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ABSTRACT: Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disease characterized by the dysfunction and death of
motor neurons through multifactorial mechanisms that remain unclear.
ALS has been recognized as a multisystemic disease, and the potential
role of skeletal muscle in disease progression has been investigated.
Reactive aldehydes formed as secondary lipid peroxidation products in
the redox processes react with biomolecules, such as DNA, proteins, and
amino acids, resulting in cytotoxic effects. 4-Hydroxy-2-nonenal (HNE)
levels are elevated in the spinal cord motor neurons of ALS patients, and
HNE-modified proteins have been identified in the spinal cord tissue of
an ALS transgenic mice model, suggesting that reactive aldehydes can
contribute to motor neuron degeneration in ALS. One biological
pathway of aldehyde detoxification involves conjugation with gluta-
thione (GSH) or carnosine (Car). Here, the detection and quantification of Car, GSH, GSSG (glutathione disulfide), and the
corresponding adducts with HNE, Car-HNE, and GS-HNE, were performed in muscle and liver tissues of a hSOD1G93A ALS rat
model by reverse-phase high-performance liquid chromatography coupled to electrospray ion trap tandem mass spectrometry in the
selected reaction monitoring mode. A significant increase in the levels of GS-HNE and Car-HNE was observed in the muscle tissue
of the end-stage ALS animals. Therefore, analyzing variations in the levels of these adducts in ALS animal tissue is crucial from a
toxicological perspective and can contribute to the development of new therapeutic strategies.

■ INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-
ative disease characterized by progressive loss of motor
neurons, leading to muscle atrophy, paralysis, and, ultimately,
death.1 While the majority of cases are sporadic with unknown
causes, approximately 10% are familial inherited forms
(FALS).2 Of these FALS cases, around 25% are associated
with mutations in the gene encoding cytosolic Cu, Zn-
superoxide dismutase (SOD1), a highly abundant antioxidant
enzyme in the central nervous system.3 Notably, there is no
clear correlation between enzyme activity, clinical progression,
and disease phenotype, as most mutants retain full catalytic
activity.4,5 One extensively studied mutation is the Gly93 → Ala
(G93A), primarily due to the availability of SOD1G93A

transgenic animals.6 These animals, including mice and rats
overexpressing the human Gly93 → Ala (G93A) mutant
enzyme, display features similar to ALS patients, such as
progressive motor neuron degeneration.7 It is known that
SOD1 mutants linked to FALS tend to form toxic aggregates
leading to oxidative molecular damage and mitochondrial

dysfunction, ultimately triggering apoptosis in neuronal cells.8

In addition to neuronal effects, ALS patients also suffer from
systemic inflammation, resulting from pro-inflammatory signal-
ing that permeates the blood-brain barrier.9 Serum levels of
acute phase proteins have been related to disease progression,
indicating liver involvement in the disease burden.10 Oxidative
stress biomarkers like 3-nitrotyrosine, 8-hydroxy-2′-deoxygua-
nosine and trans-4-hydroxy-2-nonenal (HNE) have been found
to be elevated in ALS patients.11 Additionally, HNE-protein
adducts have been observed to be elevated in brain tissue and
body fluids in various age-related neurodegenerative diseases,
including Alzheimer’s, Parkinson’s, and Huntington’s diseases
and ALS subjects, or in corresponding disease models.12
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Endogenously, reactive aldehydes, including HNE, 2,4-
decadienal, malondialdehyde, 4-oxo-2-nonenal, 4,5-epoxy-2-
decenal, hexenal, 2-propenal (acrolein), and crotonaldehyde,
are formed as secondary lipid peroxidation products.13 Many
of these aldehydes react with biomolecules, such as DNA,
proteins, and amino acids, resulting in cytotoxic effects and
contributing to various disease and aging processes.14−16 The
types of aldehydes formed during lipid peroxidation depend on
the polyunsaturated fatty acids present in the membrane, as
observed by Kawai et al.17 HNE is particularly well-studied due
to its high reactivity with a wide range of biomolecules.18 It
exerts cytotoxic effects, such as inhibiting enzyme activity and
protein, DNA, and RNA synthesis. HNE also induces the
expression of heat shock proteins and plays a role in inhibiting
cell proliferation.19 Furthermore, HNE has been shown to
possess genotoxic and mutagenic properties.19−21 It is widely
recognized that HNE is a strong electrophile, preferentially
reacting with compounds containing thiol groups (e.g.,
cysteine, glutathione, SH-containing proteins) and exhibiting
lower reactivity with compounds containing amino groups.22

