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ABSTRACT 

Radical hemithoracic radiotherapy (RHRT) offers a promising approach to extend survival in patients with 

malignant pleural mesothelioma. In this study, we examined how RHRT influences the systemic metabolic profile 

and whether these changes correlate with clinical outcomes. Nineteen patients underwent RHRT at 50 Gy 

delivered over 25 fractions. Serum metabolite levels were analyzed before and after treatment using targeted liquid 

chromatography-tandem mass spectrometry. Statistical modeling, including OPLS-DA and PLS regression, was 

used to identify treatment-induced metabolomic shifts and their relationship with overall survival. RHRT was 

associated with marked reductions in multiple metabolite classes, including citrulline and taurine, C14, C18:1, 

and C18:2 acyl-carnitines, and several unsaturated long-chain phosphatidylcholines (PC ae 42:5, PC ae 44:5, PC 

ae 44:6). Pathway analysis indicated that arginine metabolism and polyamine synthesis were the most affected. 

Notably, alterations in amino acids and acyl-carnitines explained approximately 60% of the variability in overall 

survival among patients. These results suggest that RHRT exerts profound systemic metabolic effects, some of 

which may serve as predictive biomarkers. Incorporating metabolomic profiling into the clinical management of 

malignant pleural mesothelioma may enhance patient stratification and guide personalized treatment decisions. 

Keywords: Metabolomics, Mesothelioma, Radiotherapy, Biomarkers, Personalized medicine 
 

How to Cite This Article: Opiyo M, Wanjiku A, Kamau B. Metabolomic Signatures of Radical Hemithoracic Radiotherapy Associate with 

Survival in Malignant Pleural Mesothelioma. Asian J Curr Res Clin Cancer. 2022;2(1):47-59. https://doi.org/10.51847/kpSHBH3R89 
 

Introduction 

Malignant pleural mesothelioma (MPM) is a rare and aggressive malignancy originating from the pleura, with a 

strong etiological link to asbestos exposure [1]. Due to its long latency period, invasive growth, and aggressive 

clinical behavior, MPM is often diagnosed at an advanced stage and carries a poor prognosis, with untreated 

patients typically surviving less than one year [2]. Current standard-of-care for non-metastatic MPM relies on a 

trimodal approach that integrates surgery, chemotherapy, and sequential radiotherapy (RT) [3, 4]. Over recent 

decades, RT technology has advanced considerably [5], with intensity-modulated radiation therapy (IMRT) 

emerging as a prominent method that allows highly conformal dosing across the hemithorax while minimizing 

exposure to surrounding healthy tissues. In the context of MPM, this technique—referred to as radical 

hemithoracic radiotherapy (RHRT)—is delivered with curative intent. Despite its potential therapeutic benefit, 

the broad clinical implementation of RHRT remains cautious due to concerns regarding toxicity [6], although 

recent studies have demonstrated promising survival outcomes with manageable adverse effects [7–9]. 

Nevertheless, patient responses to RHRT remain heterogeneous, highlighting the urgent need for prognostic 

biomarkers to guide personalized treatment. Understanding the molecular and systemic effects of RHRT is 

essential for identifying patients most likely to benefit. In this regard, metabolomics—the comprehensive study 

of small-molecule metabolites (<1 kDa) in biological samples—offers a powerful approach to monitor 

biochemical changes resulting from both physiological and pathological processes, as well as interventions such 

as RT [10–12]. Alterations in serum metabolites may serve as potential biomarkers reflecting whole-body 

responses to therapy. While metabolomics has been extensively applied to study systemic effects of anticancer 
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drugs across multiple tumor types [13–16], few studies have investigated RT-induced metabolic changes, and 

none specifically in MPM [17–23]. 

To address this gap, the present study aimed to explore the systemic metabolic effects of RHRT in MPM patients 

by analyzing serum metabolite profiles before and after treatment. This translational investigation provides 

insights into biochemical alterations induced by RHRT and evaluates their potential association with clinical 

outcomes, particularly focusing on amino acid and lipid metabolism pathways relevant to treatment efficacy. 

