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ABSTRACT: Despite considerable research into the environmental risks and biological effects of exposure to external beam y
rays, incorporation of radionuclides has largely been understudied. This dosimetry and exposure risk assessment is challenging for
first responders in the field during a nuclear or radiological event. Therefore, we have developed a workflow for assessing injury
responses in easily obtainable biofluids, such as urine and serum, as the result of exposure to internal emitters cesium-137 (**’Cs)
and strontium-90 (**Sr) in mice. Here we report on the results of the untargeted lipidomic profiling of serum from mice exposed
o *°Sr. We also compared these results to those from previously published '*’Cs exposure to determine any differences in
cellular responses based on exposure type. The results of this study conclude that there is a gross increase in the serum
abundance of triacylglycerides and cholesterol esters, while phostaphatidylcholines and lysophosphatidylcholines displayed
decreases in their serum levels postexposure at study days 4, 7, 9, 25, and 30, with corresponding average cumulative skeleton
doses ranging from 1.2 & 0.1 to 5.2 + 0.73 Gy. The results show significant perturbations in serum lipidome as early as 2 days
postexposure persisting until the end of the study (day 30).

KEYWORDS: strontium-90, internal emitter, radiation exposure, lipidomics, UPLC, data-independent mass spectrometry,
phospholipid, triacylglycerol

B INTRODUCTION radiological attack, our group has taken important steps in
The modern world has seen an increase in the use of nuclear establishing robust radiation exposure markers in easily
energy in medicine and industry. While important, nuclear accessible biofluids. Urine and blood may be used in the
plants pose an environmental risk and a radiation hazard to the early medical response and management of victims of a nuclear
nearby populations. More recently, this technology has been of or radiological disaster to determine exposure, radiation dose,
great concern if used in an improvised nuclear device. With two

major nuclear disasters in recent history, Chernobyl and Received: June 23, 2015

Fukushima, and with increasing threats of a nuclear or Published: August 11, 2015
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Table 1. Experimental Details”

necropsy

group injection dose in vivo counts (~days) (days)
control vehicle N/A 4
control vehicle N/A 7
control vehicle N/A 9
control vehicle N/A 25
control vehicle N/A 30
strontium  2.10 X 107° Bq  0—4 4
strontium  2.06 X 107° Bq 07 7
strontium 198 X 10°Bq  0-7,9 9
strontium  2.04 X 107 Bq  0—7, 9, 12, 16, 20, 25 25
strontium 196 X 105 Bq  0—7, 9, 12, 16, 20, 25, 27, 30 30

average committed skeleton standard
dose deviation dose coefficient
N/A N/A N/A
N/A N/A N/A
N/A N/A N/A
N/A N/A N/A
N/A N/A N/A
12 Gy + 0.10 5.66 X 107° (Gy.Bq'")
1.8 Gy + 0.12 8.79 X 107 (Gy.Bq'")
2.1 Gy + 032 1.07 X 10~° (Gy.Bq'")
4.8 Gy + 0.39 2.34 x 10~° (Gy.Bq'")
52 Gy +0.73 2.68 X 10~° (Gy.Bq'")

“The strontium exposed and the control groups were matched based on necropsy day, which was decided to achieve the specified skeleton doses in
the “average skeleton dose” column. There were eight mice per each strontium-exposed and control group. N/A, not applicable.

and subsequent risk during patient triage. We have extensively
studied the effects of external beam irradiation in vivo'~* as
well as the effects of internal exposure to internal emitters such
as cesium-137 (*¥’Cs)>° and strontium-90 (*°Sr).” Exposure to
internal emitters in the fallout of a nuclear disaster is a major
health concern due to their environmental persistence and the
significant temporal and spatial differences in radiation dose
patterns. Because only limited information was available on in
vivo exposure to internal emitters, we set out to study the
urinary and serum perturbations induced by internal exposure
to '¥Cs in mice over the course of 30 days. These results
showed a shift in energy metabolism and changes in the lipid
metabolism, particularly membrane phospholipids.” In con-
tinuation of our efforts into the effects of exposure to internal
emitters, we looked at **Sr. This radionuclide, along with 137Cs,
is considered one of the most important fission product
radionuclides because of its relatively long physical half-time
(about 30 years). Because of its placement in Group II of the
periodic table, *°Sr can chemically replace calcium in the bone
mineral and remain there for long periods of time. *°Sr and its
radioactive decay product *°Y are pure beta-emitting radio-
nuclides; unlike y radiation, beta decay is less penetrating and
leads to a more nonuniform irradiation of tissues. The urinary
metabolomic analysis of mice exposed to *°Sr recently showed
that although some of the long-established IR (ionizing
radiation) markers, such as citric acid and taurine, were
among the most statistically significant markers of *°Sr
exposure, the urinary metabolomic profile of the **Sr-exposed
mice was unique. In particular, butanoate and vitamin B
metabolisms were determined to be central to other metabolic
perturbations including the tricarboxylic acid (TCA) cycle.”
Our current study focuses on the serum lipidomic phenotype of
the same **Sr-exposed mice, which will be followed by an in-
depth serum metabolomic analysis to provide a window into
the serum lipidome and metabolome as the result of internal
exposure to *°Sr.