Aldehydes are enzymatically detoxified by alcohol dehydrogen-
ase, aldo−keto reductase, and aldehyde dehydrogenase.23

Reactive aldehyde detoxification in living cells also involves
conjugation with glutathione (GSH) to form Michael adducts.
GSH, found at millimolar concentrations in mammalian cells,
is a defense against redox stress. The combination of GSH with
aldehydes, catalyzed by glutathione-S-transferase (GST) is a
widely studied process. GSTs are present in both eukaryotic
and prokaryotic organisms and catalyze reactions with various
substrates forming GS-adducts.23

Additionally, endogenous histidine-containing dipeptides,
such as carnosine (β-alanyl-L-histidine, CAR), homocarnosine
(gamma-amino-butyryl-histidine), and anserine (β-alanyl-L-1-
methylhistidine), have also been recognized as detoxifying
agents against reactive carbonyl species.24 Carnosine is present
in high concentrations in skeletal muscle and central nervous
system.24

Recently, ALS has been recognized as a multisystemic
disease, involving structural and metabolic changes in various
cell types that contribute to the progression of the disease. A
new potential role of skeletal muscle in this scenario has been
investigated.25,26 In this study, we utilized liver and skeletal
muscle (gastrocnemius) to gain a better understanding of the
redox distress that occurs during disease progression. The
biological quantification of Car, GSH, GSSG, and the adducts

of both peptides with HNE (Scheme 1) in muscle samples
from an hSOD1G93A ALS rat model was conducted using
online reverse-phase HPLC coupled with electrospray mass
spectrometry.

■ EXPERIMENTAL PROCEDURES
Materials and Methods. Chemicals. All chemicals were of the

highest commercially available purity grade. Water was purified on a
Milli-Q system (Millipore, Bedford, MA). GSH, GSSG, Car, and
HNE and further reagents were acquired from Sigma-Aldrich (St.
Louis, MO, USA) or Merck (Darmstadt, Germany). [13C2,15N-Gly]-
glutathione, L-Carnosine-d4, and 4-hydroxynonenal-d11 were acquired
from C/D/N Isotopes Inc. (Quebec, CA). All solvents were HPLC
grade and were purchased from Sigma-Aldrich. Solutions were
prepared in a Milli-Q water.

Animals. The animal study was conducted in accordance with the
ethical principles for animal experimentation, according to the
guidelines of the National Council for Animal Experimentation
Control (Conselho Nacional de Controle de Experimentac ̧a ̃o
Animal�CONCEA, Ministry of Science, Technology, Innovation
and Communications, Brazil). All animal procedures were approved
by the University of Sao Paulo Chemistry Institute’s Animal Care and
Use Committee under protocol number 194/2021. Male Sprague−
Dawley rats overexpressing human SOD1G93A were obtained from
Taconic and bred with wild-type Sprague−Dawley females to
establish a colony.27 Genotyping by PCR to detect exogenous
hSOD1 transgenes was performed using DNA extracted from ear
punching at 20 days of age. Rats were housed under controlled
laboratory conditions, including room temperature, a 12/12 h light/
dark cycle with food and water ad libitum. Asymptomatic ALS rats (n
= 12) and their wild-type controls (n = 12) were sacrificed at 70 days
of age, while symptomatic ALS rats (n = 16), end-stage ALS rats (n =
8), and their controls (n = 12) were sacrificed at 120 days of age. The
criterion for symptomatic ALS was the appearance of hind-limb
weakness and for the end-stage was the hind-limb paralysis and 15%
weight loss.28 Before euthanasia, rats were fasted for 6 h and
anesthetized with 4% isoflurane.

