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Abstract

Our previous work in perfused rat livers has demonstrated that 4-hydroxynonenal (HNE) is
catabolized predominantly v/a beta oxidation. Therefore, we hypothesized that perturbations of
beta oxidation, such as diet-altered fatty acid oxidation activity, could lead to changes in HNE
levels. To test our hypothesis, we (i) developed a simple and sensitive GC/MS method combined
with mass isotopomer analysis to measure HNE and HNE analogs, 4-oxononenal (ONE) and 1,4-
dihydroxynonene (DHN), and (ii) investigated the effects of four diets (standard, low fat,
ketogenic, and high fat mix diets) on HNE, ONE, and DHN concentrations in rat livers. Our
results showed that livers from rats fed ketogenic diet or high fat mix diet had high -6
polyunsaturated fatty acid concentrations and markers of oxidative stress. However, high
concentrations of HNE (1.6 + 0.5 nmol/g) and ONE (0.9 = 0.2 nmol/g) were only found in livers
from rats fed the high fat mix diet. Livers from rats fed the ketogenic diet had low HNE (0.8 £ 0.1
nmol/g) and ONE (0.4 £ 0.07 nmol/g), similar to rats fed the standard diet. A possible explanation
is that the predominant pathway of HNE catabolism (i.e. beta oxidation) is activated in the liver by
the ketogenic diet. This is consistent with a 10 fold decrease in malonyl-CoA in livers from rats
fed a ketogenic diet compared to a standard diet. The accelerated catabolism of HNE lowers HNE
and HNE analog concentrations in livers from rats fed the ketogenic diet. On the other hand, rats
fed the high fat mix diet had high rates of lipid synthesis and low rates of fatty acid oxidation,
resulting in the slowing down of the catabolic disposal of HNE and HNE analogs. Thus, decreased
HNE catabolism by a high fat mix diet induces high concentrations of HNE and HNE analogs.
The results of the present work suggested a potential causal relationship to metabolic syndrome
induced by western diets (i.e. high fat mix), as well as the effects of the ketogenic diet on the
catabolism of lipid peroxidation products in liver.
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Introduction

HNE is an abundant lipid peroxidation product of w-6 polyunsaturated fatty acids (linoleic
acid and arachidonic acid) [1-4]. The detrimental effects of HNE originate from its high
reactivity because of its strong electrophilic functional groups (i.e. the 2,3-double bond close
to the hydroxyl group on C4 and the carbonyl group on C1). HNE conjugates with the
cysteine, histidine, and lysine moieties of proteins or with N2-amino group of
deoxyguanosine by Michael addition and Schiff base reaction [5,6]. Such conjugations with
glutathione (GSH), proteins, lipoproteins, and DNA [7,8] impair enzyme activity, affect
gene expression, and inhibit cardiomyocyte contraction [9]. When compared to HNE, ONE,
an HNE analog, is a more reactive lipid peroxidation product because of its 4-oxo group
[10,11]. The rate constant of an ONE reactions with amino acids or peptides is around
5~150 fold higher than HNE [12,13]. As a result, ONE exhibits a higher level of toxicity
than HNE [14]. DHN is the reduction product of HNE by aldehyde reductase that was found
to have a higher activity in the kidneys than any other organs [15]. The reduction of HNE to
the much less reactive DHN is seen as one of HNE’s disposal and detoxification pathways
[16].

Two main factors affect HNE and HNE analog concentrations. The first factor is the
upstream of HNE metabolism (the productions of HNE and HNE analogs). As mentioned
above, HNE and ONE are peroxidation products of w-6 polyunsaturated fatty acids (w-6
PUFAS). High lipid peroxidation is the index of high levels of oxidative stress. The second
factor is the downstream of HNE metabolism, which mainly involved in following
pathways: (1) conjugation with GSH, cysteine, and carnosine [17], (2) reduction to DHN by
cytosolic aldehyde reductase [18,19], and (3) oxidation to 4-hydroxynonanoic acid that can
be catabolized to form acetyl-CoA and propionyl-CoA entering the citric acid cycle [20,21].
Perturbation of the balance of production and disposal could lead to accumulation of HNE
and HNE analogs, and causing further damage by protein, lipid, and DNA modification.

Our previous work in perfused rat livers has shown that HNE is completely catabolized to
acetyl-CoA and propionyl-CoA viatwo parallel pathways in the perfused rat livers [21,22].
A new class of acyl-CoA, 4-phosphononanoyl-CoA, is an intermediate metabolite through
which 4-hydroxynonanoyl-CoA is isomerized to 3-hydroxynonanoyl-CoA [21,22]. 3-
Hydroxynonanoyl-CoA is a regular beta oxidation intermediate that is further metabolized
via beta oxidation processes. We have observed that HNE catabolism in the rat liver was its
major disposal pathway. Therefore, we hypothesized that any alteration of the beta oxidation
pathway could affect HNE catabolism and thus alter HNE levels. Different diets alter
intrinsic energy metabolic pathways [23,24]. Lower beta oxidation and higher lipid synthesis
rates were found in livers of rats fed a high fat plus carbohydrate diet [23]. On the contrary,
a ketogenic (KG) diet (very high fat with very low carbohydrate) showed a unique pattern of
gene expression with increased expression of genes in fatty acid oxidation pathways and a
reduction in lipid synthesis pathways [25]. Therefore, both diets could interfere with HNE
and HNE analog metabolism in different ways.

