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Abstract

Intravenous (IV) busulfan doses are often personalized to a concentration at steady state (Css) 

using the patient’s clearance, which is estimated with therapeutic drug monitoring. We sought to 

identify biomarkers of IV busulfan clearance using a targeted pharmacometabonomics approach. 

A total of 200 metabolites were quantitated in 106 plasma samples, each obtained before IV 

busulfan administration in hematopoietic cell transplant (HCT) recipients. Both univariate linear 

regression with false discovery rate (FDR), and pathway enrichment analyses using the Global test 

were performed. In the univariate analysis, glycine, N-acetylglycine, 2-hydroxyisovaleric acid, 

creatine, serine, and tyrosine and were statistically significantly associated with IV busulfan 

clearance at P<0.05, with the first three satisfying the FDR of q<0.1. Using pathway enrichment 

analysis, the glycine, serine, and threonine metabolism pathway was the only pathway statistically 

significantly associated with IV busulfan clearance at P<0.05 and q<0.1, and a pathway impact 

>0.1. Glycine is a component of glutathione, which is conjugated with busulfan via glutathione 

transferase enzymes. These results demonstrate the potential utility of pharmacometabonomics to 

inform IV busulfan dosing. Future studies are required to validate these findings.
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Introduction

Allogeneic hematopoietic cell transplantation (HCT) offers a curative treatment for a variety 

of malignant and nonmalignant disorders.1, 2 The alkylating agent busulfan is often part of 

an HCT conditioning regimen. Recent data has shown improved overall survival in HCT 

recipients conditioned with intravenous (IV) busulfan compared to total body irradiation 

(TBI); however, toxicities of the HCT conditioning treatments persist.1–3 Busulfan has a 

narrow therapeutic index, and plasma exposure, expressed as concentration at steady state 

(Css) or area under the plasma concentration-time curve (AUC), forecasts the efficacy of 

busulfan-containing conditioning regimens.4, 5 Low busulfan Css, caused by rapid clearance, 

is associated with reduced efficacy, e.g., increased risk of relapse6 or rejection,7, 8 while high 

busulfan Css is associated with hepatotoxicity7, 9–12 and non-relapse mortality (NRM).13 

Personalizing busulfan doses to target plasma Css, using a patient-specific busulfan 

clearance, improves these clinical outcomes.9, 14–17 This process of pharmacokinetic 

sampling and modeling to personalize busulfan dosing is termed targeted busulfan (TBU), 

therapeutic drug monitoring or pharmacokinetic (PK)-guided dosing; the latter will be used 

for the remainder of the manuscript. However, this approach is insufficient as relapse and 

NRM persist even with PK-guided IV busulfan dosing. Novel biomarkers that can be used to 

predict IV busulfan clearance before treatment begins, and potentially improve overall 

survival in HCT recipients, are therefore needed. Identification of such markers could lead to 

estimating a patient-specific IV busulfan clearance and their personalized dose before IV 

busulfan administration, reducing the resource intensity of PK-guided dosing of busulfan in 

HCT conditioning. Furthermore, such analyses could identify novel biomarkers associated 

with NRM or overall survival.
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Substantial insight regarding drug metabolism and response has been gained through the use 

of metabolomics – the profiling of a broad range of small molecules present in biological 

fluids.18–24 For example, recent metabolomics studies have provided insight regarding 

potential biomarkers for graft versus host disease (GVHD) in allogeneic HCT 

recipients.25, 26 More specifically, Clayton, et al., introduced the concept of personalized 

drug treatment using pre-dose metabolite profiling to predict drug response in individual 

subjects, which the authors termed, “pharmacometabonomics”. 22, 23 Against this 

background, we sought to identify biomarkers predictive of IV busulfan clearance using a 

targeted pharmacometabonomics approach consisting of 200 metabolites in plasma prior to 

IV busulfan administration in 106 allogeneic HCT recipients.