Results and Discussion 

Baseline clinical and demographic characteristics 

The study cohort comprised 19 patients with non-metastatic MPM who underwent RHRT at a total dose of 50 Gy 

in 25 fractions, with a simultaneous integrated boost of 60 Gy to residual active tumor. Patient demographics and 

clinical characteristics are summarized in Table 1. The median age was 70 years (range: 33–79), and males 

predominated (89%). At baseline, 31% of patients had an ECOG performance status (PS) of 0, 53% had a PS of 

1, and 16% had a PS of 2. Most tumors were epithelioid (95%), with the remaining 5% showing biphasic histology. 

Disease stage was evenly distributed, with 47% classified as stage I–II and 53% as stage III–IV. Prior surgical 

interventions included diagnostic biopsy (63%), lung-sparing pleurectomy/decortication (26%), and decortication 

(11%), leaving macroscopic residual disease. All patients received systemic chemotherapy with pemetrexed and 

cisplatin prior to RHRT, which was initiated 4–6 weeks following the chemotherapy regimen.  

Table 1. Clinical characteristics of 19 malignant pleural mesothelioma (MPM) patients. 

Characteristics n (%) 

Age (years), median, range 70 (33–79) 

Sex  

Female 2 (11%) 

Male 17 (89%) 

Performance Status *  

0 6 (31%) 

1 10 (53%) 

2 3 (16%) 

Histology  

Epithelioid 18 (95%) 

Nonepithelioid 1 (5%) 

Stage  

I–II 9 (47%) 

III–IV 10 (53%) 

Chemotherapy  

Pemetrexed, cisplatin 19 (100%) 

Surgery  

Pleurectomy/decortication (P/D) 5 (26%) 

Decortication 2 (11%) 

Biopsy 12 (63%) 

* Evaluated by ECOG, Eastern Cooperative Oncology Group. 

The reference cohort comprised 15 MPM patients who received conventional palliative local radiotherapy (LRT). 

This group was largely comparable to the RHRT cohort in terms of demographic and clinical features, and patients 

similarly underwent lung-sparing surgery and systemic chemotherapy. 

Impact of RHRT on the serum metabolome 

To explore the systemic biochemical effects of RHRT, we analyzed serum metabolomic profiles before and after 

treatment. A targeted panel of 188 metabolites spanning multiple metabolic pathways was measured. Metabolites 
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with concentrations below the limit of detection (n = 27) were excluded from subsequent analyses. Initial 

exploratory analysis using principal component analysis (PCA) revealed no outliers, and baseline versus post-

RHRT samples appeared homogeneous, without distinct clustering related to patient subgroups or interventions. 

However, PCA captured only 22% of the total variance between baseline and post-RHRT samples, highlighting 

the need for a supervised approach. 

Orthogonal partial least squares discriminant analysis (OPLS-DA) effectively distinguished the pre- and post-

RHRT serum metabolomic profiles, demonstrating significant discriminatory power ((Figure 1a); p = 0.007, CV-

ANOVA). The model performed robustly under leave-one-out cross-validation (LOOCV), with R² = 0.77 and Q² 

= 0.54, and permutation testing confirmed minimal risk of overfitting (Figure 1b). To quantify RHRT-induced 

metabolic perturbations, the relative percent change (Δ%) was calculated for metabolites with VIP > 1 that 

contributed most to the OPLS-DA model (Figure 1c). Following RHRT, 52% of the analyzed metabolites 

exhibited changes of ≥10%, with 14 metabolites upregulated and 69 downregulated. Importantly, these alterations 

were not correlated with the presence of gross residual disease, suggesting that they primarily reflect host systemic 

metabolic responses rather than tumor burden. 

 

 

a) 

 

b) 

 

d) c) 

Figure 1. Systemic Metabolic Effects of RHRT in MPM Patients 

Orthogonal partial least squares discriminant analysis (OPLS-DA) distinguished serum metabolomic profiles of 

patients prior to (T0, blue) and following (T1, green) radical hemithoracic radiotherapy (RHRT) (Figure 1a). 

Permutation testing validated the model, showing that R² and Q² values from randomized models were 
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substantially lower than the original, confirming the robustness of the discrimination (Figure 1b). The relative 

changes in metabolite concentrations contributing most to the model (VIP > 1) are presented in Figure 1c, while 

a heat map illustrates metabolites that significantly increased (red) or decreased (green) post-treatment, with color 

intensity corresponding to the magnitude of change (Figure 1d). 