The current serum lipidomic study in mice exposed to *°Sr
was based on a previously established lipidomic workflow using
ultraperformance liquid chromatography coupled with quadru-
pole time-of-flight mass spectrometry (UPLC-QToFMS) in a
data-independent mode.” The serum samples collected at
different time points post *Sr exposure, day 4, 7, 9, 25, and 30,
were used at the calculated cumulative average skeleton doses
of 12 + 0.10 Gy, 1.8 + 0.12 Gy, 2.1 + 0.32 Gy, 4.8 + 0.39 Gy,
5.2 + 0.73 Gy, respectively. The radiation dose rate in this
study varied from 0.21—0.12 mGy/min by the end of the study.
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However, an important factor in dosimetry, studying the effects
of variable, decreasing in this case, dose rate on the end points
was beyond the scope of this study. Moreover, internal emitters
continue to irradiate the cells and tissues during the course of
the study, which accounts for a different dose pattern than with
external irradiation, for example, with X-rays, which are
typically delivered externally in one very brief exposure.
While we recognize these important factors, our objective was
to establish a robust serum lipidomic signature for *°Sr in mice.
The results of this study and our previous work will be useful in
gaining insight into the biological and cellular mechanisms that
undergo significant perturbations as the result of exposure due
to intake of radionuclides compared to external beam y-rays
and X-rays.

B MATERIALS AND METHODS

The following internal standards were obtained from Avanti
Polar Lipids (Alabaster, AL): sphingolipid mix (SM) II,
phosphatidylethanolamine PE (14:0/14:0), phosphatidyl-
choline PC (14:0/14:0), phosphatidic acid PA (14:0/14:0),
phosphatidylserine PS (14:0/14:0), phosphatidylinositol PI
(17:0/20:4), and lysophosphatidylcholine LPC (17:1). Fatty
acid standard FA (17:1) was from Nu-Chek Prep (Elysian,
MN). UPLC-grade solvents acetonitrile, water, and isopropanol
were purchased from Fisher Scientific (Hanover Park, IL).
Arachidonic acid, azelaic acid, and S-(5’-adenosyl)-L-homo-
cysteine were purchased from Sigma-Aldrich (St Louis, MO).
Adrenic acid was purchased from Santa Cruz (Dallas, Texas).
The MS/MS spectra from METLIN® and LipidMaps databases
were used as reference spectra for comparison purposes.

Animal Irradiation and Sample Collection

This study was conducted in accordance with applicable federal
and state guidelines and was approved by the Institutional
Animal Care and Use Committee of the Lovelace Biomedical
and Environmental Research Institute (LBERI). Male C57Bl/6
mice (approximately 10—12 weeks old, 25—30 g) were received
from Charles River Laboratories (Frederick,k MD) and were
quarantined for 14 days prior to group assignment by body
weight stratification for randomization onto the study. There
were eight mice per study group (control vs %Sr) per time
necropsy time point (Table 1) for a total of 80 mice.
Animals were administered *°Sr intravenously by tail vein
injection with 200 + 0.3 kBq */*°SrCl, solution in a volume of
50 L. Strontium-85 (*Sr) was used as a tracer for the purpose
of measuring strontium whole-body content. Strontium-85
comprised approximately 1% of the total strontium activity.
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After ¥Sr/*°Sr administration, mice were housed individually in
microisolator cages, with lead shielding used to avoid radiation
exposure due to cross-irradiation from adjacent mice, which
were sources of radiation. All animals had unlimited access to
Teklad Certified Global Rodent Diet 2016 (Harlan Teklad,
Madison, WI) and water except during dose administration and
whole-body in vivo counting. No adverse effects to the animals
were noted during the course of the study. In addition, no
significant changes in food consumption and body weight were
noted throughout the 30-day study.

On scheduled necropsy days (4, 7, 9, 25, and 30 days after
88r/?°Sr administration), animals were euthanatized by
intraperitoneal (IP) injection of Euthasol (>150 mg/kg [390
mg/mL pentobarbital and 50 mg/mL phenytoin in sterile
saline]) and weighed. Blood was collected at the time of
necropsy by cardiac aspiration with a syringe and needle. A
maximal blood collection was obtained from each animal and
placed into a serum separator tube (BD Microtainer Serum
Separator Tube REF365956). The needle was removed prior to
placement in the collection tube, that is, the blood was not
passed through the needle. The tubes were spun at 1300 X g for
10 min at 4 °C. The serum was removed and placed into
Eppendorf tubes and stored from —70 to —90 °C until analysis.

Dosimetry of °Sr in Mice

Animals were measured for %Sr/*°Sr whole-body content using
the LBERI in vivo photon counting system described
previously.” Animals were placed in small containers, with
breathing holes, and measured to determine the amount of
radioactivity present in each animal daily on days 0—7, then on
days 9, 12, 16, 20, 25, 27, and 30 after *°Sr/*°Sr administration
(until the time of necropsy). The measurement system was
calibrated for different geometries; phantoms representing the
animal body and biological samples were developed using a
85/90Gr NIST-traceable standard solution. Calibration was
performed each day prior to the measurement. The animals,
samples, and standards were measured for 3 min.

The *°Sr whole-body retention profile was derived from
whole-body measurements. The whole-body retention data
from each mouse were fitted individually to negative
exponential functions. The average values of the parameters
of the whole-body retention equation are presented in eq I:

(1)

Where R(t) represents the whole-body *°Sr content at time
(1), expressed as percentage of the injected **Sr activity; and ¢ is
in days. The respective biological half-times were 0.3, 5.3, and
139 d.

