were available for 87/108 pazopanib patients and 24/36 PASART patients.
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Discussion

In this multi-cohort study, we evaluated the impact of extremity 
radiotherapy, pazopanib, and their combination on the inci-
dence and degree of ALT or AST elevations in STS patients. This 

analysis was initiated following the unexpectedly high inci-
dence of ALT or AST elevations observed in the PASART trials, in 
which patients with extremity STS received pazopanib concur-
rently with radiotherapy [3, 4]. Surprisingly, transaminase 

Table 2.  Univariate logistic regression grade ≥ 2 and ≥ 3 transaminase elevations.

Covariate Comparison N (Grade ≥ 3 events) Grade ≥ 3 Grade ≥ 2

OR (95% CI) p OR (95% CI) p

Sex Male vs. female 65 (8) vs. 89 (12) 0.90 (0.33–2.32) 0.830 1.16 (0.52–2.56) 0.710
Treatmenta PAZ vs. PAZ+RT 108 (7) vs. 36 (13) 0.13 (0.05–0.34) < 0.001 0.21 (0.09–0.48) < 0.001

RT vs. PAZ+RT 10 (0) vs. 36 (13) 0.08 (< 0.01–0.74) 0.021 0.06 (< 0.01–0.52) 0.006
Age per year 154 (20) 1.01 (0.98–1.06) 0.407 1.00 (0.97–1.03) 0.960
Pazopanib starting dose < 800 mg vs. 800 mg 15 (3) vs. 129 (17) 0.60 (0.17–2.86) 0.473 0.73 (0.23–2.78) 0.610
Pazopanib geometric 
mean ctrough 

per 5 mg/L 111 (16) 1.20 (1.06–1.38) 0.007 1.14 (1.02–1.28) 0.023
per 10 mg/L 111 (16) 1.43 (1.12–1.90) 0.007 1.30 (1.04–1.65) 0.023

Pazopanib geometric 
mean ctrough 

Q1 (< 20.6 mg/L) vs. 
Q4 (> 46.8 mg/L)

28 (1) vs. 28 (7) 10.80 (1.78–208.80) 0.031 3.95 (1.02–19.66) 0.061

Baseline AST < 30 vs. ≥ 30 118 (15) vs. 36 (5) 0.91 (0.32–2.98) 0.870 0.69 (0.29–1.75) 0.420
Baseline ALT < 31 vs. ≥ 31 121 (16) vs. 31 (4) 1.02 (0.34–3.77) 0.975 0.44 (0.18–1.09) 0.067

AST: aspartate aminotransferase; ALT: alanine aminotransferase; OR: odds ratio; CI: confidence interval.
aOdds ratios for treatment were estimated using Firth penalised logistic regression due to no events in the RT cohort.

Figure 2.  Plasma AST and ALT levels over time in patients receiving pazopanib, stratified by grade 3 elevations. Individual patient samples collected during 
pazopanib treatment are shown in blue; samples obtained after discontinuation are shown in grey. A trend line based on on-treatment samples is depicted 
in dark grey. Horizontal dashed lines indicate thresholds for CTCAE grade 2 and grade 3 toxicity.
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elevations occurred six times more often in patients treated 
with the combination of pazopanib and radiotherapy (36%) 
than pazopanib alone (2% – 11%). For this reason, we studied 
whether this difference could be explained by chance; however, 
that was proven very unlikely, with an estimated probability 
of < 1 in 14,670 or lower. 

Given that the main difference between PAZ and PAZ+RT 
cohorts was the addition of extremity radiotherapy, we assessed 
the effect of extremity radiotherapy alone. Radiotherapy alone 
induced negligible changes in AST, ALT, and muscle-derived 
enzymes, indicating that radiation-induced muscle damage 
does not contribute meaningfully to transaminase elevations. 
These findings suggest that the observed elevations are most 
likely driven by pazopanib. However, these findings do not 
explain why transaminase elevations occurred six times more 
often in patients treated with the combination of pazopanib 
and radiotherapy, compared to pazopanib alone. Therefore, we 
investigated differences in pazopanib treatment schedule, 
clinical characteristics and patient-related factors, pazopanib 
pharmacokinetics and pharmacogenetics, and other potential 
factors. 

Consistent with its known hepatotoxic potential, pazopanib 
treatment was associated with transaminase elevations. 
Affected patients typically exhibited stable transaminase levels 
during the first 2–3 weeks, followed by an abrupt increase that 
resolved upon pazopanib discontinuation, closely mirroring 
previously reported observations and supporting pazopanib 
as a probable cause [7]. Assessment using the Naranjo Adverse 
Drug Reaction Probability Scale similarly classifies pazopanib 
as a probable cause, supporting its role in these elevations 
[27].

