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Abstract

Five-year survival from childhood acute lymphoblastic leukemia (ALL) approaches 90%, but 40%
of survivors experience central nervous system (CNS) treatment-related cognitive problems.
Despite considerable evidence for cognitive problems, less is known about mechanisms of
neurologic injury. Our purpose was to investigate oxidative stress, measured by lipid peroxidation,
as a mechanism of CNS treatment-related neurologic injury. The sample included 55 children
(mean age at diagnosis = 6.84 years, SD = 3.40) who received intrathecal and intravenous
chemotherapy for CNS-directed treatment according to Children’s Oncology Group protocols.
Glycerophospholipids were extracted from cerebrospinal fluid samples (CSF) obtained at
diagnosis and during intrathecal chemotherapy administration. Unoxidized and oxidized
phosphatidylcholine (PC) and phosphatidylinositol (P1) were measured by normal phase high
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performance liquid chromatography with diode array detection, and analyzed with a general linear
model for repeated measures analysis of variance. Compared to the diagnostic CSF sample,
unoxidized and oxidized PC and Pl increased significantly across treatment phases. Amount of
intravenous methotrexate received was significantly correlated with oxidized Pl, and age at time
of ALL diagnosis was significantly associated with oxidized PC. These findings support for our
hypothesis that oxidative stress is a mechanism of neurologic injury associated with CNS-directed
treatment for ALL.
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Introduction

In the United States, acute lymphoblastic leukemia (ALL) is the most prevalent cancer
among children and adolescents less than 15 years of age, and disease-free survival is
approximately 90%.1 Central nervous system (CNS)-directed treatment is essential for
survival because circulating lymphoblasts cross the blood brain barrier and metastasize into
brain parenchyma.?: 3 CNS-directed treatment with intrathecal (IT) and escalating or high
doses of intravenous (V) methotrexate is most intense during the first year of therapy
(referred to as post-induction), but continues over the 2 % to 3 years of ALL treatment.
Whole brain radiation was initially associated with cognitive problems and neuroanatomical
changes including changes in cortical thickness, decreased hippocampal volume, and loss of
white matter integrity*~19, However, more recent studies show that CNS-directed
chemotherapy is also linked to diminished cognitive abilities and neuroanatomical
changes19-24, In fact, up to 40% of ALL survivors experience cognitive problems in
memory, attention, executive function, processing speed, visual-motor and visual-spatial
skills.”- 10. 16,17, 20, 22-27 Degpite collective evidence for cognitive problems, far less is
known about mechanisms of chemotherapy-induced neurologic injury.

Methotrexate decreases the effectiveness of antioxidant defense systems resulting in an
increase in oxidative stress,?8: 29 and methotrexate-induced oxidative stress has been
observed in tumor tissue, cultured HeLa cells, rat brain, and children with ALL.28-33
Oxidative stress refers to cellular injury and degeneration caused by reactive oxygen species
(ROS). ROS include oxygen ions, free radicals, and peroxides that are highly reactive due to
the presence of an unpaired electron on an oxygen molecule.34 Compared to other organs,
the brain is particularly vulnerable to oxidative stress due to lower antioxidant capacity,
greater energy requirements, and a higher lipid concentration.3> Glycerophospholipids are a
class of lipids critically important for the integrity of cellular membranes, and lipid
peroxidation is a well-established consequence of oxidative stress.

Oxidative stress-induced lipid peroxidation results in deterioration of the membrane
permeability barrier,36 loss of membrane functions including neurotransmitter-receptor
interactions, 3739 and induction of apoptosis3®. Oxidized lipids are markers of and
pathologic mechanisms in a variety of disease states including atherosclerosis38: 40,
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Alzheimer’s disease3% 41, diabetes, chronic renal failure, and retinal degenerative
diseases.*2 43 Increased plasma levels of lipid peroxidation have also been observed in
children with autism,3”- 44 and traumatic brain injury.4°