Methods

Study population

This was an ancillary retrospective study of 108 subjects who received HCT conditioning 

with IV busulfan and PK-guided dosing from April 2006 to November 2012 under the aegis 

of protocols approved by the Fred Hutchinson Cancer Research Center (Fred Hutch) 

Institutional Review Board. Of the 108 subjects, insufficient sample available for 

pharmacometabonomics analysis for two subjects, leaving a total of 106 samples for 

analysis. All subjects were diagnosed with hematologic disorders and had adequate renal 

(i.e., serum creatinine < 1.5 mg/dl, and creatinine clearance or radioisotope glomerular 

filtration rate > 60 ml/min/1.73 m2) and liver (i.e., total bilirubin < 1.5 mg/dl and alanine 

aminotransferase < 300 units/l) function. Demographic data were taken from the subjects’ 

medical charts [age, sex, height, total body weight (i.e., actual; TBW), dosing weight 

(calculated as previously described;27), body surface area, and clinical information (disease, 

conditioning regimen)].

All subjects underwent PK-guided dosing of IV busulfan as part of HCT conditioning. Other 

conditioning agents included cyclophosphamide (n=70) or fludarabine monophosphate 

(fludarabine; n=36). Standard practice for prophylaxis of busulfan-induced seizures was 

phenytoin. Similar antiemetics, antibiotics and antifungals were given per institutional 

Standard Practice Guidelines. All subjects provided written informed consent before 

participating in the treatment protocols. The Fred Hutch Institutional Review Board 

approved both the treatment protocol and the retrospective analysis of samples to identify 

biomarkers of IV busulfan clearance using pharmacometabonomics.

IV busulfan dosing

Clearance after the first busulfan dose (dose 1), administered in the morning for all subjects, 

was the primary outcome of interest. The busulfan dose 1 was calculated using TBW if it 

was less than ideal body weight, or adjusted ideal body weight (AIBW, which equals 0.25 

(TBW – ideal weight) + ideal weight) if it was greater than IBW. The IBW in adults was 

calculated as follows: for males = 50 kg + (2.3 kg for each inch over 5 feet); for females = 

45.5 kg + (2.3 kg for each inch over 5 feet). Subsequent IV busulfan doses were 

personalized to achieve the desired target busulfan Css, chosen for the treatment protocol by 

the attending physician (i.e., clinician-chosen).
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Blood samples (3 ml/sample) were collected in sodium heparin tubes before the morning 

doses of days 1, 2, and 3 of IV busulfan administration. For those subjects receiving daily IV 

busulfan, pharmacokinetic samples were drawn at the end of the 3-hour infusion, and at 

3.25, 4.5, 6, 8, 11, and 24 hours (i.e., prior to subsequent dose) after the beginning of the 

infusion.27 For those subjects receiving IV busulfan every 6 hours (Q6h), PK samples were 

drawn at the end of the 2-hour infusion, and at 2.25, 2.5, 3, 4, 5, and 6, hours (i.e., prior to 

subsequent dose) after the beginning of the infusion. All samples were stored on wet-ice or 

refrigerated, and transported to the Seattle Cancer Care Alliance Busulfan Laboratory, a 

College of American Pathology-certified laboratory that has focused exclusively on PK-

guided dosing of busulfan since 1996. Plasma busulfan concentrations were analyzed by gas 

chromatography with mass-selective detection as previously described.27 The dynamic range 

was from 1.97 to 4.54 ml/min/kg normal fat mass (NFM; see Supporting Methods for further 

details)28 and the intraday and interday coefficients of variation were less than 5% and 8%, 

respectively. After quantitation of busulfan samples, the individual subject’s concentration-

time data underwent pharmacokinetic modeling using Phoenix WinNonlin (Certara USA, 

Princeton, NJ) to obtain each individual’s busulfan area under the curve (AUC) from time 0 

to infinity (AUC0 to ∞). After dose 1, the patient-specific clearance and Css were calculated 

based on the following equations: clearance = dose divided by AUC0-∞ and Css = AUC0-∞ 
divided by the IV busulfan dosing frequency. After calculation of the patient-specific 

clearance, the personalized dose was calculated linearly to achieve the target Css and this 

personalized dose was administered for subsequent doses. The patient-specific clearance was 

measured after the morning doses of 2 and 3 of IV busulfan administration as well; these 

data were not used in this analysis. For the present dataset, the concentration-time data 

underwent noncompartmental analysis and all clearances are reported based on NFM, the 

optimal body metric for IV busulfan clearance over a population of pediatric to adult 