To calculate the committed absorbed dose to skeleton, the
dose coefficient (Gy.Bq'~ of administered activity) was derived
using eq 2. The comparison between the whole-body activity
and the *°Sr content in skeleton at sacrifice time shows that
about 95% of the whole-body activity was located in skeleton
for all time periods. Therefore, the retention parameters of eq 1
were used to calculate the total number of nuclear trans-
formations (Bq s) in skeleton for each time period of the study.
The S value (Gy/Bq s) used in eq 2 was derived specifically for
young adult mice and rats by Stabin et al.” The dose coefficients
(Gy Bq'™ of administered activity) for the various time periods
used in this study are presented in Table 1.

The committed absorbed doses to the skeleton for each
animal were calculated by multiplying the dose coefficient (Gy
Bq'") related to the specific sacrifice time for each animal in the

R(t) = 52.1e 7% + 20.7¢” 13 + 2727099
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study by the administered activity (Bq). The average
committed absorbed doses to skeleton for each time period
are presented in Table 1:

toyr G
= /t A(s) X S(rp < 1, t)[B—Z) o

Where A(S) is the time-integrated activity (Bq s), equal to the
total number of nuclear transformations in the source region
(skeleton); S(rp < rg, t), in Gy per Bq s, is the S value from rg
to ry of *°Sr + *°Y, where the S value for a given source (rg)—
target (rr) pair is the mean absorbed dose to the target organ
per *°Sr + *°Y total number of nuclear transformations in the
source region.

While the total amount of **Sr injected into each mouse was
200 kBq, which is equal to 5.4 pCi per mouse, we made the
following assumptions in determining that the chemical effect
of ®Sr would be negligible to the existing physiological serum
concentration of calcium in the experimental mice: (1)
assuming that the *°Sr is carrier-free, the injected mass was
calculated to be 38 ng *°Sr per mouse, and (2) assuming that
initially all the **Sr was in the plasma, this resulted in a molar
amount of 0.42 nmol in plasma. Thus, the serum concentration
of *°Sr was 0.21 nmol/mL, while the Ca®* concentration in
plasma was 2.36 ymol/mL."® Thus, the ratio of Sr/Ca is then 9
X 1075 or 90 ppm. For bone, the comparison is even more
stark. According to Tordoff et al., there is about 480 mg of Ca*
in the mouse skeleton compared with the 38 ng of *°Sr injected.
Hence, the Sr/Ca mass ratio is 7.9 X 107 or 79 ppb in this
study.

Dy

A

Sample Preparation and Mass Spectrometry Analysis

Serum samples were prepared as described in our previous
work.” Briefly, one part serum was added to four parts of a
chilled chloroform and methanol mixture (2:1, v:v) containing
lipid standards at predetermined concentrations, which allowed
for determination of appropriate standard curves.” At least one
standard per lipid class was included in a cocktail of standards
spiked into each sample. Samples were then centrifuged at
13 000 X g for S min to separate the polar and nonpolar species.
The upper aqueous phase containing primarily polar metabo-
lites was saved for future detailed metabolomic analysis. The
lower phase was collected for lipidomic analysis. The pooled
control serum samples containing internal standards were
processed via UPLC—MS at every seven injection-intervals as
QC samples. The linearity between peak area and concen-
tration in the serum matrix was established by calculating
standard curves for two-fold serial dilutions of the spiked
internal standards for each class of lipids in the concentration
range of 1—350 pug/mL.”> The standard curve formulas were
then used to determine the relative abundances of lipids in each
electrospray ionization (ESI) mode.

Mass Spectrometry Analysis

The lipidomic analysis was performed as described in our
previous work.” Briefly, a 2 uL aliquot of each sample was
injected into a CSH C18 column 150 gm X 100 mm (Waters
Corp, Milford, MA) with the H-class UPLC Acquity with
solvent A (50% acetonitrile with 0.1% formic acid and 10 mM
ammonium formate) and solvent B (isopropanol/acetonitrile
(90:10 v:v) with 10 mM ammonium formate). The gradient
started with 60% solvent A at 0.45 mL/min for the initial 8 min,
then switched to 100% solvent B for 1 min, and back to 60%
solvent A for the remaining 2 min of the 11 min long gradient.

DOI: 10.1021/acs jproteome.5b00576
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The Xevo G2-S QToF mass spectrometer was operated in
positive (ESI*) and negative (ESI") modes over a mass range
of 50—1200 Da in two channels, MS and MSF. The low energy
MS channel was operated at 10.0 eV of collision energy, while
the MS® channel included an energy ramp of 10—50 eV. The
lock-spray consisted of leucine-enkephalin (556.2771 [M + H]*
and 5542615 [M — H]7). The MS data were acquired in
centroid mode and processed using MassLynx software (Waters
Corp, Milford, MA), as described in the following.

Statistical Analysis and Metabolic Pathway Analysis

As described previously,"" MarkerLynx software (Waters Corp,
Milford, MA) was used to deconvolute the data. To determine
the peak areas of internal standards, QuanLynx (Waters Corp,
Milford, MA) was used. For analyzing the MS data, the high-
energy scans (fragments) were aligned with low-energy scans
(precursors) in MetaboLynx (Waters Corp, Milford, MA). The
high-energy scans were used to detect different classes of lipids
as previously described based on identifier fragments of each
lipid class.'* MetaboLynx was also utilized to search for neutral
loss of 34 Da for phospholipid hydroperoxide species. This is a
simple and efficient method to identify various lipid species
since the commercially available methods are limited in scope
and costly."”” Our in-house statistical analysis program,
MetaboLyzer,"* was used to analyze the data and identify
statistically significant ions as described previously.” The ion
presence threshold was set at 0.7 in MetaboLyzer in each study
group for complete-presence ions. Data were then log-
transformed and analyzed for statistical significance via the
nonparametric Welch’s ¢ test statistical hypothesis test (p-value
<0.03). Partial-presence ions were analyzed as categorical
variables for presence status (i.e., nonzero abundance in 70% of
samples) via Fisher’s exact test (p-value <0.05). The log-
transformed data for statistically significant complete-presence
ions were then utilized for principal component analysis
(PCA).