We measured peroxidation of two glycerophospholipids (phosphatidylcholine [PC], and
phosphatidylinositol [PI]) in cerebrospinal fluid (CSF) samples obtained during diagnostic
and therapeutic lumbar punctures throughout the course of ALL therapy. We also
determined if levels of oxidized PC and PI were associated with amount of methotrexate
received, age at the time of ALL diagnosis, and gender. PC is the most prevalent
phospholipid in brain cellular membranes, and oxidized PC has been observed in
neuroinflammatory conditions.*6 Less is known about the biological effects of oxidized PI,
however PI directly binds to many cytoskeletal proteins and is a precursor for three second
messengers (inositol 1,4,5-triphosphate, diacylglycerol, and phosphatidylinositol 3,4,5-
triphosphate) involved in cell signaling pathways.*: 48 Further, there is evidence for the role
of phosphorylated derivatives of Pl in neurotransmission, 42 and for oxidized P1 in brain
degeneration associated with Alzheimer’s disease.3% 50 We hypothesized that the levels of
unoxidized and oxidized PC and Pl would increase during CNS-directed treatment.

Materials and Methods

Patients were recruited from two cancer centers in the southwestern United States.
Eligibility requirements included children with a recent diagnosis of pre-B or pre-T cell
acute lymphoblastic leukemia (ALL) and being treated on a Children’s Oncology Group
(COG) protocol for low, standard, high, or very high risk disease. The project was approved
by the respective Human Subjects Protection Committee, and consent was obtained from
parents and assent from children 7 years of age or older at the time of ALL diagnosis.

A within subject repeated measures design was used to investigate chemotherapy-induced
oxidative stress in the CNS. Potential participants with a prior history of other causes of
neurologic injury (i.e. seizures, traumatic brain injury, or developmental disabilities such as
Down Syndrome or attention deficit disorder) were excluded. Children who experienced a
CNS or bone marrow relapse, or who were treated with cranial radiation or a bone marrow
transplant were also excluded.

Subjects received ALL treatment according to Children’s Oncology Group (COG) protocols
that are based on leukemia risk category. Therapy occurred in three phases: induction, post-
induction, and continuation. CNS prophylaxis, most intense during post-induction, was
administered throughout therapy with standardized doses of IT methotrexate based on age:
10 mg for children aged 2-2.99 years, 12 mg for children aged 3-8.99 years, and 15 mg for
children aged = 9 years. The first phase, induction (29 days in duration) included weekly
treatment with systemic chemotherapy, oral corticosteroids, one IT administration of
cytarabine, and two IT methotrexate treatments (Days 8 and 29). The second phase, post-
induction, included several courses of escalating or high dose IV methotrexate, other drugs
depending on the COG protocol (e.g. vincristine, PEG-asparaginase, daunorubicin,
mercaptopurine, cyclophosphamide, cytarabine, thioguanine, doxorubicin, and
corticosteroids), and IT methotrexate. This phase of therapy was the most intensive and
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continued over 6-8 months. The last phase of therapy, continuation (2-3 years), included
oral chemotherapy (methotrexate and mercaptopurine) and corticosteroids (prednisone or
dexamethasone), cycles of IV chemotherapy (methotrexate and vincristine), and 1T
methotrexate every 12 weeks. The mean number of IT MTX treatments was 7.96 (range =
5-14; SD= 2.4) during post-induction, and 6.4 (range = 2-11, SD = 2.31) during
continuation.

Two mls of CSF were collected during diagnostic and therapeutic lumbar punctures. CSF
samples were placed on ice immediately after collection, centrifuged for 10 min at 1750xg
to remove any cellular debris, and stored at —80° C. Glycerophospholipids were extracted
from CSF samples using a modified method developed by Folch and others®!, and separated
by high performance liquid chromatography (HPLC). Lipids were extracted from the
aqueous CSF with a chloroform:methanol extraction procedure, vortexed for 1 minute and
centrifuged at 10,000 rpm for 20 minutes. The organic phase was collected and stored on
ice. A second extraction was done in order to insure complete recovery of the less polar
phospholipids. The organic fractions were combined, evaporated to dryness under nitrogen,
and resuspended in hexane-isopropanol. This method recovers 98% of
glycerophospholipids.>1-53 Unoxidized porcine brain PC and PI bovine liver standards and
CSF extracts were then separated by normal phase HPLC using a Model 126 Solvent
System and 168 Diode Array Detector.