The beneficial and detrimental effects of various diets have been extensively studied. For
example, KG diets have been used for the treatment of children with epilepsy [26] as well as
Rett Syndrome [27]. The induction of metabolic syndrome by high fat diets has been
extensively reported [28,29]. Low fat/high carbohydrate diets are traditionally recommended
to help reduce the risk of diabetes and cardiovascular disease, and it has also been recently
suggested to increase risk for insulin resistance syndrome among susceptible individuals
[30].
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The aforementioned points raised the idea that dietary alteration might affect the metabolism
of HNE and HNE analogs. Thus, we investigated the effects of various diets on HNE and
HNE analog levels in rats fed different diets. Ideal methods for HNE assay should include
HNE and HNE analogs interconversions under different dietary conditions. HNE and DHN
quantitation in biological samples have, in fact, been previously reported [31-34]. However,
to the best of our knowledge, there is no concentration data on ONE in biological samples
probably due to its high reactivity. ONE is an unstable compound that needs protection
during identification and analysis from side reactions, such as by oxime derivatization [10].
Our rationale to measure ONE originated from the work of Des Rosiers et al. [35] who
quantified malondialdehyde and HNE by reduction to alcohols, i.e. DHN, with sodium
borodeuteride. DHN is stable and can be easily measured by GC/MS using simple
trimethylsilyl (TMS) derivatization. A similar strategy is used for ONE since the dicarbonyl
groups of ONE can be reduced by sodium borodeuteride. Although both HNE and ONE are
reduced to DHN, the number of incorporated deuterium atoms is different. Therefore, DHN,
HNE, and ONE treated with sodium borodeuteride form MO, M1, and M2 DHN that can be
differentiated and quantified by GC/MS. M0, M1 and M2 represent molecules that have 0,
1, and 2 heavy atoms (described in the methods section).

The aims of the present work were: (i) to develop a simple and sensitive GC-MS method
with the combination of mass isotopomer analysis to simultaneously quantify DHN, HNE,
and ONE in rat livers, (ii) to demonstrate the effects of different diets on the concentrations
of HNE and HNE analogs in rat livers, and (iii) to identify the possible mechanism of altered
HNE and HNE analog concentrations in livers from rats fed with different diets. Markers of
oxidative stress (reduced and oxidized glutathione concentration and antioxidant ascorbate
concentration) and HNE disposal (glutathione conjugation, reduction to DHN and HNE
catabolism) were investigated.

Materials and methods

Materials

Materials—General chemicals, GSH, oxidized glutathione, malonyl-CoA, 3-
hydroxybutyryl-CoA (BHB-CoA), acetoacetyl-CoA (AcAc-CoA), sodium borodeuteride,
sodium borohydride, ascorbic acid, linoleic acid, arachidonic acid, and heptadecanoic acid
(C17 fatty acid) were purchased from Sigma-Aldrich. ONE, HNE, and 4-hydroxydecanenal
were synthesized in our lab [22]. [3,3,4,5,5,5,-2Hg]-4-hydroxypentanoic acid was
synthesized according to our previous work [21].

Principle of DHN, ONE, and HNE analysis by mass isotopomer analysis

The main rationale in quantifying DHN, HNE, and ONE simultaneously by GC/MS and
mass isotopomer analysis is to reduce HNE and ONE to one and two deuterium labeled
DHN by sodium borodeuteride with no effect on unlabeled DHN. The DHN and its mass
isotopomers were measured by a simple and sensitive GC/MS method using TMS
derivatization. The details are outlined in Fig 1. Measurement of the M0, M1, and M2 DHN
by GC/MS was used for the quantitation of DHN, HNE, and ONE, respectively.

However, elements have their own natural stable mass isotope distributions (MID), such

as 13C (1.10%), 2H (0.015%), 1°N(0.37%), 180 (0.20%) and 2%Si (5.06%). A molecule
composed of the above elements has its own natural MID. The measured M1 or M2 DHN
contains two sources, one is from DHN natural MID and the other from HNE and ONE. To
measure HNE and ONE, the measured M1 and M2 DHN were corrected from the natural
MID background of DHN. The net increase of M1 and M2 DHN after correction reflects

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.
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HNE and ONE concentration. The mass isotopomer correction was carried out by matrix
correction that has been discussed in detail in our previous work [36].

To verify the accuracy of DHN mass isotopomer analysis and matrix correction in the
measurement of DHN, HNE, and ONE, we proportionally mixed DHN, HNE, and ONE
with increasing concentration ratios of HNE and ONE versus DHN from 0 to 2. The mixture
was reduced by NaBD, to form M0, M1, and M2 DHN. GC/MS was used to determine MO,
M1, and M2 DHN. Unlabeled DHN was used to formulate the natural MID matrix. The
difference between measured enrichments by mass isotopomer analysis and actual
concentrations of DHN, HNE, and ONE was used to evaluate the method accuracy.

The preparation of DHN

To make DHN, 1 ml of 1 mM HNE aqueous was reacted with 100 .l of 1 M NaBH4 (pH
=10). The reaction was kept at room temperature for 10 minutes. DHN was extracted by 3
ml of ethyl acetate extraction that was repeated 3 times. The possible HNE or DHN
remnants in the aqueous solution were checked by GC/MS for the completion of reaction
and full extraction. The combined ethyl acetate extracts containing DHN were dried by
nitrogen gas. The dried residues were dissolved in Milli-Q water to make a stock solution of
DHN that was verified by GC-MS.

The preparation of HNE glutathione (GSH-HNE) conjugate

Michael addition adducts were synthesized by the modified method of Alary and colleagues
[37]. Briefly, GSH-HNE was synthesized by the incubation of HNE (0.5 mM) with L-GSH
(0.8 mM) in a final volume of 1 ml phosphate buffer (50 mM, pH=7.4). The reaction was
incubated at room temperature over night under N, gas protection. The HNE in the reaction
mixture was checked by GC/MS for the completion of conjugation.