allogeneic HCT recipients.28

Targeted pharmacometabonomics sample collection

All samples for pharmacometabonomics analyses were conducted on baseline plasma 

samples collected prior to IV busulfan administration. Each subject had one sample (i.e., one 

sample per subject). In 59 subjects, the blood sample was obtained before any conditioning 

agents were administered (i.e., no conditioning) and blood had been drawn into citrate blood 

collection tubes (BCTs). In the remaining 47 subjects, samples were drawn after 

administration of other conditioning agents (n=40 cyclophosphamide/busulfan27 and n=7 

fludarabine/busulfan/thymoglobulin)29. For these subjects, the pre-transplant 

pharmacometabonomics sample had been drawn into an EDTA BCT, refrigerated shortly 

thereafter at a target temperature of 4°C until transport (within 12 hrs) to the University of 

Washington/Fred Hutch Pharmacokinetics Laboratory. The sample was subsequently 

centrifuged and the resultant plasma frozen at −80°C for either cyclophosphamide or 

fludarabine pharmacokinetic analysis as previously reported.27, 29 The samples underwent 

two freeze-thaw cycles before the targeted pharmacometabonomics analysis (i.e., the 

analysis was conducted with the second thaw).
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Pharmacometabonomics analysis

Metabolite profiling of plasma was completed at the University of Washington’s Northwest 

Metabolomics Research Center. Targeted pharmacometabonomics analysis was carried out 

using a liquid chromatography tandem mass spectrometry (LC-MS/MS) platform in both 

positive and negative ion modes against 200 standard metabolites (see Supporting 

Information Table S1) from numerous Kyoto Encyclopedia of Genes and Genomes 

(KEGG)-defined metabolic pathways30 (e.g., glycolysis, TCA cycle, amino acid 

metabolism, glutathione, etc.) of potential significance to monitor diet effects, along with 24 

internal standards for concentration determinations.31–33 All plasma samples were prepared 

in batches of 30 samples. A standard protocol was used34–3733 where 25 μL plasma and 150 

μL high performance liquid chromatography (HPLC) grade methanol were combined in an 

Eppendorf vial and vortexed for 2 min. After 20 min storage at −20 °C the samples were 

centrifuged at 18,000 g for 10 min. A fixed volume of 150 μL supernatant was collected and 

placed in a new Eppendorf vial. The protein pellets were mixed with another 300 μL HPLC 

grade methanol, then vortexed for 10 min and centrifuged for 10 min at 18,000 g. 250 μL 

was collected and combined with the previous 150 μL sample. Samples were then dried at 

30 °C in a SpeedVac for 3 h.

Prior to each LC run, samples were reconstituted with 100 μL 5 mM ammonium acetate in 

95% water/5% acetonitrile + 0.5% acetic acid, and filtered through 0.45 μm PVDF filters 

(Phenomenex, Torrance, CA) prior to analysis on an AB Sciex QTrap 5500 LC-MS/MS 

system (AB Sciex, Toronto, ON, Canada).35–37 The LC system was composed of two 

Agilent 1260 binary pumps, an Agilent 1260 auto-sampler and Agilent 1290 column 

compartment containing a column-switching valve (Agilent Technologies, Santa Clara, CA). 

Each sample was injected twice, 10 μL for analysis using negative ionization mode and 2 μL 

for analysis using positive ionization mode. Both chromatographic separations were 

performed in reverse phase (RP) on Thermo Accucore PFP columns (150 × 2.1 mm, 2.6 μm 

particle size, Thermo Fisher Scientific Inc., Waltham, MA). The flow rate was 0.250 mL/

min, auto-sampler temperature was kept at 4 °C, and the column compartment was set at 

40 °C. The mobile phase was composed of Solvents A (5 mM ammonium acetate in water 

+ 0.5% acetic acid + 0.5% acetonitrile) and B (acetonitrile + 0.5% acetic acid + 0.5% water). 

After chromatographic separation, MS ionization and data acquisition was performed using 

AB Sciex QTrap 5500 mass spectrometer (AB Sciex, Toronto, ON, Canada) with 

electrospray ionization (ESI) source. The collision gas was 99.99% pure nitrogen. The data 

gathered through the multiple reaction monitoring were integrated using MultiQuant 2.1 

software (AB Sciex, Toronto, ON, Canada).33 A pooled QC sample was run for every 10 

biological samples to assess instrument performance. The intra-assay average CV was 7.8% 

across all samples.