Statistically significant ions were putatively identified in
MetaboLyzer, which utilizes the Human Metabolome Database
(HMDB), LipidMaps, and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database'” while accounting for
possible adducts, H*, Na*, and NH," in the ESI* mode, and
H™ and CI” in the ESI™ mode. The m/z values were compared
to the exact mass of small molecules in the databases, from
which putative metabolites were identified with a mass error of
20 ppm (ppm) or less. KEGG annotated pathways associated
with these putative metabolites were also identified. We also
used Metscape (version 2.3.1), which is a plug-in for Cytoscape
(version 2.8.2), a visualization software for complex networks.
The raw data files containing p-value, log fold-change, and
KEGG IDs were uploaded into the software, and the
compound-interaction network was selected to visualize the
statistically significant nodes and edges. The low- and high-
energy scans in MS® mode were used to align key identifier
fragments of different classes of lipids within defined retention
time windows and compare against fragmentation patterns in
online or in-house database.

B RESULTS

We detected over 5000 spectral features in the m/z range of
200—1200 Da in positive and negative ESI modes combined.
The data matrix was organized into five *°Sr-exposed groups
based on days postexposure and cumulative average skeleton
dose, each with a corresponding control group as shown in

4042

Table 1. Each control and *’Sr-exposed group included eight
mice. Our initial statistical analysis on the overall serum
lipidomic profile of mice exposed to *°Sr and that of control
mice were conducted in Random Forests (RF). The results
showed clear separation between the lipidomic profile of the
control and the *Sr-exposed mice, with better than 80%
accuracy in assigning the top 100 most variable ions to their
corresponding time/dose point group. Figure 1 depicts that the

Top 100 lons from Random Forests (RF) — 80.8% Accuracy

. Day30, 5.2 Gy @
N Day25, 4.8 Gy( g,
T 3- »
a Day9, 2.1 Gy
s 1 Control Day7, 1.8 Gy,
3 Day4, 1.2 Gy
S - © scasified a4, 126y Dayo, 20y - Day3, 52 v
Dim1

Figure 1. MDS plot created in RF. RF, a machine-learning algorithm,
identified the most important variables as those highly ranked on the
variable importance report (ntree: 10000). RF was executed in R
software environment, and the variable importance measure was used
for ranking, with 25 independent RF models. The bootstrapping of the
results along wih out-of-bag (OOB) data were then used to calculate
the prediction accuracy. The resulting MDS plot here shows the
separation of the serum lipidome of control mice from that of *°Sr-
exposed mice on the first dimension. The individual *°Sr-exposed
groups separate based on necropsy day/skeleton dose on the second
dimension. The accuracy of assigning ions based on relative abundance
to the correct study group was better than 80% as shown in this plot.

separation of the lipidomic profile of the *°Sr-exposed mice
from that of the control mice was achieved in the first
dimension of the MDS (multidimensional scaling) plot, while
the separation of the lipidomic profiles with the **Sr-exposed
group based on time/dose was achieved in the second
dimension of this plot (ESI* mode data shown). This indicates
that the separation of the lipidomic profiles within the *°Sr-
exposed groups is secondary to the strong separation observed
between the control and the *Sr-exposed groups. Additional
RF analysis showed gross and persistent decreases in the serum
levels of majority of the 100 highest ranked variable ions
(Supplemental Figure 1, ESI* mode data) post *°Sr-exposure,
which was later confirmed in our subsequent statistical analysis
in MetaboLyzer.

MetaboLyzer was ultimately employed for a more detailed
statistical analysis of the data, which indicated that 482 serum
ions displayed statistically significant changes determined by
Welch’s t test (p-value <0.03) in their serum abundances
postexposure in both ESI modes combined. Furthermore, PCA
enabled us to quickly assess perturbations in the serum
lipidome of mice as the result of internal exposure to *°Sr. Each
time/dose point showed distinct separation between the serum

DOI: 10.1021/acs jproteome.5b00576
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Figure 2. Statistical analysis performed in MetaboLyzer shows distinct differences in the serum lipidome of mice post-*Sr-exposure. (A) PCA of a
separation between the serum lipidome of *’Sr exposed mice from that of control mice at day 9 postexposure at an average cumulative skeleton dose
of 2.1 + 0.32 Gy. (B) The volcano plot shows the individual statistically significant ions in red, which contributed to the separation of the lipidomic
profiles of the serum from control and *°Sr-exposed mice in panel A at 9 days postexposure. In this plot, the x-axis is log2 fold-change, which shows
the direction of the change (negative scale is decrease, positive scale is increase) in the levels of serum ions, while the y-axis is the —log of p-value,
which shows the significance of the change. (C) The heatmap shows ions whose serum abundances changed most statistically significantly
postexposure. (D) Pathway analysis plot depicts the Reactome pathways to which the most statistically significant ions were assigned. The orange
line is the significant threshold specified on the y-axis by —log of p-value with FDR correction of 0.25. The blue bars represent the unadjusted and the

red bars the FDR corrected values.