Animal experiments

To investigate lipid peroxidation products in livers from rats fed with different diets that
could alter fatty acid metabolism, four groups of male Wistar rats (8 weeks old, n=6 per
group) were fed either high fat, low fat, or standard chow diets for four weeks. Four diets
were implemented: carbohydrate free (KG), high fat “Surwit” (58% fat, 25.5%
carbohydrate, HFmix), low fat (carbohydrate, LF), and standard rodent chow (SD). Diets
were purchased from LabDiet, USA, RMH3000 (SD), or Research Diets, New Brunswick,
NJ, D12359 (LF), Surwit (HFmix), D12369B (KG). The calorie composition and detailed
ingredients of each diet are shown in Table 1. Rats were allowed to acclimate in the animal
facility at Case Western Reserve University for one week before starting the feeding study.
All rats were kept on a 12 h light/dark cycle with ad libitum access to different diet food and
water. All experiments were performed in accordance with the Institutional Animal Care and
Use Committee (IACUC) at Case Western Reserve University. On the experimental day,
rats were lightly anesthetized with isoflurane (2.5% in air). An abdominal incision was made
and the rat livers were quickly dissected, freeze clamped in liquid nitrogen, and keep frozen
(—80°C) until biochemical processing.

The analysis of DHN and its mass isotopomers by GC-MS

Sample preparation for DHN and its mass isotopomers via GC/MS assay was completed as
follows. A 6 ml mixture of acetonitrile, methanol, and Milli-Q water (volume ratio of 2:2:2),
containing 0.5 mmol of NaBD,4 and 2 nmol 4-hydroxydecanenal as internal standard was
added to 200 mg of liver tissue or 300 mg diet sample, and then homogenized for 2 min. The
sample homogenate was kept at room temperature for 15 minutes to ensure a complete
reduction by NaBD,4. Sample homogenate was then centrifuged at 3000 x g for 30 min. The
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supernatant was transferred to a glass tube. Hexane (6 ml) was then added to the glass tube
and vortexed for 5 minutes for extraction. This extraction process was repeated by three
times. Extracts were combined together and purged under nitrogen to completely dry. The
dried residues were reacted with 100 I of TMS and incubated at 70°C for 1 hour. After
derivatization, 2 pl of each sample was injected into the GC/MS for detection.

Analyses were carried out on an Agilent 5973 mass spectrometer, linked to a 6890 gas
chromatograph system equipped with an autosampler. An Agilent VF-5MS capillary column
(60 mx0.32 mmx0.25um) was used for chromatographic separation. The carrier gas was
helium (2 ml/min) with a pulse pressure of 20.1 p.s.i. The injection was in splitless mode.
The temperature for both inlet and transfer line was set at 310°C. The ion source and
quadrupole temperature were set at 230 and 150 °C. The GC temperature program was as
follows: start at 90°C, hold for 25 min, and increase by 5°C/min to 190°C followed by 50°C/
min to 300°C, finally it remains at 300°C for 5 min. DHN signals were monitored at its
nominal m/z (M0) and its mass isotopomers with SIM mode. The m/z monitored for DHN:
231, HNE: 232, ONE: 233, and internal standard: 232. All the masses were measured in
Electron Impact (EI) ionization mode. The retention times of DHN and internal standard are
43.8 and 45.9 minutes, respectively.

The analysis of GSH-HNE conjugate by LC-MS/MS

The other main disposal pathway of HNE is via GSH conjugation. GSH-HNE
concentrations in different diet rat livers were quantified. LC-MS/MS analysis of GSH-HNE
conjugate was modified from the work of Volkel et al. [38]. Powdered frozen rat livers
(~250 mg) were spiked with 0.1 nmol of 4-hydroxydecanenal glutathione conjugate as
internal standard, and was extracted for 2 min with 2 ml of 100 mM iodoacetic acid in 10
mM ammonium bicarbonate buffer (pH 9.8), 4 ml of acetonitrile, and 2 ml of chloroform
using a Polytron homogenizer. The homogenate was centrifuged for 30 min at 4 °C at 800
xg and the aqueous part was dried with nitrogen gas and stored at — 80 °C until LC-MS/MS
analysis. The dried residue was dissolved in 100 .l of Milli-Q water and analyzed by LC-
MS/MS.

After dissolving the dried sample in 100 I of Milli-Q water, 20 .1 were injected on a
Thermo Scientific Hypersil GOLD C18 column (150 x 2.1 mm), protected by a guard
column (Hypersil GOLD C18 5 um, 10 x 2.1 mm), in an Agilent 1100 liquid
chromatography. The chromatogram was developed at 0.2 ml/min (i) from 0 to 25 min with
a 1-45% gradient of buffer B (95% acetonitrile, 5% water and 0.25% formic acid) in buffer
A (95% water, 5% acetonitrile and 0.25% formic acid), (ii) from 25 to 26 min with a 45—
90% gradient of buffer B in buffer A, (iii) from 26 to 31 min with 90% buffer B in buffer A,
(iv) from 31 to 32 min with a 90-1% gradient of buffer B in buffer A, and (v) for 10 min of
equilibration with 99% buffer A before the next injection.

The liquid chromatography was coupled to a 4000 QTrap mass spectrometer (Applied
Biosystems, Foster City, CA) operated under positive ionization mode with the following
source settings: turbo-ion-spray source at 600 °C under N, nebulization at 65 p.s.i., N
heater gas at 55 p.s.i., curtain gas at 30 p.s.i., collision-activated dissociation gas pressure
held at high, turbo ion-spray voltage at 5,500 V, declustering potential at 90 V, entrance
potential at 10 V, collision energy at 50 V, and collision cell exit potential at 10 V. The
Analyst software (version 1.4.2, Applied Biosystems) was used for data collection and
processing.

Data acquisition was performed in Multiple Reaction Monitoring (MRM) mode monitoring
the transition of [M+H]* m/z 464 in Q1 to [MH-156]* m/z 308 (protonated GSH) in Q3 as
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quantifier. The internal standard precursor ion and daughter ion are at m/z 475 and 308,
respectively.