Statistical analysis

Of the 200 metabolites measured, 118 had detectable signal in all samples and were retained 

for analysis. The majority of metabolites were skewed to higher values and were therefore 

log-transformed using the natural logarithm to approximate a normal distribution. A 

univariate linear regression model was used to assess marginal associations of each 

metabolite individually on IV busulfan clearance (continuous) after dose 1. Because two 
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different BCTs were used, the effect of BCT type was assessed. Although the results were 

similar with and without adjustment (data not shown), BCT type was included in the 

univariate analyses. In our previous evaluation of 1,610 HCT recipients (n=904 male and 

n=689 female), used to inform the present analysis, we found no effect of gender or weight 

on IV busulfan clearance, the endpoint of interest.28 However, to ensure that gender or 

weight did not confound our results, both were tested and found not to affect significance of 

the metabolites evaluated with the exception of a single metabolite. Homovanilate became 

significant with adjustment for gender (data not shown), but this would be expected by 

chance due to the high number of individual tests performed. Therefore, results without 

adjustment for gender and weight are presented. To determine the percent of variance 

explained in our model, R2 was calculated including all significant metabolites in a single 

regression model. Benjamini-Hochberg methods were used to control for false discovery rate 

(FDR).38 Individual metabolites were considered for both P<0.05 and q<0.1.

To consider metabolites that coordinately predict IV busulfan clearance, pathway analyses 

using all metabolites were carried out using MetaboAnalyst 3.0 (see Supporting Information 

Table S2),39, 40 integrating pathway enrichment analysis and pathway topology analysis for 

visualization. Within the pathway analysis module, metabolites were auto-scaled (mean-

centered and divided by the standard deviation of each variable), and IV busulfan clearance 

was evaluated as a continuous outcome. Four metabolites from our panel, aminoisobutyric 

acid, cystamine, inositol, and N-acetylneuraminate, were not present in the MetaboAnalyst 

compound library [derived from KEGG,30 Small Molecule Pathway Database41 (SMPDB)], 

and Human Metabolome Database42 (HMDB)], and thus were not included in the pathway 

analyses. The Global test,43 which evaluates changes among groups of metabolites, was 

used for statistical significance of pathway enrichment analysis, with FDR of q<0.1 for 

multiple comparisons. While 56 pathways contained at least one metabolite from our panel, 

only 26 pathways contained 4 or more metabolites, sufficient for meaningful pathway 

analysis (see Supporting Information Table S2). Betweeness centrality (shortest path 

between nodes), based on metabolite centrality in a given metabolic network, was used to 

calculate metabolite importance.44 Pathway impact was calculated as the sum of the 

importance measures of the pathway-specific metabolites, normalized by the sum of the 

importance measures of all metabolites in each pathway.45

A post-hoc univariate receiver operating characteristic (ROC) curve was performed on the 

most significant metabolite, glycine, to evaluate performance as a predictive biomarker using 

the ROCR package in R.46 For this ROC analysis we defined two groups of subjects based 

on their IV busulfan clearance being above or below the median. The area under the ROC 

(AUROC) curve and 95% confidence interval (95% CI) are also reported.

Results

Patient characteristics

Pre-transplant characteristics and diagnoses of the 106 HCT subjects are given in Table 1. 

Mean age was 50.4 y (range 22–66), and BMI was 20.0 ± 2.2 kg/m2. Slightly more subjects 

were male (60%). All samples were collected prior to IV busulfan administration; however, 

47 subjects (44%) began other conditioning regimens prior to sample collection. Mean IV 
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busulfan clearance after dose 1 was 3.2 ± 0.5 ml/min/kg of dosing weight and 3.3 ± 0.6 

ml/min/kg NFM (Figure 1), which is in agreement with previous studies.10

Pharmacometabonomics

In the univariate analysis, six metabolites were statistically significantly associated with IV 

busulfan clearance at P<0.05: glycine, N-acetylglycine, creatine, and serine, were positively 

associated with clearance, and tyrosine and 2-hydroxyisovaleric acid, were negatively 

associated. Three of these metabolites satisfied the FDR of q<0.1: glycine, N-acetylglycine 

and 2-hydroxyisovaleric acid (Table 2). Inclusion of all six nominally significant metabolites 

in a single regression model explained ~16% of the variability (R2 =0.16).