lipidome of the *°Sr-exposed and the corresponding control
samples. Figure 2, panel A shows an example of this separation
at day 9 postexposure at an average cumulative skeleton dose of
2.1 #+ 0.32 Gy. The volcano plot in Figure 2, panel B shows the
individual statistically significant ions in red, which contributed
to the separation of the lipidomic profiles of the serum from
control and *Sr-exposed mice at 9 days postexposure. The y-
axis in this volcano plot, —log;, (p-value), indicates the
significance of the change in the serum level of the ions, while
the x-axis, log, (fold-change), shows the decrease (negative
scale) and the increase (positive scale) in the serum levels of
ions. As evident from this volcano plot, there are more ions
showing statistically significant decreases than increases at day 9
postexposure and average cumulative dose of 2.1 + 0.32 Gy.
This is also observed at other time/dose points throughout the
experiment. This suggests that internal exposure to *’Sr causes
a persistent decrease in many serum lipids. This decrease is also
evident from the heatmap in Figure 2, panel C, with the bottom
three-quarters of the heatmap displaying ions with decreasing
levels post *°Sr exposure at study day 9. However, the
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attenuation of serum ions was more predominant; there were
ions, as seen in the volcano plot and the heatmap, that showed
clear increases in their serum levels postexposure. Putative
identities were assigned to statistically significant ions, which
enabled us to map them out to their associated metabolic
pathways. Figure 2, panel D displays the Reactome metabolic
pathways with the highest significance to which ions were
assigned. The blue and red bars are the unadjusted and the
FDR (false discovery rate) adjusted —log of p-value,
respectively, which specifies statistical significance, while the
orange horizontal line marks the significance threshold. The
putative identities of the ions and the associated Reactome
pathways indicate significant changes in the membrane lipids
and those involved in transmembrane transport as the result of
exposure to *°Sr. This is in line with previous research on
radiation-induced lipid peroxidation, which leads to increased
membrane permeability'® and disruption of transmembrane
processes,'” such as transport of small molecules as indicated in
our pathway analysis in Figure 2, panel D. To validate the
identities of the statistically significant serum ions we used the
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Figure 3. (A) Oxidation of esterified PCs gives rise to a variety of fragmented and nonfragmented species. Top figure shows the precursor PAPC at
m/z 782.5601 in an extracted ion chromatogram (XIC) view. This precursor gives rise to multiple products under oxidative stress conditions in *°Sr-
exposed mice shown in the lower figure in panel A. The fragmented oxidized species are at m/z < 782 and nonfragmented oxidized products at m/z
> 782. Abbreviations: HOdiA-PC, 5-hydroxy-8-oxo-6-octenedioic acid esters of Lyso-PC; PAPC, 1-hexadecanoyl-2-eicosatetra-5',8',11',14’-enoyl-sn-
glycero-3-PC; PEIPC, 1-hexadecanoyl-2-(S,6-epoxyisoprostane E2 oyl)-sn-glycero-3-PC. (B) Examples of PCs (top spectrum) and their
corresponding hydroperoxide species identified by the neutral loss of 34 Da (HOOH). (C) Increase in the ratio of serum abundance (peak area) of
hydroperoxide species at m/z 792.71 (2) to that of its corresponding PC (34:1) at m/z 760.59 (1) as the result of **Sr exposure throughout the
course of the study.
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LC—MSF methods described in our previous study’ to assign
each ion to its appropriate lipid class. We also used the
fragmentation pattern of the ions against those in online and
our in-house databases to determine the length of the acyl
chains.

MS® is a useful approach to classify lipids based on their
identifier fragments and retention time with the helg of
nonendogenous lipid standards from each lipid class."® As
shown in Supplemental Figure 2, the low-energy MS scan is
aligned with the high-energy scan in MS® mode containing
identifier fragments of each lipid class. For instance, in ESI
mode, the LPCs can easily be mapped to the retention time
window of 1.1-1.90 min based on tracing their identifier
fragment of m/z 184.07, which is due to the cleavage of the
phospho-headgroup. The length of the acyl chains then can be
determined by manual examination of the MS/MS data for
each LPC species. Supplemental Figures 2A (ESI*) and 3B
(ESI™) show how MS® data may be utilized to quickly map
different lipid classes to their respective retention time window
using fragment identifiers of lipid standards. Using this useful
and quick approach, we were able to detect several classes of
lipids in both ESI modes including PCs, triacylglycerols (TGs),
and cholesterol esters (ChoEs), PEs, LPA, and hydroperoxide
PCs. Furthermore, serial dilutions carried out using non-
endogenous representative of each lipid species serve as a
relative quantification approach for the ions of interest. In
addition, MetaboLynx (Waters Corp.) was used to search for
nonenzymatic oxidation products of lipid species. The
nonenzymatic ROS (reactive oxygen species)-mediated oxida-
tion of the esterified acyl chains of PCs, LPCs, and TGs gives
rise to an array of oxidized lipid species. Because of the
suitability of membrane phospholipids to oxidative fragmenta-
tion, the majority of the ions identified here were the truncated
oxidized PCs and the resulting fatty acid fragment. For instance,
the peak at m/z of 782.5 in Figure 3, panel A identified as
palmitoyl-arachidonoyl-phosphatidylcholine (PAPC) was the
precursor, which was found to give rise to several oxidative
fragmented (m/z < 782.5) and nonfragmented (m/z > 782.5)
products. We used the classical neutral loss scan of 34 Da to
search for hydroperoxide species of three of the most
statistically significant PCs post *°Sr exposure as illustrated in
Figure 3, panel B in ESI" mode. Although the serum abundance
of these oxidation products of PCs is normally very low,
exposure to *’Sr induced a slight increase. Panel C in Figure 3 is
an example of the increase in the serum levels of a
hydroperoxide PC, marked (2), postexposure compared to its
corresponding PC, marked (1), in terms of peak area ratio of
(2) to (1). At study days 4 and 7, this increase is more evident
with the levels subsiding by study day 9 through the end of the
experiment.