The analysis of GSH and oxidized glutathione by LC-MS/MS

Oxidative stress is reflected by the decreased ratio of GSH versus oxidized glutathione [39].
The GSH and oxidized glutathione in the livers of rats fed the different diets were analyzed
by LC-MS/MS to check the oxidative stress status. A 100 mg of liver tissue was used for
this experiment. The detailed sample preparation and LC-MS/MS method can be seen in our
previous reports [40]. The first step of the method was GSH derivatization by idoacetic acid.
The oxidized glutathione in this method actually represents the sum of oxidized glutathione
and all other glutathione conjugates (GSSR) because the second step of the method used
dithiothreitol and hydrolyzed all oxidized glutathione and conjugated glutathione into GSH
that was derivatized by idoacetonitrile. The measurement of idoacetic acid and
idoacetonitrile derivatives of GSH was used to quantify GSH and GSSR. We assessed the
oxidative stress in the liver using the ratio of GSH versus of GSSR.

The analysis of ascorbic acid by GC-MS

The ascorbic acid TMS derivative was assayed by GC-MS as described by Tiitinen et al.
[41]. The internal standard is [3,3,4,5,5,5,-2Hg]-4-hydroxypentanoic acid. The m/z used for
quantifying ascorbic acid and internal standard TMS derivatives are 332 and 253,
respectively.

The analysis of acyl-CoAs by LC-MS/MS

Based on our previous work [21], we hypothesized that the activity of the beta oxidation
would influence the catabolic disposal of HNE. To investigate the fatty acid beta oxidation
activity in the rat livers, some acyl-CoAs have been quantified in these samples (such as
malonyl-CoA, BHB-CoA, AcAc-CoA and 4-hydroxynonenoyl-CoA). Malonyl-CoA is a
regulator of fatty acid metabolism. Low levels of malonyl-CoA indicates more fatty acid
oxidation and high malonyl-CoA levels decreases long chain fatty acid oxidation by
inhibiting CPT1 [42]. High BHB-CoA, AcAc-CoA and a high ratio of BHB-CoA/AcAc-
CoA indicate more active fatty acid oxidation [43]. 4-Hydroxynonenoyl-CoA is the HNE
catabolism intermediate in the rat liver [21].

The analysis of total linoleic acid and arachidonic acid by GC-MS

-6 PUFAs are the precursors of HNE, ONE, and DHN under oxidative stress. To check
whether the concentrations of w-6 PUFASs are related to diet-altered HNE and ONE
productions, the total linoleic acid and arachidonic acid concentrations in rat livers were
measured by GC/MS according to the methods of Castro-Perez et al. [44]. Briefly, 100 mg
of powdered liver tissue was mixed with 1 ml of 1M KOH in 75% ethanol and incubated for
3 hours at 85°C. A 200 .l sample of C17:0 fatty acid (1 mg/ml) was added as internal
standard. A 500 .l sample was taken and acidified by 50 .l of 6 N HCI. Fatty acids were
extracted by adding 300 .l of chloroform. After drying the chloroform extract, the residues
were reacted with 70 pl TMS at 70 °C for 20 minutes and run through GC/MS (Agilent
5973 mass spectrometer, linked to a 6890 gas chromatograph system equipped with an
autosampler). A Phenomenex GC capillary column (30 mx0.25 mmx0.25um) was used for
chromatographic separation. The carrier gas was helium (1.5 ml/min) with a pulse pressure
of 14.7 p.s.i. The injection was in split mode with split ratio of 50:1. The temperature for
inlet and transfer line was set at 240 and 280 °C, respectively. The ion source and
quadrupole temperature were at 230 and 150 °C, respectively. The GC temperature program
was as follows: start at 80°C, and increase by 10°C/min to 250°C followed by 50°C/min to
300°C, finally it remains at 300°C for 5 min. We monitored linoleic acid and arachidonic
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acid at its nominal m/z (M0) with SIM mode. The m/z monitored for linoleic acid,
arachidonic acid, and heptadecanoic acid are 337, 361, and 327, respectively. Heptadecanoic
acid, linoleic acid, and arachidonic acid in the present method eluted out at 15.5, 16.2 and
17.4 minutes, respectively. All the masses were measured in EI mode.

Statistical analysis

The results are presented as mean values * standard deviation from five or six animals in
each group. The statistical significance among the different diet groups was determined by
ANOVA analysis that was verified by a Bartlett test. Tukey’s Post Hoc test was used to
determine significant differences between each group after ANOVA analysis.

Results

Fragmentation of DHN-TMS derivative in GC-EI-MS

DHN-TMS derivative in El has four major fragments and their m/z values are at 73, 147,
199 and 231 (Fig 2A). The fragments of 73 and 147 are from the TMS moiety. The
fragments of 199 and 231 are DHN related. The detailed fragmentation pathways of the
DHN-TMS derivative and deuterium locations after NaBD,4 reduction are shown in Fig 2.
The fragment of 199 is the loss of one TMS and carbon 1 of the DHN TMS derivative. The
m/z of DHN, HNE, and ONE at this fragment are 199, 199 and 200 (Fig 2A, B and C).
Therefore, DHN and HNE cannot be differentiated by the fragment at m/z 199. The second
fragmentation cleaves between carbon 4 and 5 generating a second fragment at m/z 231. The
m/z of DHN, HNE, and ONE treated with NaBD;, at the second fragment is 231, 232 and
233, respectively (Fig 2A, B and C). The fragment at m/z = 231 was chosen for the analysis
of three compounds in the present work.

One concern with this strategy was whether 4-hydroxynonenoic acid, a common metabolite
of HNE oxidation, could be reduced by NaBD,4. We excluded this possibility by incubating
NaBD,4 with 4-hydroxynonenoic acid. The incubation of NaBD,4 and 4-hydroxynonenoic
acid didn’t form any DHN mass isotopomers.