Overall, RHRT was associated with a widespread reduction in serum metabolite levels. Only a limited subset, 

primarily amino acids, showed elevated levels after treatment, including phenylalanine, tryptophan, valine, 

leucine, alpha-aminoadipic acid, methionine, and carnitine. Conversely, most phospholipid species, including 

phosphatidylcholines (PC), lysophosphatidylcholines (lysoPC), and sphingomyelins (SM), exhibited marked 

decreases. The largest changes were observed for citrulline (p = 9 × 10⁻⁶, q = 0.001) and taurine (p = 3 × 10⁻⁵, q 

= 0.002) among amino acids, and for acyl-carnitines C14, C18:1, and C18:2 (p-values ranging 2.8 × 10⁻⁴ – 0.002). 

Among phospholipids, PC ae C42:5, C44:5, and C44:6 were significantly reduced (p ≤ 0.001). Examination of 

individual patient data confirmed a consistent pattern of metabolite reduction across the cohort, indicating a 

systemic metabolic response to RHRT rather than effects driven by residual tumor burden. 

Table 2. Metabolites significantly altered as effect of radical hemithoracic radiotherapy (RHRT) in 19 MPM 

patients. 

Class Name 
Mean (µM) ± SD Fold 

Change 
Trend p-Value 

q-

Value Baseline Post-HRT 

Amino 

acids and 

derivatives 

Cit 33.22 ± 7.02 22.19 ± 7.15 0.67  9.0 × 10−6 0.001 

ADMA 0.57 ± 0.06 0.5 ± 0.09 0.88  0.007 0.085 

Orn 71.74 ± 9.56 62.89 ± 13.15 0.88  0.017 0.113 

Pro 220.95 ± 36.99 178.47 ± 63.76 0.81  0.005 0.078 

Putrescine 0.14 ± 0.03 0.13 ± 0.04 0.89  0.027 0.149 

Serotonin 0.48 ± 0.22 0.36 ± 0.22 0.75  0.005 0.078 

Spermidine 0.13 ± 0.03 0.11 ± 0.03 0.86  0.010 0.099 

Spermine 0.19 ± 0.01 0.18 ± 0.01 0.96  0.016 0.113 

Taurine 104.05 ± 18.69 74.49 ± 22.79 0.72  3.0 × 10−5 0.002 

total DMA 1.06 ± 0.31 0.94 ± 0.34 0.88  0.024 0.139 

Phe 70.96 ± 11.05 79.71 ± 8.17 1.14  0.009 0.095 

Val 178.21 ± 38.35 202.63 ± 36.56 1.12  0.035 0.176 

alpha-AAA 1.17 ± 0.58 1.42 ± 0.34 1.21  0.035 0.176 

Trp 46.96 ± 9.37 52.78 ± 10.89 1.12  0.039 0.176 

Acyl-

carnitines 

C10:2 0.08 ± 0.01 0.06 ± 0.04 0.73  0.012 0.104 

C14 0.06 ± 0.02 0.04 ± 0.02 0.79  0.002 0.038 

C14:1-OH 0.02 ± 0.01 0.02 ± 0.01 0.83  0.032 0.174 

C:16 0.15 ± 0.03 0.12 ± 0.05 0.81  0.012 0.104 

C16:2-OH 0.01 ± 0.005 0.01 ± 0.005 0.81  0.037 0.176 

C18:1 0.19 ± 0.04 0.14 ± 0.06 0.77  0.002 0.048 

C18:2 0.06 ± 0.02 0.04 ± 0.02 0.66  2.8 × 10−4 0.015 

C0 37.26 ± 6.11 41.23 ± 6.00 1.11  0.022 0.138 

Phospholipi

ds 

lysoPC a C18:0 24.71 ± 6.45 20.01 ± 6.61 0.81  0.005 0.078 

PC aa C28:1 2.85 ± 0.84 2.43 ± 0.95 0.85  0.007 0.085 

PC aa C36:2 203.53 ± 51.70 173.58 ± 42.35 0.85  0.012 0.104 

PC aa C38:0 3.04 ± 1.00 2.44 ± 1.58 0.8  0.024 0.139 

PC aa C40:2 0.29 ± 0.11 0.22 ± 0.12 0.76  0.043 0.185 