In the pathway enrichment analysis, considering all metabolites together, the only pathway 

meeting both a statistical significance level of P<0.05 and q<0.1 and any measureable 

pathway impact factor (e.g., <0.1) was the glycine, serine, and threonine metabolism 

pathway, which was significantly associated with IV busulfan clearance (P=0.002, 

FDR=0.028, impact=0.53; Figures 2, 3 and Table 3). Other pathways that were statistically 

significant at P<0.05 and q<0.1 were thiamine, porphyrin, cyanoamino acid, methane, and 

glutathione metabolism, but all had pathway low impact values (<0.1). The post-hoc 

univariate AUROC curve for glycine was 0.66 (95% CI: 0.55, 0.75, Figure 4).

Discussion

The key findings of this analysis are: 1) glycine, N-acetylglycine, creatine, serine, tyrosine 

and 2-hydroxyisovaleric acid plasma concentrations were associated with IV busulfan 

clearance, with the AUROC curve for glycine alone being 0.66; and 2) of the 26 pathways 

with sufficient metabolites for analysis, the glycine, serine, and threonine metabolism 

pathway was most highly associated with IV busulfan clearance. In this analysis, we took a 

first step towards identifying endogenous plasma metabolites associated with IV busulfan 

clearance with the long-range goal of personalizing IV busulfan doses using biomarkers 

identified via pharmacometabonomics.

Busulfan is a widely-used alternative to TBI in preparation for HCT.47 A bi-functional anti-

neoplastic alkylating agent, busulfan hydrolyzes in aqueous solutions to release 

methanesulfonate moieties. The resulting reactive carbonium ions alkylate DNA, destroying 

existing blood cells and remaining cancer cells. While overall survival after HCT is 

improved with busulfan conditioning, increased efficacy and reduced toxicity of busulfan-

based conditioning is needed. It is well known that busulfan has a narrow therapeutic index, 

with many HCT centers obtaining busulfan pharmacokinetic data in allogeneic HCT 

recipients.

The patient-specific IV busulfan clearance, not busulfan Css, is the relevant endpoint 

because the goal with PK-guided dosing is to obtain the patient-specific IV busulfan 

clearance to be used for dose personalization to achieve the clinician-chosen target busulfan 

Css. Currently, weight-based dosing of the initial busulfan dose achieves the clinician-

chosen target busulfan Css in 22.6% of patients.48 After the initial busulfan dose, serial 

pharmacokinetic samples are obtained to determine the plasma exposure and the patient-
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specific IV busulfan clearance (as AUC = dose/clearance). That patient-specific clearance is 

then used with the clinician-chosen target Css (as Css=AUC/dosing frequency) to 

personalize the subsequent IV busulfan doses with the intent of achieving the clinican-

chosen target Css. This process is referred to as PK-guided dosing or therapeutic drug 

monitoring (TDM). Personalizing IV busulfan doses using PK-guided dosing results in over 

85% of patients achieving the busulfan clinician-chosen target Css at the end of 4-days of 

busulfan therapy.48 Thus, busulfan Css was not the endpoint of interest because it is 

confounded by the personalized IV busulfan dose adjustments–made using the patient-

specific IV busulfan clearance– to achieve the clinician-chosen target busulfan Css. PK-

guided dosing improves clinical outcomes, but it cannot be conducted with the shorter (i.e., 

<4 day) busulfan courses included in reduced intensity conditioning regimens. Even with the 

traditional four days of busulfan conditioning, PK-guided dosing is time sensitive and 

resource-intensive. It is anticipated that ‘omics techniques can improve –or ideally replace–

PK-guided busulfan dosing to decrease its resource intensity.

Numerous small studies have evaluated the association of busulfan pharmacokinetics with 

the constitutional pharmacogenomics of genes regulating the enzymes involved in busulfan 

disposition.49 The major elimination pathway of busulfan is through conjugation with 

glutathione to form an unstable S-glutathione sulfonium conjugate γ-glutamyl-β-(S-

tetrahydrothiophenium)-alanyl-glycine (GS+THT).50 This reaction is mainly catalyzed by 

glutathione transferase (GST) isoenzymes A1-1, with GSTM1-1 and GSTP1-1 having minor 

roles.51, 52 While highly polymorphic, variants in GSTA1 and GSTM1 are not associated 

with IV busulfan clearance53–55 possibly due to redundancy in function across GST 

enzymes.56 Therefore, other methods or biomarkers for personalization are needed.