Quantitation of DHN, HNE, and ONE by analyzing DHN mass isotopomers

The strategy for DHN, HNE, and ONE quantitation was to reduce HNE and ONE by sodium
borodeuteride to the different mass isotopomers of DHN so that they could be differentiated
by mass spectrometry. To verify the accuracy of this mass isotopomer analysis method, we
made a calibration series that contained mixtures of DHN, HNE, and ONE standards with
linearly increasing amounts of HNE and ONE (the concentration ratios of HNE to DHN and
ONE to DHN increased from 0 to 2). The measured enrichment ratios of M1/MO0 and M2/
MO from the calibration series by the mass isotopomer analysis were verified by the actual
concentration ratios of HNE/DHN and ONE/DHN, respectively. Fig 3 shows the correlation
of measured enrichment of M1/MO0 and M2/MO (Y axis) versus the actual concentration
ratios of HNE/DHN and ONE/DHN (X axis).

The slopes of the M1/MO DHN enrichment ratio versus HNE/DHN concentration ratio and
M2/MO0 DHN enrichment ratio versus ONE/DHN concentration ratio were 0.98 and 0.92,
respectively. This confirms that mass isotopomer analysis of DHN corresponds very well to
the actual concentrations of the three compounds and can be used to simultaneously quantify
DHN, HNE, and ONE with high accuracy.

GC/MS method performance for DHN measurement

The sodium borodeuteride reduction was investigated under different pH conditions (no
buffer, or pH 4.3, 7, 9 and 10). It was found that the pH had very little effect on the DHN
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production although sodium borodeuteride is not stable under acidic conditions. Therefore,
the stock solution of sodium borodeuteride was prepared in 1 mM NaOH and only Milli-Q
water was used for the reaction. The reaction of sodium borodeuteride was so fast
(completed within 1 minute) that we could not obtain the exact time of the completion of
reaction. The DHN extraction by hexane and other regular organic solvents (diethyl ether,
ethyl acetate and petroleum ether) were also investigated. Ethyl acetate had the highest
extraction yield of DHN. However, more interference was found if ethyl acetate was used in
the liver sample extraction. Hexane had a relatively low extraction yield but with no co-
eluent interferences. Moreover, the extraction yield of DHN using 3 times of hexane
(hexane/sample volume ratio, 3:1) repeat extraction reached ~60%, and the addition of
internal standard corrected the incomplete extraction.

The GC/MS method for the DHN assay was characterized regarding linearity,
reproducibility, sensitivity, and accuracy. The present GC/MS method for DHN was linear
from 0.01 to 1.6 nmol. The calibration curve slopes of intra- and inter-days were 14.7 and
13.1 with relative standard error at 8.7 and 4.0%, respectively. The limit of detection (LOD)
and the limit of quantitation (LOQ) were 0.01 and 0.03 .M, respectively. The recoveries at
low (0.05 nmol), middle (0.25 nmol) and high (0.8 nmol) spiked amounts of DHN were
99.2, 103.3 and 93.4% with standard deviations at 3.6, 3.4 and 7.4%, respectively. The
results of method performance demonstrated that the present GC/MS method for DHN was
sensitive, reproducible, and accurate.

DHN, HNE, and ONE concentration in livers from rats fed different diets

We fed the rats with four different diets: SD, LF, HFmix, and KG. The main calorie
components and detailed ingredients of four diets were shown in Table 1. DHN, HNE, and
ONE in rat livers were assayed by the present developed method (See Fig 4). DHN
concentrations in rat livers from each diet were about 20 fold lower than HNE (Fig 4C). The
livers from the HFmix diet group had the highest HNE and ONE concentrations compared
to all other diet groups (Fig 4A and B). HNE and ONE in the livers from KG diet (HNE:
0.77 £ 0.14, ONE: 0.40 £ 0.07 nmol/g) were not significantly different compared to LF diet
(1.0 £ 0.14 and 0.57 + 0.09 nmol/g) and SD diets (HNE: 0.8 £ 0.1 nmol/g and ONE: 0.4 +
0.07 nmol/g) (Fig 4A and B). The concentration ratios of ONE versus HNE in livers from all
diets were similar (~0.54). HNE, ONE and DHN concentrations from the pellets of each diet
were also checked. Both HNE and ONE were found in trace amounts in all diets, but with no
difference between the diets, DHN was not found in any of the diets.

GSH-HNE conjugate in livers from rats fed different diets

GSH conjugation with HNE is one of the major disposal pathways of HNE. The glutathione
conjugate with HNE is used as a stable biomarker of oxidative stress and lipid peroxidation.
Therefore, the concentrations of glutathione conjugate with HNE in the rat livers fed
different diets were also analyzed by LC-MS/MS. The results are shown in Fig 5. GSH-
HNE was significantly higher in rat livers from the HFmix diet group compared to rat livers
from all other diet groups. The GSH-HNE concentration in livers from rats fed an HFmix
diet was 6 times higher than in livers from the rats fed a SD diet. GSH-HNE concentrations
in rat livers with other diets are not significantly different to each other, as indicated by the
ANOVA analysis and Tukey’s Post Hoc test (Fig 5).

GSH and GSSR in livers from rats fed different diets

The GSH is usually used to assess the oxidative stress, especially with the ratio of the GSH
to the oxidized glutathione. The GSH and GSSR concentration in the livers are shown in Fig
6. Compared to SD diet rat livers, all other diet rat livers have significant lower GSH (Fig
6A). GSSR is significantly higher in the livers from the HFmix diet group when compared
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to livers from the SD and LF diet groups (Fig 6B). GSSR in livers from rats fed the KG diet
was not significantly different compared to the livers from the SD diet, but it is higher than
the liver from the LF diet (Fig 6B). The ratios of GSH/GSSR were significantly lower in
livers from the KG and HFmix diet groups when compared to the livers from SD and LF
diet groups (Fig 6C). In addition, livers from the LF diet group had both lower GSH and
GSSR. However, the ratio of GSH/GSSR was not significantly changed in livers from rats
fed the LF diet (Fig 6C).