GSH and GSSG Extraction from Rat Tissues. The tissues (50 mg
liver and 30 mg muscle) were homogenized in 2 mL of buffer A (320
mM sucrose, 5 mM MgCl2, 10 mM Tris−HCl, 0.1 mM deferoxamine,
1% Triton X-100, pH 7.5) with 15.2 pmol of internal standard ([15N,
13C2-Glycines]�GSSG). The solution was centrifuged at 1300 × g
and 9 °C for 10 min. 100 μL were collected for protein quantification
using a Pierce BCA Protein Assay Kit, Thermo Scientific. Another 300
μL of supernatant were collected and 240 μL of derivatization
solution [20 mM N-ethylmaleimide (NEM), 2 mM EDTA, and 1 mM
deferoxamine] were added. The solution was stirred for 1 min and
kept on ice for 30 min. After that, the proteins were precipitated by
the addition of 60 μL of cold 5% TCA, stirred for 1 min, kept on ice

Scheme 1. Detoxification Products of trans-4-Hydroxynonenal Reaction with Either Glutathione or Carnosine
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for 10 min, and centrifuged at 12,000 × g, 9 °C for 10 min. The
remaining fat in the supernatant was extracted by adding 200 μL of
CHCl3 followed by stirring for 1 min and centrifugation at 12,000 × g
for 10 min at 9 °C, and this process was repeated 3 times. Finally, the
upper phase was subjected to filtration in 0.1 μm poly(vinylidene
difluoride) (PVDF) Centrifugal Filters (Millipore, Bedford, MA,
USA) through centrifugation at 12,000 × g, 9 °C for 10 min. For the
analysis in the HPLC-MS/MS system, 20 μL of the samples were
injected for the quantification of GSSG. For GSH quantification, the
sample was further diluted 200 times and the same volume was used
for analysis.
GS-HNE Extraction from Rat Tissues. The muscle or liver tissue

was removed, washed with ice-cold physiological saline solution, and
frozen at −80 °C. Subsequently, the tissue was cooled with liquid
nitrogen and subjected to lyophilization for better preservation and
homogenization. The sample (200 mg liver, 90 mg muscle) was
homogenized in 2 mL TKM buffer (50 mM Tris−HCl pH 7.5, 25
mM KCl, 5 mM MgCl2). 5.76 pmol amount of internal standard
([13C2,15N-Gly]-GS-HNE), 2 mL of 1 mM PBS pH 7.0, and 150 μL
of 2% butyl hydroxytoluene (BHT) were added. The solution was
stirred for 1 min and kept on ice for 10 min. 100 μL were collected for
further protein quantification using a Pierce BCA Protein Assay Kit,
Thermo Scientific. Next, proteins were precipitated by the addition of
1 mL cold 5% TCA, stirred for 1 min, kept on ice for 10 min, and
centrifuged at 11,000 × g, 9 °C for another 10 min. The remaining fat
in the supernatant was extracted three times by addition of 1 mL of
CHCl3, stirred for 1 min, and centrifuged at 11,000 × g, 9 °C for 10
min. The resulting solution (4 mL) was filtered in 0.1 μm PVDF
Centrifugal Filters (Millipore, Bedford, MA, USA), concentrated
using a Refrigerated CentriVap Concentrator (Labconco, Kansas City,
USA), resuspended in 115 μL of water, and 20 μL of the solution
were analyzed by mass spectrometry.
Carnosine and Car-HNE Extraction from Rat Muscle Samples.