Metabolomics is a commonly used approach for biomarker discovery.57–59 While there are 

no other studies evaluating IV busulfan clearance in HCT subjects, a few studies have 

examined the metabolome to identify subsequent clinical outcomes among allogeneic HCT 

recipients. Reikvam, et al.,26 used metabolite profiling of 766 analytes to evaluate whether 

pre-transplant metabolic status in 75 HCT subjects was associated with GVHD. Altered pre-

transplant levels of several immunoregulatory metabolites, including BCAA and tyrosine 

derivatives, were found among subjects who later developed GVHD. The authors 

hypothesized that these metabolites may be involved in the development of GVHD. Another 

study evaluated 40 thiol/redox metabolites associated with early stages of GVHD between 

syngeneic and allogeneic HCT recipients. Reduced glutathione was significantly decreased 

while oxidized glutathione was increased among allogeneic compared to syngeneic 

recipients as well as non-transplant controls, indicating early shifts in oxidative stress.25 

Further, an accumulation of cysteine, cystathione and cysteinylglycine was associated with 

early GVHD among the allogeneic HCT subjects.25 These studies, as well as our own, 

highlight the opportunity pharmacometabonomics could offer to improve clinical outcomes 

in HCT recipients.

In the present study, we analyzed 200 metabolites representing over 25 pathways. Six 

metabolites measured pre-administration were associated with subsequent IV busulfan 

clearance. Glycine, N-acetylglycine and 2-hydroxyisovaleric acid remained significant with 

FDR <0.1. In addition, glycine, serine, and threonine metabolism was significant in pathway 
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enrichment analyses. Other pathways were statistically significant, but were driven mainly 

by glycine, and contained few metabolites from our panel, such that pathway impact values 

were negligible (e.g., < 0.02). Glycine is a non-essential amino acid that can be 

endogenously synthesized from serine, threonine or choline. In addition to roles in the 

production of purines, bile acids, creatine and heme, glycine is a component of glutathione

— which is involved in the metabolism of busulfan.60

It is tempting to speculate that more substrate for glutathione production may be driving the 

association between glycine and IV busulfan clearance. In fact, glutathione was one of the 

pathways significantly associated with increased IV busulfan clearance. However, our panel 

contained only five of the 38 metabolites in the pathway: glycine, pyroglutamic acid, 

ornithine, glutamic acid and cadaverine, with glycine being the only metabolite to reach 

statistical significance individually. Further, the other four metabolites were either inversely 

associated with IV busulfan clearance or only slightly positive. Other components of 

glutathione consist of the amino acids cysteine and glutamate (see Supporting Information 

Figure S1). While cysteine was not included in our panel due to difficulty in measuring it by 

mass spectrometry, glutamate was inversely associated with IV busulfan clearance. This 

would suggest that increased substrate for the production may not explain the relation 

between glycine and increased IV busulfan clearance. However, whereas we had 11 of the 

48 metabolites represented in the glycine, serine and threonine pathway, only five 

metabolites were included in the glutathione pathway, which may have been insufficient for 

a complete evaluation. Nonetheless, we cannot rule out another mode of action contributing 

to increased IV busulfan clearance, e.g., an altered amino acid pool pre-administration, as all 

metabolites were amino acids or their derivatives. In addition to amino acids in the glycine, 

serine, and threonine pathway (glycine, serine and creatine), tyrosine and 2-

hydroxyisovaleric acid were negatively associated with IV busulfan clearance. Tyrosine is a 

non-essential amino acid which can be synthesized from phenylalanine, while 2-

hydroxyisovaleric acid is a fatty acid derivative of leucine, a branched chain amino acid 

(BCAA). Although a decrease in 2-hydroxyisovaleric acid was observed, no associations 

were found in other BCAA, including isoleucine and valine, or their metabolites. These 

observations may also reflect dietary or other exposures at the time of measurement.