PC ae C36:3 6.23 ± 1.31 4.94 ± 2.11 0.79  0.036 0.176 

PC ae C38:6 6.95 ± 2.27 5.92 ± 3.08 0.85  0.046 0.195 

PC ae C40:1 1.38 ± 0.42 1.14 ± 0.60 0.82  0.015 0.113 

PC ae C40:4 2.22 ± 0.32 1.77 ± 0.68 0.8  0.015 0.113 
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PC ae C42:3 0.74 ± 0.23 0.61 ± 0.29 0.83  0.039 0.176 

PC ae C42:4 0.71 ± 0.25 0.47 ± 0.41 0.67  0.007 0.085 

PC ae C42:5 2.33 ± 0.30 1.67 ± 0.92 0.72  0.001 0.026 

PC ae C44:5 2.1 ± 0.42 1.37 ± 1.22 0.65  0.001 0.026 

PC ae C44:6 1.25 ± 0.31 0.85 ± 0.65 0.68  3.7 × 10−4 0.015 

Sphyngomi

elyns 

SM C24:0 18.29 ± 5.87 14.75 ± 4.30 0.81  0.018 0.113 

SM C24:1 48.12 ± 13.66 41.99 ± 11.09 0.87  0.047 0.195 

SM-OH C24:1 1.25 ± 0.3 0.93 ± 0.49 0.74  0.014 0.113 

Fold change, metabolite concentration after RHRT divided by baseline concentration; Cit, citrulline; Orn, ornithine; Pro, proline; Phe, 

phenylalanine; Val, valine; alpha-AAA, alpha-amino adipic acid; Trp, tryptophan; Cn:z, acylcarnitine, n = number of carbons, z = number of 

unsaturations; lysoPC Cn:z, lysophosphatidylcholine; PC Cn:z, phosphatidylcholine; SM Cn:z, sphingomyelins; SM OH Cn:z, hydroxylated 

sphingomyelins. In bold are metabolites with q-values < 0.05. , down-regulated; , up-regulated. 

RHRT-induced modulation of metabolic pathways 

To explore the systemic biochemical impact of RHRT, all metabolites showing significant post-treatment changes 

were subjected to metabolic pathway enrichment analysis. Over Representation Analysis (ORA) identified 

polyamine biosynthesis, the urea cycle, and arginine/proline metabolism as the pathways most strongly influenced 

by RHRT (Figure 2a). 

Serum concentrations of polyamines—including putrescine, spermidine, and spermine—were notably reduced 

after RHRT, indicating a downregulation of this pathway (Figure 2b). Ornithine, which links the polyamine 

pathway to the urea cycle, decreased by 12.3% following treatment (p = 0.02, q = 0.113). While arginine levels 

remained largely unchanged, citrulline concentrations dropped sharply by 33% (p = 9 × 10⁻⁶, q = 0.001), with this 

decline closely correlating with the decrease in ornithine (r = 0.72, p = 0.0005). Glutamine, another precursor, did 

not show significant variation, suggesting the effect was pathway-specific. Similarly, proline levels, another 

ornithine-derived amino acid, fell by 19.2% compared with baseline (p = 5.3 × 10⁻³, q = 0.078). 

These findings suggest that RHRT significantly perturbs amino acid metabolism, particularly affecting 

intermediates linked to polyamine synthesis and the urea cycle, reflecting a systemic host metabolic response to 

the treatment. 