The analytes were extracted as previously reported29 first using a
PowerGen 1000 homogenizer (Thermo Fisher Scientific, Waltham,
MA) to process 50 mg of lyophilized gastrocnemius sample with 1.5
mL of the extraction buffer consisting of (150 mM KH2PO4, 1 mM
EDTA, 1 mM DTT and diluted (1:1000) protease inhibitor cocktail
(Sigma Chemical Co., St. Louis, MO)). After homogenization,
samples were centrifuged at 12,000 × g for 20 min at 9 °C, and the
pellet was discarded. The supernatant (30 μL) was aliquoted for
protein quantification using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA), according to the
manufacturer’s instructions.

Protein precipitation was carried out by adding 3% HClO4 (70% v/
v) to the supernatant, stirring for 5 s, and then a 15 min ice bath rest.
Samples were then centrifuged for 10 min at 12,000 × g and 9 °C,
resulting once again in a pellet to be discarded and a working
supernatant. The pH of the supernatant was increased to 5.5 using 10
M NaOH and the solution was filtered through Ultrafree�MC
Durapore PVDF 0.1 μm Centrifugal Filters (Merck Millipore Ltd.,
Cork, Ireland), by a 10 min centrifugation at 12,000 × g and 9 °C.
500 μL of each sample were dried using a Refrigerated CentriVap
Concentrator (Labconco, Kansas City, USA) at 4 °C and resuspended
in 100 μL solution of 1.3 × 10−8 M Car-HNEd11. 80 μL were injected
into the HPLC system. For carnosine quantification, 10 μL of the
remaining volume was diluted 10,000×. To 50 μL of the resulting
solution, 5 μL of 1 × 10−6 M Card4 was added and 20 μL was used for
each analysis.
Synthesis and Purification of the GS-HNE Internal Unlabeled

and the Isotopically Labeled Internal Standards ([13C2,15N-Gly]-GS-
HNE). Both adducts were synthesized and purified according to the
protocols described by Falletti et al.30 The GS-HNE adducts were
purified using a Shimadzu LC-6AD HPLC system (Shimadzu, Kyoto,
Japan), which included a Rheodyne injector (Cotati, CA) and a SPD-
M10AVP photodiode array detector, controlled by a SCL-10A/V
communication module and CLASS VP software. HPLC separations
were conducted in a Luna C18(2) (250 × 10 mm, 5 μm particle size,
100 Å) semipreparative column (Phenomenex, Torrance, CA) with a
gradient of 0.1% formic acid in water (A) and acetonitrile (B) used as

follows: 10−30% B (0−40 min), 30−50% B (40−45 min), 50% B
(45−50 min), 50−10% B (50−55 min), and 10% B (55−60 min) to
re-equilibrate the column. The flow rate was 5 mL/min. Absorbance
was monitored at 220 nm. The 26−30 min eluate was collected,
lyophilized, and kept at −20 °C. Both adducts were characterized by
1H NMR and reverse-phase high-performance liquid chromatography
coupled electrospray tandem mass spectrometry in positive mode
(HPLC-ESI+-MS/MS).28 HPLC-ESI+-MS/MS analyses, carried out
into a triple quadrupole Quattro II mass spectrometer (Micromass,
Manchester, UK), generated mass spectra containing protonated and
dehydrated ions of GS-HNE ([M + H]+ m/z = 464, M + H − H2O]+
m/z = 446) and [13C2,15N-Gly]-GS-HNE ([M + H]+ m/z = 467, [M
+ H − H2O]+ m/z = 449), which were consistent with literature
data.31

Synthesis, Purification, and Analysis of the CAR-HNE and CAR-
HNEd11 Internal Unlabeled and the Isotopically Labeled Stand-
ards. CAR-HNE and CAR-HNEd11 were prepared, purified, and
analyzed as described before.32