Ascorbic acid in livers from rats fed different diets

Effects of different diets on hepatic oxidative stress were also assessed through the analysis
of ascorbic acid since ascorbic acid is an antioxidant. Ascorbic acid in the rat livers with
different diets was shown in Fig 6D. Ascorbic acid was found to be lower in rat livers from
both the KG diet (1.0 + 0.05 pmol/g) and HFmix diet (1.0 £ 0.15 pmol/g) groups compared
to rat livers from SD diet group (1.4 = 0.16 pmol/g). Livers from rats fed the LF diet had no
significant change in ascorbic acid concentration (1.2 = 0.19.mol/g) when compared to
livers from rats fed the SD diets.

Acyl-CoA profile in livers from rats fed different diets

To further demonstrate the effects of fatty acid oxidation on HNE catabolism, the main
related acyl-CoAs were assayed. Malonyl-CoA was found lowest in the rat livers on a KG
diet (Fig 7A). Malonyl-CoA is a regulator of fatty acid oxidation and synthesis [45,46]. Low
levels of malonyl-CoA indicate more fatty acid oxidation rather than synthesis. High
malonyl-CoA concentrations decrease fatty acid oxidation by inhibiting CPT1[42]. BHB-
CoA is an intermediate of fatty acid oxidation. In livers from rats fed the KG diet, the
concentrations of BHB-CoA was the highest (Fig 7C). High rates of beta oxidation with the
KG diet were also indicated by the ratio of BHB-CoA/AcAc-CoA (Fig 7D). 4-
Hydroxynonenoyl-CoA is an HNE oxidation intermediate and is undetectable in control rat
livers [21]. In the present work, 4-hydroxynonenoyl-CoA was only detectable in rat livers
from the KG diet group (Fig 7B).

w-6 PUFAs concentrations in livers from rats fed different diets

In rat livers, w-6 PUFAS are the substrates of lipid peroxidation products. Thus, the total
linoleic acid and arachidonic acid concentrations in the rat livers from different diet groups
were assayed. The results are shown in Fig. 8. Linoleic acid was found significantly higher
in livers from the LF, KG and HFmix diet groups when compared to livers from the SD diet
group. However, only livers from the KG and HFmix diet groups had significantly higher
arachidonic acid (Fig 8).

Discussion

We developed a new GC-MS method combined with mass isotopomer analysis for assaying
DHN, HNE, and ONE. With the developed method, DHN, HNE, and ONE concentrations in
the livers from rats fed four different diets were measured. The production and disposal of
HNE and its analogs in the rat livers were investigated to understand the potential
mechanism of the diet-altered HNE and ONE levels.

Various analytical methods have been reported for HNE in different biological samples. The
most commonly used HNE assay is pentafluorobenzyl oxime (PFB) derivatives by negative
GC-MS [47,48]. DHN can not be derivatized by PFB. We developed the present method for
DHN, HNE, and ONE by the reduction of HNE and ONE to M1 and M2 DHN. The

advantages of this method are: (i) DHN TMS derivatives can be sensitively assayed by GC/
MS with LOQ at 0.03 M, (ii) it is easy to develop the experimental method since only one
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compound (DHN) is monitored, and (iii) systematic error is reduced because only one
calibration curve is used for all three compounds of analysis.

The potential interference to HNE and HNE analogs assay in the present method is from the
possible presence of 1-hydroxynon-2-en-4-one. 1-Hydroxynon-2-en-4-one is formed when
ONE is reduced by NADPH dependent reductase [49]. 1-Hydroxynon-2-en-4-one reduced
by sodium borodeuteride forms M1 DHN that is the same reduction product of HNE.
However, it can still be differentiated by two fragments because M1 DHN from 1-
hydroxynon-2-en-4-one produces two fragments at 232 and 200, and fragments of M1 DHN
from HNE are at 232 and 199. One can quantify DHN, HNE, ONE and 1-hydroxynon-2-
en-4-one based on both fragments if necessary. 1-Hydroxynon-2-en-4-one is also a product
of aldehyde reductase and, therefore, the trace amount of DHN found in the rat liver led us
to inferring that there is a negligible amount of 1-hydroxynon-2-en-4-one in rat liver tissues.

The influence of various diets on the HNE and HNE analog concentrations in rat livers was
investigated. HNE and ONE were found in the highest levels in livers from rats fed an
HFmix diet (Fig 4). The high HNE and ONE levels in the HFmix diet together with
increased HNE conjugate with GSH (Fig 5) confirms that GSH conjugation is one of main
disposal pathways of HNE in liver. The possibility of HNE and ONE coming from dietary
sources (i.e. the diets themselves rather than as a result of dietary alterations) were excluded
since little amounts of HNE and ONE were detected in all diets.

To investigate the possible mechanism of diet-altered HNE and HNE analog concentrations
in rat livers, the production and disposal of HNE were measured. The production of HNE
and ONE is from the peroxidation of w-6 PUFAS (linoleic acid and arachidonic acid) and is
induced by oxidative stress. Therefore, HNE has been used as biomarker of oxidative stress
[50]. The disposal of HNE in the liver is mainly viathe following pathways: (i) reduction to
the less reactive DHN, (ii) conjugation with GSH, cysteine, and carnosine, and (iii)
completely catabolism to acetyl-CoA and propionyl-CoA, which enters citric acid cycle
[21,22].