Strengths of this work include the large population of over 100 HCT subjects, a well 

characterized IV busulfan pharmacokinetic database, and the targeted panel providing high 

accuracy of metabolite identification and relative abundances. As with all studies, there were 

some limitations worth noting. Importantly, the current dataset had insufficient coverage of 

the glutathione pathway involved in busulfan metabolism. While 13 metabolites in the 

glutathione pathway were measured, only five had detectable signal in our plasma samples. 

Thus, greater sensitivity of the eight that did not have detectable signals (i.e., putrescine, 

spermidine, spermine, cysteine, cysteinylglycine, glutathione, oxidized glutathione, and 

ascorbic acid) is needed. Having more information about this pathway pre-administration 

would have provided a more complete picture. Future studies should further focus the 

targeted analysis on this pathway. In addition not all 118 metabolites had matches in 

MetaboAnalyst. Four metabolites (i.e., aminoisobutyric acid, cystamine, inositol, N-

acetylneuraminate) were therefore not included in pathway enrichment analyses, although 

none of these metabolites were significant on their own in univariate analyses. Another 

Navarro et al. Page 9

J Proteome Res. Author manuscript; available in PMC 2017 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



potential limitation is the two types of BCTs used for sample collection. However, we 

evaluated associations both with and without adjustment of BCT type and found no 

differences among the significant metabolites; thus, it is unlikely that this factor had any 

effect on the results. An analysis of the targeted metabolome with clinical outcomes is also 

needed. Finally, these finding should be replicated in an independent cohort.

Conclusion

In conclusion, this work demonstrates that glycine, and potentially other metabolites in the 

glycine, serine, and threonine metabolism pathway predict IV busulfan clearance in HCT 

subjects. Further studies, including greater interrogation of the glutathione pathway, are 

needed to validate these results which may have the prospect of personalizing IV busulfan 

dosing and potentially improve clinical outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
IV busulfan clearance of the population, shown by dosing weight (A) and normal fat mass 

(NFM; B). Dashed vertical lines border 95% of the observed values.
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Figure 2. 
Overview of pathway enrichment analysis. All dots represent matched pathways from 

topology pathway analysis. Pathways are colored according to their significance values from 

pathway enrichment analysis, with gradations from yellow, having the least significance, to 

red having the highest significance (exact P values are given in Tables 3 and S2). Pathways 

above the horizontal red line correspond to q<0.1. Pathway impact is indicated on the x-axis. 

Pathways to the right of the vertical red line on the x-axis have an impact score >0.1. 

Glycine, threonine and serine metabolism was the only significant pathway with q<0.1 and a 

pathway impact value >0.1. Other pathways that were significant but had a negligible 

pathway impact (e.g., <1: thiamin, porphyrin, cyanoamino acid, glutathione, methane and 

sphingolipid metabolism; all values are given in Table 3) all included glycine.
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Figure 3. 
Glycine, Serine, and Threonine Metabolism pathway. Named metabolites were included in 

the pharmacometabonomics panel; boxed metabolites shown by letter and number 

combination show metabolites in the pathway but not included in the metabolite panel. 

Metabolites are colored according to their significance values from pathway enrichment 

analysis, with yellow having the least significance (P=0.2–0.8), orange having moderate 

significance (P=0.03–0.12), and red having the highest significance (P=0.01–0.0006). 

C00049: aspartic acid; C03082: aspartyl-4-phosphate; C00441: aspartate-semialdehyde; 

C00197: 3-phospho-D-glycerate; C00168: hydroxypyruvic acid; C03508: 2-amino-3-

oxobutanoic acid; C03232: phosphohydroxypyruvic acid; C00740: D-serine; C01726: 

lombricine; C02855: N-phospho-D-lombricine; C00048: glycoxylic acid; C00263: 

homoserine; C01102: O-phosphohomoserine; C00430: 5-aminolevulinic acid; C02737: 

phosphatidylserine; C00014: ammonia; C00078: tryptophan; C00109: 2-ketobutyric acid; 

C00101: tetrahydrofolic acid; C00143: 5,10-methylene-THF; C02291: cystathionine; 

C00097: cysteine; S-aminomethyldihydrolipoylprotein; C02972: dihydrolipoylprotein; 