To explore potential patient-related factors, we evaluated 
clinical characteristics and pazopanib exposure. Evaluation of 
patients with grade ≥ 3 elevations did not reveal any explanatory 
factors across clinical characteristics, biochemical parameters, 
or inflammatory parameters. Higher pazopanib Ctrough values 
were associated with increased risk of grade ≥ 2 and grade ≥ 3 
elevations. However, the exposure-toxicity relationship was 
modest, with relatively small median Ctrough differences between 
cohorts. In multivariate logistic regression, the association 
between PAZ+RT and grade ≥ 3 elevations remained significant 
after adjusting for Ctrough, indicating that pazopanib exposure 
only partially explains the observed transaminase elevations. 

Pazopanib-induced liver injury resembles an idiosyncratic 
drug-induced liver injury, likely arising from a complex 
interaction between its hepatic metabolism, formation of 
reactive intermediates, and downstream cellular stress 
responses [28, 29]. Pazopanib is predominantly metabolised by 
CYP3A4, with contributions from CYP1A2 and related enzymes, 
generating reactive metabolites that induce oxidative stress and 
mitochondrial dysfunction [29]. These metabolites have been 
associated with elevated transaminases and oxidative markers 
and may contribute to cellular dysfunction [28]. Endoplasmic 
reticulum stress signalling has also been identified as a 
contributing mechanism in pazopanib-induced hepatocyte 
injury [30]. Interpatient variability in drug metabolism may 
further influence the risk of hepatotoxicity [31]. While these 
mechanisms may explain how pazopanib induces transaminase 
elevations, they do not explain why the addition of radiotherapy 
would result in a higher frequency of transaminase elevations. 
Therefore, other mechanisms or additional patient-related 
factors may be involved.

Figure 3.  Geometric mean pazopanib trough concentrations per cohort, stratified by grade 3 elevations. Individual patients are shown in grey.
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Immune-mediated mechanisms may also play a role, as similar 
mechanisms have been described for several tyrosine kinase 
inhibitors like crizotinib, lapatinib, and imatinib [12]. If similar 
mechanisms apply to pazopanib, radiotherapy could theoretically 
lower the immunologic threshold through radiation-induced 
immune stimulation, thereby increasing the likelihood of 
autoantibody formation or cytotoxic immune responses against 
hepatocytes. Inflammatory infiltrates were observed in liver 
biopsies in case reports of severe pazopanib-induced hepato
toxicity, and corticosteroids have effectively been used to treat 
pazopanib-associated hepatotoxicity [32–34]. However, such 
inflammatory infiltrates may reflect a reactive response rather 
than true immune-mediated hepatotoxicity. Consistent with this, 
previous studies and clinical experience indicate that pazopanib-
associated liver injury is generally self-limiting following 
discontinuation, even in the absence of corticosteroid therapy 
[32]. In our study, patients with grade ≥ 3 elevations lacked 
obvious haematological inflammatory markers, and the timing 
and pattern of these elevations were inconsistent with the typical 
onset time of immune-mediated hepatotoxicity, which generally 
occurs ≥ 6 weeks after treatment initiation [35, 36]. Collectively, 

this suggests that immune-mediated mechanisms are unlikely to 
explain the observed elevations.

Pharmacogenetic analyses suggest that certain genetic 
variants may contribute to the risk of pazopanib-induced 
hepatotoxicity. For example, HLA-B*57:01 carriers are at higher 
risk, as pazopanib interacts with the antigen-binding cleft of 
HLA-B*57:01, altering antigen presentation and triggering T-cell 
responses. This mechanism is best characterised for abacavir, 
which commonly induces hypersensitivity with rash, fever, and 
occasionally multi-organ toxicity within 3 weeks after treatment 
initiation in HLA-B*57:01 carriers [37]. However, HLA-B*57:01 
occurs in approximately 5% of West Europeans, making it 
unlikely to explain the high incidence observed in PASART [38]. 
Variants in the haemochromatosis gene may also increase the 
risk of transaminase elevations by increasing hepatic iron 
deposition and associated oxidative stress, resulting in increased 
susceptibility to pazopanib-induced liver injury. While genetic 
factors may contribute in individual patients, they are unlikely to 
fully account for the observed differences [37, 39].

Taken together, despite considering multiple pharma
cological, clinical, and genetic factors, the cause of the high 

Table 3.  Patient and treatment characteristics of pazopanib patients.