From the list of statistically significant ions, we were able to
identify several ions as LPCs, PCs, PEs, SMs, monoacylglycer-
ols (MGs), diacylglycerols (DGs), ChoEs, and TGs in ESI*
(Supplemental Tables 1 and 2) along with hyrdoperoxide PCs
and LPCs using the described methods above. We also
identified PSs and FAs in the ESI” mode. From the above
list, we focused on a subset of 27 ions that showed the most
significant changes in their serum abundances post *°Sr
exposure. We also chose these ions for further analysis based
on their biological role in relation to each other. Table 2 shows
the ions that were further analyzed, grouped based on lipid
class. While PCs, DGs, and LPCs show early and persistent
decreases in their serum levels postexposure, PC hydro-
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Table 2. Examples of Statistically Significant Lipids along
with Their Fold Changes Throughout the 30-Day Study

exposure
external y* B7cb 0y
1 day 2 days 4 days
postexposure postexposure postexposure
3.5 Gy 195 Gy 121 Gy
TG - - )
ChoE — — 1
pC T l )
LPC T T l
PE 1 1 1
LPE - 1 1
DG - - l
SM T T )
palmitic acid - | l
linoleic acid - l l
arachidonic acid - 1 1
azelaic acid — - 1
adrenic acid - - 1

“Wang, C.; Jun, Y.; Jihua, N. Plasma phospholipid metabolic profiling
and biomarkers of rats following radiation exposure based on liquid
chromatography—mass spectrometry technique. Biomedical Chroma-
tography 2009, 23 (10), 1079—1085. "Goudarzi, M.; Weber, W. M,;
Mak, T. D.; Chung, J.; Doyle-Eisele, M.; Melo, D. R.; Brenner, D. J;
Guilmette, R. A,; Fornace Jr, A. J. Metabolomic and Lipidomic
Analysis of Serum from Mice Exposed to an Internal Emitter, Cesium-
137, Using a Shotgun LC—MSE Approach. J. Proteome Res. 2014.

peroxides show slight increases in their serum levels
postexposure particularly at earlier time-points. This increase
is accompanied by an increase in TGs and ChoEs (Figure 4).
Furthermore, we detected a slight increase in the serum levels
of arachidonic acid, a known inflammation marker, and adrenic
acid, which is a metabolic 2-carbon elongation product of
arachidonic acid. We also observed a marked increase in the
serum levels of azelaic acid post *°Sr exposure. Azelaic acid is a
9-carbon diacid, which forms by oxidative cleavage of the 9,10-
double bond of the unsaturated fatty acyl chains of
phospholipids.”” The increase in the serum abundance of
azelaic acid may serve as yet another evidence for ROS-
mediated oxidative stress in *°Sr-exposed mice.

To better understand the lipid signaling network, and how
these serum perturbations may be explained in terms of cellular
metabolic processes, we used Metscape (version 2.3.1), which
is a plug-in for Cytoscape, a visualization software for complex
networks. This complementary network analysis grouped the
statistically significant ions into biological nodes while specify-
ing the relationship between the nodes with arrows
(Supplemental Figure 3). The nodes that showed the most
significant differences between the serum lipidome of the
control and the *°Sr-exposed mice were glycerophospholipid
metabolism, phosphatidylinositol phosphate metabolism, cho-
lesterol biosynthesis, and bile acid biosynthesis. Changes in
these nodes were also positively correlated with those in
arachidonic acid metabolism, which is a well-known proin-
flammatory pathway, and leukotriene metabolism. Perturba-
tions in these metabolic pathways are similar to those reported
in previous lipidomic analyses on the effects of external beam as
well as internal emitter '*’Cs on the serum lipidome of mice.’

These findings collectively suggest that **Sr-exposure induces
gross attenuations in the serum abundances of precursors of
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Figure 4. Individual lipids and fatty acids identified as most statistically significant and biologically important post *Sr exposure in serum. While PCs
in this figure show persistent decreases in their serum abundance postexposure, TG, ChoE, arachidonic acid, and azelaic acid show the opposite

trend postexposure throughout the course of the 30-day study.

phospholipids such as DGs as well as phospholipids and their
associated lipid inflammatory mediators such as arachidonic
acid. We also observed a large increase in the levels of TGs and
ChoE, which has been reported in previous studies with 6 Gy of
external irradiation in rats”’ and 5 Gy of whole-body external
irradiation in mice.”" Although the levels of these lipids reverted
back to normal after one radiation exposure, in our current
study, the *Sr exposure-induced increases persisted until the
end of the experiment, day 30, at 52 + 0.73 Gy. Although
exposure to *°Sr perturbs the serum levels of some the same
molecules as does exposure to external y-irradiation and '*’Cs,
which decays primarily via emitting y rays, the levels of these
molecules change differently with *°Sr. Table 3 shows a
summary of the changes observed in the current study at the
average cumulative dose of 1.2 Gy at 4 days postexposure along
with those reported in literature for '’Cs> and external beam y
irradiation.”” The later two cases show similar increases in the
levels of LPC, PE, and SM, which is the opposite of what we
observed in this study. Both internal emitters, however, show a
decrease in the levels of PCs, while an increase was reported
with y irradiation 24-h postexposure. Along with persistent
decreases in PCs and LPCs, the finding points to little or no

4046

recovery or adaptation during the continued irradiation of the
bone marrow and the soft tissues around it. It is possible that
the biological lifetime of the end points measured are longer
than the experimental time points, leading to an integration of
effects from the continuing radiation exposure. This observed
perturbation in the serum lipid profile and dyslipidemia post
?°Sr exposure strongly suggests an imbalance between
circulating and cytosolic fatty acids (Figure 5).