HPLC is the method of choice for the separation and analysis of a wide variety of
compounds, including glycerophospholipids. Separation is accomplished by injecting the
compound of interest into a moving stream of liquid (mobile phase) that passes through a
stationary phase column. Separation of a compound into individual components and their
retention time on the column, depends on reaction with the mobile and stationary phases. In
the resulting chromatogram, the area under a peak [peak area count] is a measure of the
concentration of the compound it represents. This area value is integrated and calculated
automatically by the computer data station.

Mawatari and Murakami®* developed a HPLC method for detecting peroxidation of
glycerophospholipids in a single chromatic elution. We modified this method to optimize
detection for normal phase HPLC separation of glycerophospholipid classes®®. Oxidized
products and unoxidized glycerophospholipids absorb light at 2 different wavelengths (234
nm and 206 nm, respectively). Therefore, PC and PI can be simultaneously monitored at
these two wavelengths.>4 56 Chromatograms showing separation of the components of PI
(elution time approximately 14 minutes) and PC (elution time approximately 31.5 minutes)
are illustrated in Figure 1.

Data were analyzed using SPSS version 20. Sample characteristics were summarized with
descriptive statistics. General linear model (GLM) for repeated measures analysis of
variance (ANOVA) was used to test for significant changes over time in the components of
PC and PI. Within group contrasts were used to determine if the components of PC and PI at
day 8 (first CSF sample collected during induction but prior to administration of IT MTX),
induction, post-induction, and continuation were significantly different from those at
diagnosis. More than one CSF sample was obtained during induction, post-induction, and
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continuation. Therefore, data were analyzed using mean and highest peak area for PC and PI
during those treatment phases. Pearson correlation was used to determine if the amount of
methotrexate received and child’s age at the time of ALL diagnosis were associated with the
levels of the components of PC and PI.

An initial sample of 62 children were consented and enrolled in the study. Seven children
received cranial radiation as part of CNS-directed treatment and were excluded. The final
sample included 55 children who received IT and IV MTX for CNS-directed treatment. Age
at time of ALL diagnosis ranged from 2.32 to 14.74 years (mean = 6.84 SD = 3.40). There
were 28 males and 27 females. The majority of participants were Hispanic (n = 26) or
Caucasian (n = 24). Remaining subjects were African American (n = 2), Native American (n
= 1), or other (n = 2). Maternal education ranged from 7 to 18 years (mean = 13.45; SD =
2.22), and paternal education ranged from 5 to 20 years (mean = 12.85; SD = 2.93) years.
Demographic characteristics of subjects, number of IT MTX treatments received, COG ALL
protocols, and risk group status are summarized in Table 1.

Compared to diagnosis, mean and highest levels of unoxidized glycerophospholipids
increased at day 8, and during induction, post-induction, and continuation, with the greatest
increase occurring during post-induction (see Figure 2). The increase in unoxidized PC peak
area during post-induction (842380) was two-fold greater that at diagnosis (411670), while
unoxidized Pl peak area was almost 5-fold greater during post-induction (11053670) than at
diagnosis (2217370). The main effect for time was significant for mean (F =5.78; df =4; p
< 0.013) and highest (F = 16.981; df = 4, p < 0.001) unoxidized PC peak area. Results from
univariate ANOVA for within group contrasts (Table 2) show that mean peak area at day 8,
as well as mean and highest peak area during induction, post-induction, and continuation
were significantly greater than at diagnosis. There was also a significant time effect for
mean (F = 2.666; df = 4, p = 0.043) and highest (F = 17.621; df = 4, p < 0.001) unoxidized
Pl peak area. Within group contrasts (Table 2) show that highest peak areas at all CNS
treatment phases were significantly greater than at diagnosis however, only mean Pl peak
area at day 8 and during post-induction were significantly greater than at diagnosis.