Quantification of GSH (GS-NEM) and GSSG in Rat Tissues.
Online HPLC-ESI+-MS/MS analyses were carried out in the positive
mode, and detection was conducted on a triple quadrupole API 4000
QTRAP mass spectrometer (Applied Biosystems, Foster City, CA),
using selected reaction monitoring (SRM). The turbo ionspray
voltage was kept at 5000 V, curtain gas at 10 psi and nebulizer and
auxiliary gas at 50 psi. The temperature was set at 500 °C, and
pressure of nitrogen in the collision cell was adjusted to high. An
Agilent HPLC system (Agilent Technologies, Santa Clara, CA)
equipped with an autosampler (1200 High Performance), a column
oven set at 20 °C (1200 G1216B), an automated high-pressure flow
switching valve, a 1200 Binary Pump SL and an Isocratic Pump (1200
SL G1310A) was used for sample injection using a Luna C18 column
(150 mm × 2.0 mm i.d., 3 μm particle size; Phenomenex, Torrance,
CA, USA) maintained at 20 °C. Mobile phases were 0.1% (v/v)
formic acid in water (A), 0.1% (v/v) formic acid in acetonitrile (B)
and a mixture of A:B 1:1 (v/v) (C), flow rate at 200 μL/min. Prior to
use, solutions were filtered through a 0.1 μm PVDF membrane
(Millipore, Bed-ford, MA). GS-NEM and GSSG were eluted from the
column according to the following method: from 0 to 5 min, 1% B;
from 5 to 15 min, 1 to 40% B; from 15 to 20 min, 40 to 95% B; from
20 to 24 min; 95% B; from 24 to 25 min, 95 to 1%; from 25 to 35
min, 1% to re-equilibrate the column, flow rate at 200 μL/min. A
high-pressure flow switching valve composed of 2-positions and 6-
ports was inserted after the column. The valve discarded the eluate
from the column until 5 min of run while kept the mass spectrometer
supplied with solvent C at a constant flow of 50 μL/min using the
isocratic pump. After 5 min of run, the valve switched position
allowing the eluate from the column to enter the mass spectrometer.
After 13 min of run, the valve switched back to waste position.

Quantification of GS-HNE in Rat Tissues. Online HPLC-ESI+-
MS/MS analyses were carried out in the positive mode, and detection
was conducted on a triple quadrupole mass spectrometer API 6500
(Sciex, Framingham, MA), using SRM. The turbo ionspray voltage
was kept at 5500 V, curtain gas at 20 psi, and nebulizer and auxiliary
gas at 50 psi. The temperature was set at 550 °C, and nitrogen
pressure in the collision cell was adjusted to high. An Agilent HPLC
system (Agilent Technologies, Santa Clara, CA) equipped with an
autosampler (1200 High Performance), a column oven set at 30 °C
(1200 G1216B) with automated high-pressure flow switching valve, a
1200 Binary Pump SL (1200 G1310A) and a Shimadzu 10-AVp
Isocratic Pump (Shimadzu, Tokyo, Japan) was used for sample
injection using a Luna C18 column (150 mm × 2.0 mm i.d., 3 μm
particle size; Phenomenex, Torrance, CA, USA) maintained at 20 °C,
the flow rate was 250 μL/min. Mobile phases were 0.1% (v/v) formic
acid in water (A), formic acid 0.1% (v/v) in acetonitrile (B), and a
mixture of A:B 1:1 (v/v) (C). Prior to use, solutions were filtered
through a 0.1 μm PVDF membrane (Millipore, Bedford, MA). The
adducts were eluted from the column according to the following
method: from 0 to 5.5 min, 10% B; from 5.5 to 10 min, 10 to 15% B;
from 10 to 21 min, 15% B; from 21 to 23 min; 15 to 50% B; from 23
to 26 min, 50%; from 26 to 33 min, 50 to 90% B; from 33 to 36 min;
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90% B; from 36 to 46 min; 90 to 10% B; from 46 to 55 min, 10% B to
re-equilibrate the column. A high-pressure flow switching valve
composed of 2-positions and 6-ports was inserted after the column.
The valve discarded the eluate from the column until 5.5 min of run
while keeping the mass spectrometer supplied with solvent C at a
constant flow of 100 μL/min using a Shimadzu 10-AVp Isocratic
Pump. After 5.5 min of run, the valve switched position allowing the
eluate from the column to enter the mass spectrometer. After 13 min
of run, the valve switched back to the waste position. After 17 min the
valve position is switched again, allowing the eluate from the column
to enter the mass spectrometer. After 26 min of run, the valve
switched back to the waste position. MS2 spectrum was performed
using the same conditions described in this section and in Table S1
(Supporting Information).
Quantification of Carnosine and CAR-HNE in Rat Muscle.