B DISCUSSION

In this study, we explored perturbations in the serum lipidome
of mice induced by internal exposure to *°Sr. In addition to
pivotal structural roles, lipids also play important roles as
signaling molecules. They are also major targets for radiation-
induced ROS damage.””** ROS readily interact with reactive
methylene hydrogen atom of membrane phospholipids,
removing electrons and producing reactive intermediates.
This alters the structure and function of critical membrane
lipids leading to further cell injury. While perturbation in lipid
and energy metabolism is well-documented post external
gamma irradiation, this is the first study focused on the effects
of internal exposure to a pure beta-emitting radionuclide that
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Table 3. Early in Vivo Lipidomic Response in Blood after Exposure to External Gamma Irradiation and Two Internal Emitters,

137Cs and *°Sr

fold-change

compound m/z_RT identifying fragment(s) error (ppm)  p-value (Welch’s t-test) D4 D7 D9 D25 D30
LPC16:0 496.339_1.3154 184.07, 478.32, 104.10 9.91 1.90 x 107 118 080 086 095 094
LPC18:2 520.3388_1.1068 184.07, 502.34, 104.10 1.93 2.60 x 107 096 066 084 093 096
LPC18:1 522.3545_1.4011 184.07, 504.34, 104.10 1.77 170 X 107 099 089 078 060 087
LPC18:0 524.3705_1.9225 184.07, 506.36, 104.10 1.05 5.70 x 107 081 093 074 072 070
PC(32:2) 730.5364_4.4757 184.07 242 3.80 x 107 0.54 032 046 039 061
PC(32:1) 732.5524 4.8745 184.07 1.90 2.80 X 107 050 031 036 035 052
PC(34:2) 758.5676_5.005 184.07 2.38 3.40 x 107 105 103 090 073 088
PC(34:1) 760.5837_5.3353 184.07 1.84 220 x 107 0.83 0.58 0.57 0.54 0.67
PC(36:3) 784.5838_5.1037 184.07 1.66 3.90 x 107 068 048 053 043  0.66
PC(36:2) 786.599_5.4508 184.07 2.20 7.40 x 107 078 087 085 064 087
PC(36:1) 788.6147_5.7479 184.07 2.17 4.40 x 107 073 057 060 033 072
PC(34:4) 754.5344_4.8707 184.07 5.00 1.60 X 107 013 015 030 030 034
PC(33:4) 740.5208_5.0521 184.07 227 3.70 x 107 007 013 028 019 052
SM(38:2) 757.6144_5.3495 184.07 9.74 7.60 x 107 188 153 105 134 117
TG(56:1) 899.8594 84884  NL“ 27145, 329.73 14.00 3.28 x 107 226 184 126 110 121
TG(58:7) 938.8301_8.1381 NL 325.48, 295.38 1820 9.26 x 107 283 453 310 272 265
TG(51:6) 854.7287_7.6807 NL 28121, 351.12 4.77 170 X 107% 232 213 127 115 086
TG(61:6) 862.7836_7.7645 NL 273.47, 301.35 477 1.84 x 107 3.93 2.05 1.89 1.33 113
DG(43:3) 739.6053_2.9561 41325 7.78 8.15 x 107 009 005 005 006 007
DG(39:3) 683.5429 2.1702 41325 4.57 1.40 X 107 008 005 003 009 007
ChoE(20:4) 673.5909_7.6842 369.36 1.36 1.90 x 107 1.40 1.64 1.89 115 1.12
ChoFE(18:2) 649.5907_7.7904 369.36 1.72 7.90 x 107 128 153 150 117 121
arachidonic acid ~ 303.2319_2.3056 259.24 3.46 114 x 107% 181 177 256 312 229
palmitic acid 255.2326_2.8714 80.02 1.38 3.24 x 107 1.02 055 087 091 08I
linoleic acid 279.2328 2.4222 17143 0.55 4.40 x 107 090 075 072 078 111
azelaic acid 187.0975_0.5944 97.02 0.41 410 x 107 130 222 230 164 175
adrenic acid 367.2637_2.6308 287.19, 313.17 1.55 2.60 X 107 110 148 128 140 129

“NL stands for neutral loss.
Adipose triacylglycerol Intestinal absorption
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important roles in shaping the lipidomic profile of serum in the **Sr-exposed

mice based on the statistically significant intermediates identified in this study. This figure summarizes all the observed perturbations in the lipidome.