The production of HNE and ONE is related to the w-6 PUFA concentrations and to
oxidative stress. In the present work, oxidative stress was assessed by measuring the
concentrations of reduced and oxidized glutathione, particularly their ratios. The ratio of
GSH/GSSR (Fig 6C) was found to be within the range of previously reported GSH/GSSG
ratios in control livers (from 6 to 100) [51-54] even though our GSSR contains both GSSG
and GSH conjugates. GSSG is still probably the main component of GSSR assayed in our
method [40]. Therefore, GSH/GSSG ratio was reasonably used to estimate the oxidative
stress in livers. The lower ratio of GSH versus GSSR (oxidized glutathione and other
glutathione conjugate) in KG and HFmix diet groups (Fig 6C) indicates higher oxidative
stress in the livers from rats fed both diets. Tissue levels of ascorbic acid are known to
decrease under oxidative stress conditions [55]. In the present study, the decreased ascorbic
acid content in KG and HFmix diet groups (Fig 6D) also confirmed the high oxidative stress
in livers from rats fed both diets. Higher oxidative stress induces more lipid peroxidation,
which could explain the higher HNE and ONE levels found in livers of rats fed the HFmix
diet. However, HNE and ONE levels in livers from rats fed the KG diet (Fig 4) conflicted
with the data of GSH/GSSR and ascorbic acid.

The concentration of w-6 PUFA in the diets or rat livers is another factor that could
influence HNE and ONE production. The highest level of w-6 PUFAs were found in the KG
diets followed by LF diet and then the HFmix diet. There was little amount of w-6 PUFA in
the SD diets (17.3 g/kg, Table 1). As expected that total w-6 PUFAs concentrations in livers
of rats fed the KG, LF and HFmix diets were higher than in livers from rats fed the SD diet.

Free Radic Biol Med. Author manuscript; available in PMC 2013 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 11

High oxidative stress and w-6 PUFAs in the livers from rats fed the KG diet didn’t induce
high level of HNE and ONE. One explanation is that the KG diet-induced high production
of HNE and ONE is likely decreased by high rates of disposal. The HNE glutathione
conjugate data (Fig 5) did not show significant differences in the livers from rats fed the KG
diet. The highest level of HNE glutathione conjugate was found in the livers from rats fed
the HFmix diet probably because of the increased HNE and ONE. Thus, HNE glutathione
conjugation does not appear to be the factor accelerating its disposal in KG diet rat liver.
HNE conjugation with other compounds, such as cysteine [56], lipoic acid [57] or carnosine
[58] was not assayed since conjugation with GSH is most efficient via both spontaneous
chemical and enzymatic reactions [59]. HNE or ONE reduction to DHN is reported to be
another detoxification pathway [20]. However, DHN was in much lower amount compared
to HNE or ONE (Fig 4C). Moreover, DHN was significantly lower in the livers from rats
fed the KG diet compared to other diets.

The different disposal rates of HNE are most likely attributed to different catabolic rates of
HNE in livers from rats fed different diets, although changes in production cannot be
completely ruled out. HNE catabolism in rat liver is via two parallel pathways that share the
major beta oxidation pathways of most fatty acids [21,22]. Genes involved in fatty acid
oxidation are up-regulated so that rats can adapt to the KG diet (fatty acids are the main
energy source) [25]. The activated fatty acid oxidation and low fat synthesis in livers from
rats fed a KG diet can be demonstrated by (i) the extremely low malonyl-CoA concentration
(10 fold lower compared to SD diet), (ii) high BHB-CoA levels, and (iii) high ratio of BHB-
CoA/AcAc-CoA (Fig 7). The enhanced fatty acid oxidation can also be demonstrated by the
dramatic increase in ketone bodies concentrations (3-hydroxybutyrate was 10 fold higher in
livers from rats fed the KG diet compared to SD diet, data is not shown). We concluded that
HNE catabolism in livers from rats fed the KG diet is accelerated by the activated fatty acid
oxidation pathways. Therefore, free HNE levels are not elevated in livers from rats fed the
KG diet even with high levels of oxidative stress and w-6 PUFA. The unusual amount of 4-
hydroxynonenoyl-CoA (the catabolic intermediate of HNE) was only found in the KG diet
rat liver (Fig 7B), which also demonstrates the high catabolic rate of HNE in these livers.

The fatty acid metabolism in the HFmix diet group was the opposite of the KG diet group.
Fatty acid synthesis was relatively higher in the livers from rats fed with the HFmix diet.
The higher fatty acid synthesis rate in the HFmix diet was supported by a lipid synthesis rate
that was 4 fold higher than the SD diet (unpublished data). The higher fatty acid synthesis
indicates lower fatty acid oxidation and lower HNE catabolism. Lower fatty acid beta
oxidation in rat livers with similar HFmix diets was observed by Vial et al. [23]. Xie et al.
also found that fatty acid utilization through beta oxidation was inhibited and lipogenesis
was enhanced in livers from rats fed the HFmix diet [24]. The decreased HNE catabolism,
higher oxidative stress, and higher w-6 PUFAs concentrations resulted in the HNE and HNE
analogs accumulation in livers from the HFmix diet group. ONE is also a direct lipid
peroxidation product of w-6 PUFAs. ONE concentration in the livers from rats fed different
diets is comparable to HNE. This probably is due to the similar metabolism of ONE and
HNE in rat liver. ONE may be reduced to HNE first by dehydrogenase and then be
metabolized via HNE catabolic pathway.

Although a high concentration of linoleic acid in the LF diet and livers from rats fed the LF
diet, HNE and ONE in the livers from rats fed the LF diet are not significantly different
compared to the SD diet (Fig 4).This probably is because the oxidative stress level is low in
the livers from rats fed the LF diet, which is contrast to the previous report [60]. GSH-HNE
and GSH/GSSR ratios in the livers from rats fed the LF diet are similar to the SD diet
although GSH concentration was low in the livers from rats fed the LF diet. The reason why
GSH was low in the livers from the LF diet is not clear. However, it may be related to GSH
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synthesis, since both GSH and GSSR are in low concentration in livers of rats fed the LF
diet. In addition, the concentration of ascorbic acid, another oxidative marker, in livers from
the LF diet was not significantly different compared to the SD diet.