HPLC-ESI+-MS/MS analyses were conducted on a triple quadrupole
QTRAP 6500 mass spectrometer (Sciex, Framingham, MA), using
SRM. The adducts were analyzed by electrospray ionization (ESI) in
positive mode, and detection was made using SRM. The turbo ion
spray voltage was kept at 5500 V, curtain gas at 20 psi, and nebulizer
and auxiliary gases at 40 psi. The temperature was set at 500 °C, and
the pressure of nitrogen in the collision cell was adjusted to high. The
HPLC oven was set to 35 °C, keeping two columns: Kinetex C18 100
× 4.6 mm inner diameter, particle diameter of 2.6 μm (Phenomenex,

Torrance, CA) followed by Kinetex C18 100 × 2.1 mm inner
diameter, particle diameter of 2.6 μm (Phenomenex, Torrance, CA)
and the valve between them at the same temperature. The mobile
phase consisted of three solutions, 5 mM ammonium acetate pH 5.5
(A), acetonitrile (B) and 99.5% 5 mM ammonium acetate pH 5.5,
and 0.5% acetonitrile (C). Prior to use, aqueous phases were filtered
through a 0.1 μm PVDF membrane (Millipore, Bedford, MA).

The analytes were eluted from the columns according to the
following method: from 0 to 10 min, a 99.5% A flow increased from
200 to 300 μL/min; then decreased to 250 μL/min in the next 36 s.
From 10.6 to 20 min, 99.5 to 0.5% A, maintaining both flow and
phase concentration for another 5 min. From 25 to 28 min, 250 to
200 μL/min, and 99.5% A, conditions were maintained until the end
of the run, at 40 min. The valve was kept open only between 3 and 23
min, feeding the second column and the mass spectrometer with the
C phase for the remaining parts of the analysis. MS2 spectrum was
performed using the same conditions described in this section and in
Table S2 (Supporting Information).

Statistical Analysis. Statistical analyses were performed using
GraphPad Prism version 5 for Windows (GraphPad Software, San
Diego California USA). Comparisons between the two groups were
performed with Student’s t test. For multiple groups, non-normal
distributed data were transformed and an ANOVA test with Tukey’s
Multiple Comparison post-test was performed. Results were

Figure 1. Representative chromatograms of the GS-HNE adducts in the liver of a control rat (A). The endogenous adduct (top) exhibits two
equally intense peaks, representing biologically formed isomers. The labeled internal standard (lower) predominantly forms the first peak,
indicating a difference in isomeric formation between in vitro and in vivo systems. GS-HNE levels in liver (B) and muscle tissue (C) of 70 and 120-
day-old ALS rats along with the corresponding controls. Full MS2 of the GS-HNE adduct, showing the two fragments monitored in SRM mode and
m/z 179.2 (D).
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considered significant for values of *p < 0.05; **p < 0.01. NS = not
significant.
Mass Spectrometry Analysis. Signal-to-noise ratio S/N ≥ 7 was

used as the quantification criteria for all analytes. Analyst version 1.6.2
was used for acquisition and peak integration. Tables S1 and S2 show
the m/z and mass spectrometry parameters for each analyte.