C02051: lipoylprotein; C00011: carbon dioxide; C05519: allothreonine; C00576: betaine 

aldehyde; C01242: S-aminomethylidihydrolipoyl-protein; Nine metabolites are omitted from 

the figure for ease of presentation: C03283: 2,4-diaminobutanoate; C06442: N-gamma-

acetyldiaminobuturate; C06231: ectoine; C01005: phosphoserine; C16432: 5-

hydroxyectoine; C01888: aminoacetone; C00546: pyruvaldehyde; C03194: 1-

aminopropan-2-ol; C05235: hydroxyacetone.
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Figure 4. 
Evaluation of glycine as a predictor for IV busulfan clearance. Area Under the Receiver 

Operator Characteristic (AUROC) curve for the most promising metabolite, glycine = 0.66 

(95% CI: 0.55, 0.75). Box plots represent mean (interquartile range) of low busulfan 

clearance (0; below the median) and high busulfan clearance (1; above the median).
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Table 1

Demographic and clinical data for the HCT study population (N=106)

Parameter Na

Age (y) 50.4 (21.6–65.8)

Male sex 64 (60%)

Dosing weight (kg)b 69.4 ± 11.1

Body mass index [BMI; weight (kg)/height (m)2] 20.0 ± 2.2

Normal fat mass (NFM; kg) 67.6 ± 13.9

HCT Conditioningc

 Cyclophosphamide/Busulfan 67 (63%)

 Busulfan/Cyclophosphamide 3 (3%)

 Fludarabine/Busulfan 27 (25%)

 Fludarabine/Busulfan/Thymoglobulin 9 (8%)

Busulfan dosing frequency

 Every 6 hours 11 (10%)

 Every 24 hours 95 (90%)

IV busulfan clearance (ml/min/kg NFM) 3.33 ± 0.59

Diagnosis

 Aplastic anemia 1 (1%)

 Acute lymphoblastic leukemia 1 (1%)

 Acute myeloid leukemia 45 (42%)

 Chronic myeloid leukemia (CML) 4 (4%)

 Chronic myelomonocytic leukemia 2 (2%)

 Myelodysplastic syndrome (MDS) 21 (20%)

 MDS/CML 1 (1%)

 Myelofibrosis 26 (25%)

 Myeloproliferative disease 5 (5%)

Blood collection tube

 Citrate 59 (56%)

 EDTA 47 (44%)

Drugs present in sample

 None 59 (56%)

 Cyclophosphamide 40 (38%)

 Fludarabine 7 (7%)

a
Data presented as: number (%) or mean ± standard deviation; percentages may not add up to 100 due to rounding

b
Total body weight was used for busulfan dosing if total body weight was less than ideal body weight, whereas adjusted ideal body weight was 

used if total body weight was greater than ideal body weight.

c
Listed in administration order; all subjects received PK-guided dosing of busulfan, in which the IV busulfan dose was personalized based on 

clearance
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Table 2

Endogenous metabolites significantly associated with IV busulfan clearance by univariate analysis

Metabolite Functiona Directionb P-value q-valuec

Glycine
Amino acid; involved in biosynthesis of proteins, including glutathione, 
involved the metabolism of busulfan, as well as purines, heme, bile salts, and 
creatine; inhibitory neurotrasmitter

+ 0.0006 0.08

N-Acetylglycine Acetylated glycine; important for synthesis, stability and localization of 
proteins + 0.002 0.09

2-Hydroxyisovaleric Acid Fatty acid; derived from metabolism of valine, leucine and isoleucine; may 
originate from ketogenesis − 0.002 0.09

Creatine Involved in energy production, primarily in muscle; produced from glycine 
and arginine + 0.006 0.23

Serine Amino acid; involved in production of purines and pyrimidines; inhibitory 
neurotransmitter + 0.03 0.80

Tyrosine Amino acid; biosynthesis of proteins; essential component of 
neurotransmitters; receptor kinases involved in immune signaling − 0.03 0.80

a
Information pertaining to function is derived from Kyoto Encyclopedia of Genes and Genomes, Human Metabolome Database or PubChem unless 

otherwise noted

b
Indicates whether the metabolite was positively or negatively associated with IV busulfan clearance

c
False discovery rate (Benjamini-Hochberg)
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