Free HNE and ONE (i.e. the un-conjugated forms) are highly reactive small molecules.
Reactive oxygen species only exert their effects in the cells where they are generated. In
contrast, free HNE or ONE diffuse to neighboring cells where they react with thiol groups of
proteins, GSH, amino groups of proteins (histidine or lysine) [61,62], lipids, and DNA
[6,63,64]. Modified proteins or enzymes by HNE or ONE often impair their activities. Lipid
peroxidation products have been implicated in many disease states including Alzheimer’s
disease [65,66], atherosclerosis [67], obesity [68], diabetes [69] and cancer [70]. The four
diets used in the present study resulted in different HNE/ONE levels in rat livers. The latter
suggests a potential mechanism for diet-induced diseases, such as obesity or diabetes.

The proposed mechanism for the altered changes in HNE and ONE in livers from rats fed
KG and HFmix diets is summarized in Fig 9. The findings of the present work have the
following implications: (i) free HNE and ONE concentrations are not reliable biomarkers of
oxidative stress since the disposal rate of HNE and ONE via catabolism can be accelerated
(as seen with the KG diet), (ii) accumulation of HNE and ONE (as seen with the HFmix
diet) could be one of the factors that causes metabolic syndrome linking its etiology to
western diets, and (iii) diseases that lower fatty acid oxidation may lead to higher HNE and
ONE levels, which in turn may worsen other diseases, such as type 2 diabetes [71-73].

Future work is required to investigate the consequences of an HFmix diet-induced chronic
accumulation of HNE or ONE in the livers and other tissues. The catabolic flux of HNE and
ONE in livers from rats fed KG and HFmix diets can be quantified by using mass isotope
labeled substrates. The effect of different diets on the activity of enzymes involved in HNE
catabolism should also be characterized.
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Abbreviations

HNE 4-hydroxynonenal

ONE 4-oxononenal

DHN 1,4-dihydroxynonene

w-6 PUFAs w-6 polyunsaturated fatty acids
GSH reduced glutathione
BHB-CoA 3-hydroxybutyryl-CoA
AcAc-CoA acetoacetyl-CoA

MID mass isotope distributions
TMS trimethylsilyl

GSH-HNE HNE glutathione conjugate
KG ketogenic diet
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SD standard diet

LF low fat diet

HFmix high fat mix diet

El electron impact

MRM multiple reaction monitoring
GSSR glutathione conjugates

PFB pentafluorobenzyl oxime
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The scheme of DHN, HNE and ONE reduced by sodium borodeuteride and the chemical

structures of TMS derivatives.
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El mass spectra of M0, M1, and M2 DHN-TMS derivatives. A: MO DHN-TMS derivative;
B: M1 DHN-TMS derivative; C: M2 DHN-TMS derivative.
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Calibration curve of mass isotopomer enrichment versus the concentration ratio of DHN,
HNE and ONE. A: the enrichment ratio of M1 and MO DHN versus the concentration ratio
of HNE and DHN; B: the enrichment ratio of M2 and MO DHN versus the concentration
ratio of ONE and DHN.
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Figure 4.
The concentrations of DHN, HNE and ONE in the livers from rats fed the different diets.

Panel A: HNE concentration in rat livers; Panel B: ONE concentration in rat livers. Panel C:
DHN concentration in rat livers. The statistical significance among the different diet groups
was determined by ANOVA analysis verified by a Bartlett test. And Tukey’s Post Hoc test
was used to determine significant differences between each group after ANOVA analysis.
(**p<0.01 and *F~<0.05, n=6). The data was calculated based on the wet weight of liver
tissues.
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Figurebs.

The concentration of GSH-HNE in the livers from rats fed the different diets. The statistical
significance among the different diet groups was determined by ANOVA analysis verified
by a Bartlett test. And Tukey’s Post Hoc test was used to determine significant differences
between each group after ANOVA analysis. (**p<0.01 and */<0.05, n=6). The data was
calculated based on the wet weight of liver tissues.
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The concentration of glutathione (GSH) (A), the concentration of the oxidized glutathione
and conjugated glutathione (GSSR) (B), the ratio of GSH/GSSR (C) and the concentration
of ascorbic acid (D) in the livers from rats fed the different diets. The statistical significance
among the different diet groups was determined by ANOVA analysis verified by a Bartlett
test. And Tukey’s Post Hoc test was used to determine significant differences between each
group after ANOVA analysis. (**p<0.01 and */<0.05, n=6). The data was calculated based

on the wet weight of liver tissues.
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Figure?7.

The concentrations of Acyl-CoAs in the livers from rats fed the different diets. A: Malonyl-
CoA, B: 4-hydroxynonenoyl-CoA, C: BHB-CoA, and D: BHB-CoA/AcAc-CoA. The
statistical significance among the different diet groups was determined by ANOVA analysis
verified by a Bartlett test. And Tukey’s Post Hoc test was used to determine significant
differences between each group after ANOVA analysis. (**p<0.01 and */<0.05, n=6). The
data was calculated based on the wet weight of liver tissues.
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Figure8.

The concentrations of linoleic acid (A) and arachidonic acid (B) found in the livers from rats
fed the different diets by GC-MS. The statistical significance among the different diet
groups was determined by ANOVA analysis verified by a Bartlett test. And Tukey’s Post
Hoc test was used to determine significant differences between each group after ANOVA
analysis. (**p<0.01 and */<0.05, n=6). The data was calculated based on the wet weight of
liver tissues.
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The relationship between HNE catabolism and the concentrations of HNE/ONE in the livers
from rats fed the KG and HFmix diets.
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