Levels of oxidized glycerophospholipids also increased at all treatment phases, and again the
greatest increase occurring during post-induction. As shown in Figure 3, oxidized PC peak
area was almost two-fold greater during post-induction (23370) than at diagnosis (11840).
However, oxidized PI peak area during post-induction (1827470) was 4.5 times greater than
at diagnosis (406730). There was a significant main effect for time for mean (F = 11.188; df
=4; p<0.001) and highest (F = 22.135; df = 4; p < 0.001) oxidized PC peak area, and all
within group contrasts were significant. For oxidized PI, the main effect for time was also
significant for mean (F = 4.192; df = 4; p = 0.006) and highest (F = 16.747; df =4; p<
0.001) peak area. Highest oxidized PI peak areas during induction, post-induction, and
continuation were all significantly greater than at diagnosis, however, only mean peak areas
at day 8 and post-induction were significantly greater than at diagnosis.
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Mean cumulative amount of IV methotrexate was 7977.86 mg/M?2 (SD = 10,297.65) during
post-induction and 7,833.38 mg/M?2 (SD = 10563.53) during continuation. Amount of 1\
methotrexate received during post-induction and continuation was significantly correlated
with oxidized PI peak areas during those treatment phases (r = 0.397, p < 0.01 and r = 0.317,
p < 0.01, respectively). Amount of IV methotrexate received was not significantly associated
with oxidized PC at any time point. Child’s age at the time of ALL diagnosis was
significantly and positively correlated with oxidized PC peak area at diagnosis (r = 0.260, p
= 0.024), during induction (r = 0.304, p = 0.006), post-induction (r = 0.279, p = 0.010), and
continuation (r = 0.240, p = 0.025). There were no gender differences in the level of
oxidized glycerophospholipids at any time period.

We recently reported increased CSF concentrations of Fo-Isoprostanes, a well- established
biomarker of oxidative stress, over the first 18 months of ALL treatment.>” To further
confirm oxidized glycerophospholipids as a biomarker of oxidative stress in the brain, we
correlated the concentration of Fo-lsoprostanes with levels of oxidized PC and PI. Fo-
Isoprostanes and oxidized PI were significantly correlated at day 8 (r = 0.507 p < 0.001),
during post-induction (r = 0.274, p = 0.021), and continuation (r = 0.358, p = 0.004). Fo-
Isoprostanes were also significantly associated with oxidized PC during induction (r =
0.245, p = 0.040), post-induction (r = 0.427, p =0.001) and continuation (r = 0.358, p =
0.004).

Discussion

As hypothesized, we found a significant increase over time in the CSF levels of unoxidized
and oxidized glycerophospholipids. This finding supports our hypothesis that CNS treatment
disrupts membrane integrity in brain tissue, and increases oxidative stress. Protas and
colleagues®® reported a significant increase in 8-isoprostane concentration (a measure of
lipid peroxidation) and decrease in total antioxidant capacity in CSF samples obtained from
38 children with ALL on day 59 of treatment and at 4 time points during intensive CNS-
directed treatment which also supports the role of oxidative stress in neurological injury. We
reported increased CSF concentrations of F,-Isoprostanes during the first 18 months of
treatment.>’ In this study, the number of doses of IT methotrexate during post-induction was
significantly associated with the mean and highest concentrations of F,-l1soprostanes during
post-induction and continuation therapy, and acute increases in Fo-1soprostanes were highest
among children who received more than six doses of IT methotrexate during post-
induction.>” Collectively, these findings support chemotherapy-induced oxidative stress as a
mechanism of neurologic injury.

The increase in unoxidized and oxidized PI was greater than PC during ALL treatment.
Further, only oxidized PI was significantly correlated with the total amount of 1V
methotrexate received during post-induction and continuation. These findings suggest that
Pl may be a more sensitive biomarker of chemotherapy-induced oxidative stress, while PC
may be a more general marker of neuroinflammation associated with ALL treatment. Qin
and colleagues®® found significantly more oxidized PC in plagque regions of post-mortem
brain tissue from patients with multiple sclerosis (MS) compared to normal brain and
unaffected MS white matter regions. Post-translational protein modification (glycation) of
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oxidized PC was also found in affected brain tissue. These investigators propose that
oxidized PC is a marker for neuroinflammation in MS and could play a role in disease
progression. While we did not examine associations among glycerophospholipids and
cognitive abilities, we recently reported that the level of oxidized PC was significantly
associated with total number of treatment-related symptoms, symptom distress, and
symptom severity experienced during induction and post-induction in a subset (n = 36) of
the same sample of children with ALL reported here®®. This finding provides support for the
proposed role of oxidized PC in neuroinflammation which may be manifested as treatment-
related symptoms.