■ RESULTS AND DISCUSSION
GS-HNE Quantification in Rat Tissues. HNE is

produced as a secondary byproduct of the lipid peroxidation
process. Reactive aldehydes have the capability to modify
biomolecules including DNA, proteins, and peptides.19−21 As
previously mentioned, HNE levels have been shown to be

increased in patients with ALS.11 A well-established pathway of
aldehyde detoxification involves their conjugation with GSH.
The intracellular GSH concentration typically falls within the
range of 3−4 mM20 and, as discussed by Blair,31 the difference
in concentrations between aldehydes and GSH in cells
facilitates GSH detoxification mechanisms. Therefore, levels
of the GS-HNE adduct can be useful to monitor redox stress in
tissues in the course of the disease. To achieve this, we
employed a sensitive methodology based on HPLC-ESI+-MS/
MS for the precise quantification of GS-HNE adduct in the
muscle of both control and ALS rats. The methodology
enables direct analyte quantification, which is formed through
the reaction of GSH with HNE (Scheme 1). Figure 1 shows

Figure 2. Representative chromatograms of GSSG and the GS-NEM adduct in the liver of a control rat (A). The reduced form of glutathione forms
two equally intense peaks, indicating biological isomers. Endogenous (upper) and internal standard (lower) peaks for GSSG show the same profile,
indicating that isomers formed both in vivo and in vitro. GSSG (B) and GS-NEM (C) levels in the liver. GSSG (D) and GS-NEM (E) levels in the
muscle tissue of 70 and 120-day-old ALS rats along with the corresponding controls.
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the chromatographic peak profiles for endogenous and internal
standard GS-HNE (A) and GS-HNE quantification in liver (B)
and muscle (C) of ALS rats and controls. Only representative
chromatograms for liver analysis are shown due to an equal
peak profile in both analyzed tissues. Additional confirmation
of adduct identity is shown (Figure 1D) by full MS2 spectrum
analysis. These data are in accordance with Orioli et al.33

Levels of the GS-HNE adduct showed a significant increase
in the liver of ALS asymptomatic 70-day-old rats when
compared to their respective controls. As the disease
progressed, the levels of GS-HNE in the livers of 120-day-
old rats did not display any significant difference compared to
controls of the same age, neither in the symptomatic nor in the
end-stage animals. Given that GSH is particularly concentrated
in the liver and HNE is one of the main aldehydes generated
during the lipid peroxidation process, the observed elevation in
GS-HNE adduct levels in asymptomatic 70-day-old rats may
indicate an increase in the redox stress during this stage of the
disease.

When assessed in rat gastrocnemius muscles, a significant
increase in GS-HNE was observed in ALS end-stage animals

compared with ALS symptomatic and 120-day-old control
individuals. This significant increase in the GS-HNE adduct in
rat gastrocnemius muscles indicates an important rise in the
levels of HNE, reflected by an elevation in its detoxification
mechanism by GSH.

To ensure that the differences in GS-HNE presence were
not due to GSH availability, the same isotopical dilution
technique was performed to assess GSH/GSSG equilibrium
using [15N, 13C2-Glycines]−GSSG as the internal standard, as
shown in Figure 2.

The GSH and GSSG levels in end-stage animals showed no
significant change in either liver or muscle in any of the
analyzed groups. Only representative chromatograms for liver
analysis are shown due to an equal peak profile in both tissues.
For comparative purposes, the GSH/GSSG ratio is shown in
Figure S1 (Supporting Information). This behavior is
expected, given that the concentration of GSH in tissues is
much higher than that of HNE. An observed significant
increase in liver GSH levels of 70-day-old rats suggests a redox
stress response in this stage of the disease.