  

a) b) 

Figure 2. Over Representation Analysis plot from enrichment analysis. Bars represent matched pathways 

coloured according to their significance values, with gradations from yellow (low significance) to red (high 

significance) (a). Metabolic pathways altered as effect of RHRT and relative metabolites concentrations 

prior- (T0) and post-RHRT (T1) in 19 malignant pleural Metabolic pathways altered as effect of RHRT and 

relative metabolites concentrations prior- (T0) and post-R 
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Dose-dependent effects of RHRT on serum metabolites 

Among the metabolite classes, amino acids were the most affected by RHRT, with 14 out of 36 measured amino 

acids and derivatives showing significant post-treatment alterations. In contrast, the reference group treated with 

palliative local radiotherapy (LRT) at 21 Gy in 3 fractions displayed minimal metabolomic changes. Only 

citrulline exhibited a minor decrease (<10%; p = 0.04, q = 0.72) in the LRT cohort. Comparison of mean fold 

changes for amino acids across the two treatment groups highlighted the more pronounced effect of RHRT, with 

mean absolute variations of 11.8% (range: 0.44–31.76%) versus 4.0% (range: 0.26–11.8%) observed for LRT-

treated patients. These findings underscore the dose-dependent impact of hemithoracic radiotherapy on systemic 

amino acid metabolism. 

Association between RHRT-induced metabolic changes and clinical outcome 

The median overall survival (OS) of the RHRT-treated cohort was 24 months (95% CI: 17–43 months), and at the 

time of metabolomics analysis, all patients had succumbed to MPM. Conventional clinical variables, including 

age, tumor stage, and performance status, did not correlate with OS. In contrast, post-RHRT changes in serum 

metabolite levels showed a strong association with survival. Partial least squares (PLS) regression revealed that 

alterations in specific metabolites explained approximately 60% of the interpatient variability in OS (Figure 3a). 

Key contributors identified via the loading plot (Figure 3b) and Pearson correlation analysis included asymmetric 

dimethyl-arginine (ADMA), threonine, symmetric dimethyl-arginine (SDMA), putrescine, serine, asparagine, and 

the acyl-carnitines C2, C10:1, C16:2, and C18:1, with their serum changes positively correlated with longer 

survival (Figure 3c). 

  

a) b) 

 

c) 

Figure 3. Association of RHRT-Induced Metabolite Changes with Overall Survival 

(a) Partial least squares (PLS) score plot of the first two latent variables (t₁ and u₁) illustrating the relationship 

between serum metabolite fold changes (X block) and overall survival (OS, Y block) for each patient. Points 

are colored along a gradient from blue to red, indicating increasing OS values. 
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(b) PLS loading plot showing each metabolite as a point, plotted according to its coefficient on LV1 versus 

LV2. Metabolites positioned in the top right or bottom left quadrants, corresponding to the highest positive or 

negative coefficients, exhibit the strongest correlations with OS. 

(c) Fold changes of the metabolites most strongly associated with OS, as determined by Pearson correlation 

analysis. 

 

Stratification of the cohort by OS quartiles revealed a clear trend in metabolite changes: patients with the shortest 

survival (OS < 16.9 months, Q1) had mean metabolite fold changes of 0.77 ± 0.07 (range: 0.64–0.90), while those 

with intermediate survival (16.9–28.8 months, IQ) showed fold changes of 1.01 ± 0.14 (range: 0.81–1.26), and 

patients with the longest survival (OS > 28.8 months, Q4) exhibited fold changes of 1.23 ± 0.17 (range: 0.98–

1.47). Notably, analysis restricted to amino acids revealed that long-surviving patients (OS 16.9–43.2 months) 

experienced, on average, 22% greater metabolic variation than short-surviving patients (OS < 16.9 months) 

(Figure 4). 

 
Figure 4. Amino acids mean overall variations of long survival patients normalized to those of short survival 

patients. Long survival patients belong to IQ (interquartile) and Q4 OS groups; short survival patients belong 

to the Q1 OS group. Amino acids statistically significant (p < 0.05) are highlighted in grey *** p < 0.001; ** 

p < 0.01, * p < 0.05. 

Exposure of tumor and surrounding normal tissues to ionizing radiation triggers a cascade of complex biological 

responses that extend beyond DNA damage, disrupting tumor metabolism and altering systemic host biochemistry 

[24]. 