Notable features of radiation responses are numerically marked with

respect to membrane lipid peroxidation (1), and cytosolic events leading to

dyslipidemia (2) and increases in the level of lipid mediators of inflammation (3).

has a significantly nonuniform spatial dose pattern. The results
indicate a persistent decrease in the serum abundance of PCs
and LPCs as seen in Figure 4 and Table 2. The decrease in PCs
is in accordance with what we observed with internal exposure
to '¥Cs, which may indicate that a decrease in the serum levels
of PCs is a general yet strong indicator of radiation exposure-

induced cellular injury. However, in the case of '¥'Cs exposure,
the levels of PCs recovered by the end of the 30-day
experiment, while in the current study, such a recovery was
not observed. Furthermore, we observed persistent increases in
the levels of TGs and ChoEs and a decrease in the levels of
DGs. This may be related to the different cell populations being
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irradiated, that is, the whole body for '*’Cs versus mostly bone
and bone marrow cells for *°Sr. This may also be indicative of
dyslipidemia as the result of chronic irradiation due to
incorporation and retention of *°Sr in the body and the
resulting ROS-mediated oxidative conditions. Dyslipidemia is
known to be positively correlated with lipid peroxidation
induced by ROS-mediated oxidative stress, both of which can
lead to cellular dysfunction and apoptosis.”” The pathway
analysis and a decrease in PCs serum levels along with an
increase in azelaic acid and PC hydroperoxide species post *°Sr
exposure indicate perturbations in membrane phospholipids
most likely due to lipid peroxidation. In addition, the increase
in triacylglycerols and cholesterol esters indicates dyslipidemia
accompanied by an increase in the serum levels of arachidonic
acid, an inflammatory marker.

In addition, we detected an increase in the serum levels of
arachidonic acid and adrenic acid. An increase in this lipid
inflammatory mediator points to proinflammatory cellular
response post *°Sr exposure. Such increase was also observed
in mice exposed to '¥'Cs.” Arachidonic acid is released as a free
fatty acid upon damage or perturbations to the membrane via
several pathways: (a) inflammatory or immunological stimuli,
(b) calcium ionophores, (c) irradiation, (d) tumor promoting
agents, and (e) mechanical agitation.”® The free arachidonic
acid then reacts with prostaglandin cyclooxygenase and is
converted into a variety of bioactive products. Therefore, an
increase in the serum levels of this fatty acid hints at
perturbations in cellular signaling and membrane damage
under proinflammatory chronic exposure to *°Sr. Arachidonic
acid serum levels in this study rose by dose in this study to
more than twice the pre-exposure levels by study day 25, after
which a slight decrease in the levels was observed (Figure 4).
The increasing arachidonic acid serum level was an expected
consequence of exposure to *°Sr due to the resulting oxidative
conditions. Moreover, we detected a slight increase in the
serum levels of adrenic acid postexposure. Adrenic acid is the 2-
carbon elongation product of arachidonic acid, and its increase
is associated with that of arachidonic acid.”® Interestingly, we
also observed a marked increase in the levels of another fatty
acid, azelaic acid, which is a common oxidation product of
truncated phospholipids. The resulting phospholipid, hexadecyl
azelaoyl-glycerophosphocholine has been associated with tissue
injury and apoptosis.”® Although the identity of the resulting
phospholipid could not be confirmed in our study, the distinct
increase in the serum levels of azelaic acid is another indication
of ROS-mediated lipid peroxidation. While arachidonic acid has
been reported previously as a potential radiation-induced
marker, along with PCs, LPCs, PEs, and SMs as listed in
Table 3, the statistically significant elevation in serum levels of
azelaic acid seen as early as 4 days post-*’Sr-exposure at the
cumulative average dose of 1.2 Gy may be unique to the
lipidomic signature of *°Sr.

It has been increasingly recognized that oxidized phospho-
lipids are not only byproducts of lipid peroxidation induced by
proinflammatory conditions, but also are important cellular
signaling molecules that contribute to initiation and amplifica-
tion of inflammation. Membrane phospholipids are especially
susceptible to ROS-mediated damage and will undergo
oxidative fragmentation to form an array of oxidized lipids as
seen in Figure 3. Although this phenomenon has been observed
in chronic inflammatory microbial infections and diseases,”’
this study is the first to identify perturbation of these lipid
species in chronic irradiation due to incorporation and
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retention of *°Sr into the body. The results of this study
strongly suggest perturbations in the lipid metabolism,
membrane phospholipids, and free fatty acid metabolism as
illustrated in Figure 5. Together, these results paint a unique
lipidomic profile for in vivo radiation exposure due to
incorporation of *°Sr, which may help in determining exposure
in individuals after a nuclear or a radiological event.

B CONCLUSION

This study for the first time reports on in vivo effects of internal
exposure to *°Sr. *°Sr is the second most feared radionuclide in
the fallout and goundshine from a nuclear explosion.
Contamination of water and food sources with *°Sr can have
devastating consequences for the population in the immediate
disaster areas. Continued internal irradiation by *°Sr via
ingestion of contaminated water and food in the surrounding
areas is also a serious environmental and health hazard, as seen
in the recent Fukushima accident. Therefore, it is important to
develop exposure assessment diagnostic and monitoring tools
specific to *Sr for immediate and long-term care for the
affected populations. The robust serum lipidomic signature for
%S exposure reported in this study is an example of how
current MS advances can help establish such diagnostic and
monitoring clinical measures. The results of this study indicate
a decrease in serum levels of PCs, LPCs, and DGs with an
increase in TGs and ChoEs. The inflammatory lipid mediators,
arachidonic acid, adrenic acid, and azelaic acid, showed
statistically significant increases in their serum levels. The
changes in the serum abundances of these ions were persistent
through the end of the 30-day study. Azelaic acid in particular is
an indicator of lipid peroxidation and is formed upon oxidative
fragmentation of truncated phospholipids. These results
together with an increase in triacylglycerols and cholesterol
esters indicate dyslipidemia in the serum of mice internally
exposed to *°Sr.
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