Figure 3. Representative chromatogram for control rat muscle sample, showing successful Carnosine and CAR-HNE separation, in both
endogenous analytes (upper) and internal standards (lower) (A). Car-HNE shows two peaks in both in vivo and in vitro synthesis, indicating that
endogenous (upper) and internal standard (lower) forms are composed of the same isomers. Levels of Carnosine (B) and Car-HNE (C) in muscle
tissue of 70 and 120-day-old ALS rats along with corresponding controls. Full MS2 of the Car-HNE adduct (D).
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Lipid-derived electrophilic compounds such as HNE exhibit
high reactivity toward nucleophilic groups in proteins and
other biomolecules. Simpson et al.34 described that serum and
cerebrospinal fluid HNE levels were significantly elevated in
sporadic (sALS) cases compared to healthy control groups.
Further, in patients with sALS, serum HNE increased over
time and correlated positively with advancing disease.
CAR-HNE and Carnosine Adduct in Muscle Tissue.

Figure 3 shows a representative chromatogram for CAR-HNE
and carnosine detection in gastrocnemius samples (A).
Additional confirmation of adduct identity was obtained by
full MS2 spectrum, as shown in Figure 3D, in accordance with
Orioli et al.33

Interestingly, carnosine levels in the muscle of control rats
decreased with age (Figure 3B). This suggests that carnosine
levels are more susceptible to decrease in the face of muscle
loss. A statistically significant decrease was also observed in the
symptomatic 120-day-old ALS rat muscle compared to
controls at the same age. This is in accordance with data
described by Stuerenburg and Kunze,35 who found decreased
carnosine tissue concentrations in muscle biopsies of ALS
patients and in rats. In our experimental conditions, in
accordance with Boldyrev,36 Car was not detected in liver
samples.

In line with the findings for muscular GS-HNE, increased
levels of Car-HNE were also found in end-stage animals
(Figure 3C). This observation suggests an increase in HNE
formation in the group and underscores the effect of
detoxification mechanisms exerted by GSH and carnosine.

It is notable that despite carnosine (500 nmol/mg of
protein) being present at a concentration about 50 times
higher than that of GSH (10 nmol/mg of protein), the levels of
GS-HNE are about 20 times greater than those of the CAR-
HNE adduct, indicating that GSH is a more efficient scavenger
of HNE in this tissue. This is in accordance with the
bimolecular rate constant values for the formation of the two
adducts (0.035 M−1 s−1 for the reaction of HNE with carnosine
and 1.09 M−1 s−1 for the reaction with GSH).37,38

Furthermore, the contribution of glutathione transferase
(GST) to the formation of GS-HNE cannot be dismissed.

■ CONCLUSIONS
Here, using a very sensitive LC−MS/MS methodology, levels
of GSH and Car adducts with HNE were quantified in the liver
and muscle of ALS SOD1G93A transgenic rats. The increase in
HNE detoxification products following aging and disease
progression suggests augmented lipid peroxidation in the
muscle tissue.

Recently, ALS has been considered a multisystem disorder
with changes in structural and metabolic parameters in
different cell types that synergistically contribute to the disease
progression.26 Recent studies are investigating whether skeletal
muscle plays a critical role in the pathology of ALS.39

Mastrogiovanni and colleagues40 found a significant decrease
in oxylipins derived from linoleic acid in the plasma of ALS
patients, including 13-hydroperoxy-9,11-octadecadienoic acid
(13-HODE). It has also been described that plasma levels of
13-HODE and 9-hydroxy-octadecadienoic acid (9-HODE)
positively correlate with the duration of the disease. The
breakdown of 13-HODE generates HNE, inducing carbonyl
stress.41

The results described here point to an increase in the
detoxification products of HNE in the late phase of the disease,

suggesting an increase in redox stress in the muscles of rats
with ALS. Considering the cytotoxic role of reactive aldehydes,
the increased levels of the GS-HNE adduct in the muscle
deserve more attention for a better understanding of
pathological changes and how this stress impacts the disease.
Understanding these mechanisms may contribute to the
development of new therapeutic strategies.
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