In this study, we demonstrated that radical hemithoracic radiotherapy (RHRT) induces substantial changes in the 

serum metabolome of MPM patients, affecting numerous biochemical pathways as a consequence of its action on 

both tumor and normal tissues. Overall, RHRT led to a marked decrease in most metabolites, a pattern also 

observed in other cancer types and radiotherapy regimens, suggesting that such systemic metabolite depletion 

may represent a general feature of the host’s metabolic response to irradiation [18, 20–23, 25]. Among the few 

metabolites that increased post-RHRT were the branched-chain amino acids (BCAAs) valine and leucine. These 

molecules are key players in protein metabolism, energy production, and various biosynthetic pathways, all of 

which are typically upregulated in tumor cells [26, 27]. Tumor-driven BCAA catabolism has been linked to 

systemic depletion of these amino acids [27–29]; thus, the observed post-RHRT rise in valine and leucine may 

reflect a reduced tumor demand, a phenomenon similarly reported in breast cancer patients where serum BCAAs 

returned toward normal levels after radiotherapy [17]. 
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Phenylalanine, another essential amino acid, also increased following RHRT. This amino acid is known to rise 

under inflammatory conditions [30, 31] and correlates with immune activation markers such as neopterin and 8-

isoprostane [32, 33]. Radiation is a recognized inducer of oxidative stress, which can trigger acute inflammatory 

responses [34, 35], and mounting evidence indicates that radiotherapy can also stimulate the immune system [36–

39]. The elevation of phenylalanine post-RHRT may, therefore, reflect these immune-modulatory effects. 

RHRT was also found to markedly affect lipid metabolism, particularly choline-containing phospholipids 

including phosphatidylcholines (PC), lysophosphatidylcholines (lysoPC), and sphingomyelins (SM), which 

showed a significant drop in serum concentration. This decrease likely reflects heightened phospholipid 

membrane turnover due to radiation-induced tissue damage. Such lipid alterations have been reported in other 

metabolomics studies following radiotherapy [18, 19, 22, 40] and are thought to be a general effect of irradiation. 

Beyond their structural role in membranes, phospholipids serve as signaling molecules involved in pathways such 

as apoptosis [41–43]; therefore, their downregulation may contribute to disrupting tumor signaling and 

complement the cytotoxic effect of RHRT [44]. 

Acyl-carnitines were also affected, reflecting changes in fatty acid transport and mitochondrial β-oxidation, 

critical for energy production. In our cohort, the combination of increased carnitine precursor levels and decreased 

acyl-carnitines suggests a disruption in their synthesis, potentially due to limited availability of free fatty acids or 

acetyl-CoA, which may be diverted to support phospholipid replenishment. 

While RHRT broadly affected lipid metabolism, enrichment analysis highlighted amino acid-related pathways—

specifically, polyamine biosynthesis, the urea cycle, and arginine and proline metabolism—all interconnected via 

arginine. Arginine, produced primarily in the kidney, plays roles in the urea cycle and other essential pathways 

such as nitric oxide synthesis [45]. Citrulline, the main endogenous precursor of arginine, was the most strongly 

reduced metabolite post-RHRT. Citrulline is primarily synthesized in the small intestine from glutamine and 

ornithine but can also be recycled from nitric oxide production in other tissues [46]. The observed citrulline 

depletion may reflect reduced intestinal biosynthesis as a collateral effect of high-dose RHRT partially affecting 

surrounding organs. Citrulline is a recognized biomarker of intestinal dysfunction, with decreases reported in 

inflammatory bowel disease, chemotherapy, and radiotherapy [14, 47–52]. Despite this drop, arginine levels 

remained stable, suggesting that systemic mechanisms preserve arginine availability at the expense of citrulline. 

The impact of RHRT extended beyond arginine metabolism to the broader amino acid pool, likely due to the high 

radiation dose. In contrast, patients receiving lower palliative doses of local radiotherapy (LRT) showed minimal 

metabolic changes, with only a slight decrease in citrulline, indicating dose-dependent effects. Interestingly, 

citrulline also exhibits antioxidant properties as a radical scavenger [53, 54], suggesting that some depletion in 

both RHRT and LRT patients may result from its oxidation by reactive oxygen species generated during 

radiotherapy. 

Alpha-aminoadipic acid, released from radiolysis of protein lysine residues [55, 56], was elevated post-RHRT, 

while taurine, a sulfur-containing amino acid with antioxidant activity, was depleted, likely reflecting increased 

tissue uptake to counteract radiation-induced oxidative stress [57–61]. 