Battisti and colleagues®® measured biomarkers of oxidative damage in serum samples
obtained from 80 patients with ALL and 50 healthy controls. Measures of lipid peroxidation
were increased in ALL patients who were newly diagnosed, in treatment, or out-of-treatment
compared to healthy controls. Compared to controls, catalase and superoxide dismutase (the
most efficient enzymatic antioxidants) were decreased in newly diagnosed patients and those
in induction treatment.>® The investigators proposed that the increase in oxidative stress may
be related to the pathogenesis of leukemia rather than chemotherapy, however, their study
was limited to measures of oxidative stress in serum. In the study reported here, we
measured lipid peroxidation in CSF as a measure of oxidative stress in brain tissue.
However, we acknowledge that microscopic disease in the brain could also contribute to
lipid peroxidation.

Unoxidized and oxidized glycerophospholipids were higher at day 8 (prior to administration
of IT MTX) compared to levels in the diagnostic sample which suggests that systemically
administered drugs or IT cytarabine could also increase oxidative stress in the brain.
Papageorgious found that the level of serum antioxidant capacity was similar between
children with a new cancer diagnosis and healthy children. However, chemotherapy induced
a significant decrease in serum antioxidant capacity and an increase in ROS®0. Children in
the study reported here received other antineoplastic agents some of which could cross the
blood brain barrier, although in smaller percentages than methotrexate. Therefore,
systemically administered drugs in addition to methotrexate could contribute to the observed
increase in oxidized glycerophospholipids.

Age at time of ALL diagnosis was moderately correlated with oxidized PC. PC is the most
prevalent lipid in brain tissue, and therefore most vulnerable to peroxidation. Post-natal
brain development, involving myelination as well as dendritic and axonal aborization, is
most rapid during the first 2 years of life. By the age of 2 years, the brain has achieved 80%
of adult brain weight and by 5 years the brain is approximately 90% of adult size®1. At an
earlier age there may be a stronger relationship between age and PC peak area, however, the
sample in our study ranged from 2.32 to 14.74 years of age, with a median age of 6.2 years.
Since the majority of post-natal brain development occurs within the first 2 years of life, the
moderate correlations are not surprising.

A limitation of this study is the lack of a healthy control group to compare levels of
unoxidized and oxidized glycerophospholipids with our sample of children with ALL
receiving CNS treatment. Collecting CSF samples from healthy children was not feasible
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because of the invasiveness of lumbar punctures. However, the within subjects repeated
measures design does allow us to test for changes in PC and PI over the course of treatment.
There is evidence that compared to chemotherapy, the addition of cranial radiation
exacerbates deficits in cognitive performance and loss of white matter®. However, we did
not have a sufficient number of children (n = 7) who received cranial radiation to compare
with our sample of children who received only chemotherapy for CNS-directed treatment.

In summary, the significant increase in oxidized PC and PI reported here, as well as findings
from previous studies showing increased F2-isoprostanes®’- 58 provide collective evidence
for oxidative stress as a mechanism associated with intrathecal and intravenous
chemotherapy. Future studies are needed to investigate novel neuroprotective strategies that
could protect healthy brain tissue from oxidative stress while not compromising the anti-
leukemic effects of chemotherapeutic agents.
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Figure 1.
HPLC Chromatograms showing unoxidized phospholipids at wavelength 206nm and

oxidized phospholipids at wavelength 234nm.
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Figure2.

Changes in CSF Unoxidized Gylcerophospholipids by Treatment Phase.
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Table 2

Univariate ANOVA for Within Group Contrasts®P

Peak AreaMean Peak AreaHighest®

Biomarker Phase F F
Unoxidized PC  Day 8 73.685""
Induction 84.006"* 123504
Post-Induction 7.998" 35.170™"
Continuation 56.251* 64.141""
Unoxized PI Day 8 7.981%"
Induction 3.523 11.941%
Post-Induction 7836 36.863""
Continuation 1.847 20.382°*
Oxidized PC Day 8 22.297**
Induction 19.034%* 54.763""
Post-Induction 14.536* 66.346""
Continuation 3.910" 60.901""
Oxidized Pl Day 8 9.929"
Induction 2.690 10.569"
Post-Induction 6.295" 32.394"*
Continuation 0.280 19.632"*

a\Nithin group contrast is compared to level at diagnosis

bn:55, df=1,54 for all variables

Highest peak area for diagnosis and day 8 not available because there is only one CSF sample at these data collection times

*
p<.05,

*%

p<.001
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