Total Grade < 3 elevations grade ≥ 3 elevations

N = 144 N = 124 N = 20

Cohort, N (%)
  Pazopanib (PAZ) 108 (75) 101 (81) 7 (35)
  Pazopanib + Radiotherapy (PAZ+RT) 36 (25) 23 (19) 13 (65)
Sex, N (%)
  Male 59 (41) 51 (41) 8 (40)
  Female 85 (59) 73 (59) 12 (60)
Age at diagnosis (years), median (IQR) 61 (19) 60 (18) 63 (18)
WHO PS
  0–1 144 (100) 124 (100) 20 (100)
Tumour size PASART median (range)a 9.0 (2.8–21.1) 9.9 (4.5–20.8) 8.25 (2.8–21.1)
FNCLCC grade PASART, N (%)a

  Grade I/II 20 (56) 13 (57) 7 (54)
  Grade III 16 (44) 10 (43) 6 (46)
Histological subtype, N (%)
  USTS 44 (31) 38 (31) 6 (30)
  Synovial sarcoma 14 (10) 13 (10) 1 (5)
  Myxofibrosarcoma 13 (9) 9 (7) 4 (20)
  MLS 2 (1) 1 (1) 1 (5)
  LMS 43 (29) 37 (30) 6 (30)
  Other 28 (19) 26 (21) 2 (10)
Tumour site, N (%)
  Extremity 50 (35) 39 (32) 11 (55)
  Thorax 22 (15) 19 (15) 3 (15)
  Abdomen 68 (47) 62 (50) 6 (30)
  Other 4 (3) 4 (3) 0 (0)
Pazopanib geometric mean ctrough (mg/L) per patient, median 
(IQR); meanb

33.8 (26.2); 35.6 32.0 (24.2); 33.2 45.5 (24.7); 49.3

Baseline AST IU/L mean, (median, IQR) 26 (24, 10) 26 (23, 10) 26 (25, 9)
Baseline ALT IU/L mean, (median, IQR) 24 (20, 13) 24 (20, 14) 25 (22, 8)

AST: aspartate aminotransferase; ALT: alanine aminotransferase; FNCLCC: Fédération Nationale des Centres de Lutte Contre le Cancer; IQR: interquartile 
range; WHO PS: World Health Organization performance status; MLS: myxoid liposarcoma; USTS: undifferentiated soft tissue sarcoma; LMS: leiomyosarcoma 
(excluding skin).
aSarcoma size and grade were not collected for the pazopanib cohort due to the metastatic setting. 
bTrough levels were available for 95/124 grade ≤ 2 patients and 16/20 grade ≥ 3 patients.
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incidence of pazopanib-induced transaminase elevations in 
combination with radiotherapy remains unclear. 

Although beyond the scope of this study, the observed 
increase in transaminase elevations with concurrent pazopanib 
and radiotherapy has practical clinical implications. Transaminase 
elevations were transient, and real-world data suggest patients 
can safely restart pazopanib at their original dose following 
temporary interruption, supporting close monitoring of 
transaminase levels as a sufficient and pragmatic approach [32]. 
From a radiotoxicity perspective, the recently published 
European Society for Medical Oncology (ESMO)–European 
Society for Radiotherapy and Oncology (ESTRO) consensus 
indicates that pre-emptive interruption is generally unnecessary 
for low-dose palliative skin and musculoskeletal radiotherapy, 
and advises against its combination with (ultra)central lung 
Stereotactic Body Radiation Therapy (SBRT)/ Stereotactic 
Ablative Radiotherapy (SABR) when large blood vessels, main 
bronchi, or the oesophagus are in the high-dose region, 
suggesting that interruption may be required depending on the 
irradiated site [40].

Despite the insights provided, several limitations of this 
study must be acknowledged. First, the design combining one 
retrospective and two prospective studies with different 
populations may have introduced heterogeneity in patient 
characteristics that may not fully be accounted for. Second, 
laboratory values were collected at different time points across 
cohorts, and not all biomarkers were available in each cohort. 
Third, patient selection bias cannot be fully excluded, as 
PAZ+RT patients were treated in clinical trials for curable 
disease, whereas PAZ patients were in an advanced disease 
setting. Fourth, although the RT cohort was powered to detect 
clinically meaningful transaminase elevations based on prior 
estimates, the relatively small sample size may have limited 
the detection of rare or more subtle effects and does not fully 
exclude a modest contribution of radiotherapy to the observed 
transaminase elevations. Fifth, as no correction for multiple 
comparisons was applied, logistic regression results should be 
interpreted with appropriate caution. Sixth, detailed dosimetry 
analysis of irradiated muscle tissue was not feasible due to the 
study design and incomplete imaging data in the PAZ+RT 
cohort, potentially limiting interpretation. Seventh, the 
classification of transaminase elevations relied on laboratory 
biomarkers and treating physician assessment rather than liver 
biopsy, limiting the ability to distinguish the precise source 
and mechanism of injury. Lastly, several potential confounders 
could not be formally evaluated, as they were inherent to the 
study design or restricted to a single cohort.

Conclusion

Adding pazopanib to radiotherapy in localised extremity sar-
coma increases the rate of transaminase elevations significantly. 
Radiation-induced muscle damage does not meaningfully con-
tribute to transaminase elevations. Grade ≥ 3 elevations were 
associated with pazopanib. The mechanism underlying the sub-
stantially higher observed incidence of transaminase elevations 

with pazopanib in combination with radiotherapy, compared to 
pazopanib alone, remains unknown.
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