Ornithine, another amino acid in the arginine metabolism pathway, also showed significant depletion following 

RHRT. Its decrease was strongly correlated with citrulline, consistent with its role as a citrulline precursor 

alongside glutamine [46]. 

Ornithine can also be synthesized from proline [62], which was significantly reduced following RHRT, indicating 

that radiation may affect multiple pathways of ornithine biosynthesis. The reduction in ornithine could have 

important biological implications, as it serves as a precursor for the polyamines putrescine, spermidine, and 

spermine. These cationic amino acid derivatives are critical regulators of cell proliferation [63], and 

pharmacological inhibition of their synthesis has been shown to suppress tumor growth in MPM xenograft models 

[64]. In the context of this study, the observed downregulation of polyamines—likely resulting from decreased 

ornithine availability—could reflect a potential inhibitory effect on tumor growth, which may contribute to 

improved disease control in MPM patients. 

Collectively, these metabolomic alterations appear to represent a systemic host response not only to counteract 

radiation-induced stress but also to indirectly modulate tumor progression. Consistent with this notion, the 

magnitude of the individual metabolic response to RHRT was associated with clinical outcomes. Specifically, 

changes in amino acids and acyl-carnitine metabolites—including ADMA, threonine, SDMA, putrescine, serine, 

asparagine, and acyl-carnitines C2, C10:1, C16:2, and C18:1—were positively correlated with overall survival. 

Patients exhibiting medium-to-long survival showed greater increases in these metabolites post-RHRT, 
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suggesting that a more robust metabolic adaptation to therapy may confer a survival advantage. Extending this 

observation to the entire amino acid metabolic network, it appears that long-surviving patients mount a highly 

dynamic metabolic response, potentially reflecting greater biochemical resilience and metabolic reserves that 

allow them to better cope with radiation-induced stress while harnessing the therapeutic effects of RHRT. 

It should be noted that the relatively small sample size of this study limits the generalizability of these findings. 

Larger, longitudinal studies are necessary to validate these systemic metabolomic signatures and establish their 

clinical utility. Future investigations should incorporate time-series sampling throughout radiotherapy and follow-

up to distinguish between acute and long-term metabolic effects of RHRT, thereby identifying the most robust 

prognostic biomarkers. Expanding the metabolomic analysis to additional biological matrices, such as urine, 

would also provide a more comprehensive understanding of the systemic metabolic response to RHRT. 

Materials and Methods  

Patient cohort 

This metabolomics investigation included 34 patients with histologically confirmed MPM, enrolled between 2014 

and 2018 at the Centro di Riferimento Oncologico of Aviano, Italy. All participants had undergone nonradical 

surgery followed by systemic chemotherapy and were subsequently referred for radiotherapy. Patients were 

enrolled within a randomized phase III trial comparing the overall survival benefit of RHRT versus standard 

palliative local radiotherapy (LRT). The study cohort was divided into a test group (n = 19) receiving RHRT and 

a reference group (n = 15) treated with palliative LRT. RHRT was delivered curatively via intensity-modulated 

radiation therapy (IMRT) to the entire hemithorax, from the lung apex to the upper abdomen, at a total dose of 50 

Gy in 25 fractions, ensuring that 95% of the planned target volume (PTV) received at least 95% of the prescribed 

dose. Tumor regions with high fluorodeoxyglucose uptake received simultaneous integrated boosts of 60 Gy. In 

the reference group, LRT was administered at 21 Gy in three fractions targeted to the thoracotomy scar. All 

patients had preserved pulmonary function and normal baseline renal, hepatic, and hematologic parameters. The 

study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of 

Centro di Riferimento Oncologico di Aviano (Clinical Trial ID: CRO-2013–38). Written informed consent was 

obtained from all participants. 

Sample collection 

Peripheral blood samples (5 mL) were collected after overnight fasting at baseline and at the completion of RHRT 

or LRT. Blood was allowed to clot at room temperature for 30 minutes, followed by centrifugation at 2100 rpm 

for 15 minutes at room temperature. Serum was aliquoted and stored at −80 °C until metabolomic analysis. 

Study design 

This investigation aimed to characterize the systemic metabolomic changes induced by radical hemithoracic 

radiotherapy (RHRT) in 19 patients with malignant pleural mesothelioma (MPM). Serum samples were collected 

at two time points: prior to the initiation of RHRT (baseline, T0) and after completion of the full 50 Gy/25 fractions 

regimen (T1). Statistical analyses, including univariate and multivariate approaches, were applied to identify 

significant alterations in metabolite concentrations. To discern which changes were specifically attributable to 

RHRT rather than general radiotherapy effects, comparisons were made with a reference cohort of patients treated 

with palliative local radiotherapy (LRT). 

Targeted serum metabolomics profiling 

Targeted metabolomic profiling was conducted using the Biocrates Absolute-IDQ P180 platform (Life Science 

AG, Innsbruck, Austria), which quantifies 188 metabolites across multiple biochemical classes: 21 amino acids, 

19 biogenic amines and polyamines, 40 acylcarnitines, 15 lysophosphatidylcholines, 77 phosphatidylcholines, 15 

sphingolipids, and one hexose. 

Serum samples (10 µL) were thawed and transferred to 96-well plates preloaded with isotopically labeled internal 

standards. After nitrogen drying, amino acids were derivatized with 5% phenyl isothiocyanate (PTC), followed 

by a second drying step. Metabolites were extracted using 500 µL of 5 mM ammonium acetate in methanol, 

filtered, and diluted with MS-compatible solvent for analysis. 
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Quantification was performed using a Thermo Fisher Ultimate 3000 LC system coupled to a 4000 QTRAP mass 

spectrometer (AB Sciex, Framingham, MA, USA). FIA-MS/MS was employed for acylcarnitines, lipids, and 

hexoses, while LC-MS/MS analyzed PTC-derivatized amino acids and biogenic amines on a ZORBAX SB 

column (100 × 2.1 mm, Agilent). The triple quadrupole operated in MRM, precursor ion, and neutral loss scanning 

modes, in both positive and negative ionization. Analyst 1.6.1 software was used to integrate MS signals, and 

calibration curves enabled absolute quantification. Quality control samples at low, medium, and high 

concentrations ensured analytical reliability. Metabolites below the limit of detection were excluded. 

Data processing and statistical analysis 

Raw metabolite data were log-transformed and autoscaled prior to analysis. PCA was applied to detect potential 

outliers and examine overall variance patterns. Supervised OPLS-DA models were constructed to differentiate T0 

versus T1 profiles, and model robustness was validated using LOOCV, permutation tests, R², and Q² metrics. CV-

ANOVA was applied to assess model reliability. Metabolites contributing significantly to group separation were 

identified using VIP scores (>1) and paired t-tests, with FDR adjustment by the Benjamini–Hochberg method (q 

< 0.05). 

Metabolites meeting these criteria were further examined through Metabolite Set Enrichment Analysis to identify 

pathways most affected by RHRT. Mapping to HMDB, PubChem, SMPDB, and KEGG databases enabled 

classification according to SMPDB pathway libraries, and ORA plots highlighted the most significantly altered 

pathways. 

Finally, associations between metabolite fold-changes (T1/T0) and overall survival (OS) were assessed via PLS 

regression. Latent variables representing linear combinations of metabolite changes were used to predict OS, with 

model performance evaluated using R², LOOCV, and permutation testing. Metabolites most influential for OS 

prediction were identified from loading plots (w*c [1] > 0.15 or < −0.15). Analyses were conducted using SIMCA 

v14.1, GraphPad Prism 7, and MetaboAnalyst v4.0 [65]. 

Conclusion 

This exploratory study highlights the potential value of integrating metabolomics into the clinical assessment of 

patients with malignant pleural mesothelioma (MPM). Our findings suggest that systemic metabolic profiling can 

provide mechanistic insights into the interpatient variability in overall survival following RHRT, as well as 

identify patients with metabolic phenotypes indicative of heightened vulnerability. With further validation, 

metabolomics could serve as a robust tool for stratifying patients, guiding clinical decision-making, and 

identifying those unlikely to derive substantial benefit from RHRT, thereby supporting the development of more 

tailored, individualized therapeutic strategies. 
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