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Abstract
Protein carbonylation is the covalent modification of proteins by α,β-unsaturated aldehydes
produced by non-enzymatic lipid peroxidation of polyunsaturated fatty acids. The most widely
studied aldehyde product of lipid peroxidation, trans-4-hydroxy-2-nonenal (4-HNE), is associated
with obesity-induced metabolic dysfunction and has demonstrated reactivity toward key proteins
involved in cellular function. However, 4-HNE is only one of many lipid peroxidation products
and the lipid aldehyde profile in adipose tissue has not been characterized. To further understand
the role of oxidative stress in obesity-induced metabolic dysfunction, a novel LC-MS/MS method
was developed to evaluate aldehyde products of lipid peroxidation and applied to the analysis of
adipose tissue. 4-HNE and trans-4-oxo-2-nonenal (4-ONE) were the most abundant aldehydes
present in adipose tissue. In high fat fed C57Bl/6J and ob/ob mice the levels of lipid peroxidation
products were increased 5–11 fold in epididymal adipose, unchanged in brown adipose but
decreased in subcutaneous adipose tissue. Epididymal adipose tissue of high fat fed mice also
exhibited increased levels of proteins modified by 4-HNE and 4-ONE while subcutaneous adipose
tissue levels of these modifications were decreased. High fat feeding of C57Bl/6J mice resulted in
decreased expression of a number of genes linked to antioxidant biology selectively in epididymal
adipose tissue. Moreover, TNFα treatment of 3T3-L1 adipocytes resulted in decreased expression
of GSTA4, GPx4, and Prdx3 while up regulating the expression of SOD2. These results suggest
that inflammatory cytokines selectively down regulate antioxidant gene expression in visceral
adipose tissue resulting in elevated lipid aldehydes and increased protein carbonylation.

Keywords
adipose; obesity; oxidative stress; 4-HNE; 4-ONE; gene expression

© 2013 Elsevier Inc. All rights reserved
3Author to whom correspondence should be addressed David A. Bernlohr Department of Biochemistry, Molecular Biology and
Biophysics The University of Minnesota 321 Church St. SE Minneapolis, MN 55455 bernl001@umn.edu 1.612.624.2712.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
Free Radic Biol Med. 2013 October ; 63: 390–398. doi:10.1016/j.freeradbiomed.2013.05.030.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Obesity is characterized by increased adiposity and frequently results in the development of
insulin resistance and type 2 diabetes [1–3]. Obesity-induced insulin resistance is
accompanied by a number of molecular changes in adipose tissue [4–7] including increased
macrophage infiltration, particularly in the visceral depots, increased ER stress and
mitochondrial dysfunction [8, 9]. Of particular interest is increased oxidative stress that
results in elevated protein carbonylation that occurs coincident with the development of
insulin resistance [4, 5, 10–13]. Given the importance of cysteine, lysine and histidine
(protein carbonylation targets) in catalysis, proteins modified by reactive aldehydes are
typically inactivated and may be targeted for degradation. However, some signaling systems
are activated upon carbonylation [13–17]. Protein carbonylation is believed to play a major
role in altering mitochondrial respiration and metabolic capacity [4, 18, 19] and recently
Curtis et al., have identified the mitochondrial phosphate carrier and two subunits of
Complex I (NDUFA2 and NDUFA3) as critical carbonylation targets using the 3T3-L1
model cell system [10].

Reactive α,β-unsaturated aldehydes responsible for protein carbonylation are products of
lipid peroxidation that result from oxidative modification of polyunsaturated fatty acids
(PUFA) [20]. These α,β-unsaturated aldehydes are believed to play a major role in onset
and progression of disease [15]. Trans-4-hydroxy-2-nonenal (4-HNE) is the most widely
studied α,β-unsaturated aldehyde. 4-HNE is moderately reactive and freely diffuses within
the cell and across membranes [13, 21, 22]. A number of studies have demonstrated that 4-
HNE is cytotoxic, depletes glutathione, induces mitochondrial dysfunction, and targets some
enzymes for degradation in a number of cell culture systems [6, 14, 19, 23]. In addition, 4-
HNE has been linked to obesity-induced insulin resistance [7, 24].

While 4-HNE has received a great deal of attention, a number of other α,β-unsaturated
aldehydes result from lipid peroxidation [25]. The aldehyde profile resulting from lipid
peroxidation depends on the PUFA composition of the tissue in question. As such, the
cellular consequences of lipid peroxidation depend largely on the profile of aldehydes
produced, as they vary to a great degree in rates of formation and metabolism, diffusibility,
and reactivity. For example, In vitro studies have shown that lipid peroxidation of linoleic
acid, the most abundant PUFA in adipose tissue, results primarily in production of 4-HNE
and trans-4-oxo-2-nonenal (4-ONE), suggesting that 4-ONE may be an important effector of
oxidative stress in adipose tissue [26].

A variety of Phase I and Phase II antioxidant enzymes have been implicated in enzymatic
detoxification of reactive lipid aldehydes [5]. Aldehyde dehydrogenase has been considered
a key antioxidant enzyme catalyzing the oxidation of aldehydes to the corresponding
carboxylic acid and in addition a variety of glutathione peroxidases and peroxiredoxins have
been suggested to play major roles in lipid hydroperoxide reduction, preventing formation of
lipid aldehydes [27–29]. The key Phase II enzyme responsible for Michael adduction of
lipid aldehydes is to glutathione is glutathione S-transferase A4 and mice lacking GSTA4
exhibit increased protein carbonylation and metabolic dysfunction [10].

Despite numerous studies showing increases in protein carbonylation and mitochondrial
dysfunction as a result of diet-induced obesity, the specific aldehydes responsible for these
processes have not been identified [4, 5, 10–12]. To this end, a novel method was developed
and validated for quantitation of individual aldehydes in adipose tissue of high fat-fed
C57Bl/6J or ob/ob mice. We report herein that high fat fed and ob/ob mice exhibited
increased levels of 4-HNE and 4-ONE in epididymal white adipose tissue (EWAT). In
contrast, feeding a high fat diet resulted in significant decreases in subcutaneous white
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adipose tissue (SAT) 4-HNE and 4-ONE content without any alteration in aldehyde content
of brown adipose tissue. Consistent with these results, 4-HNE/4-ONE Michael adducts were
increased in EWAT of high fat-fed mice, but decreased in SAT of high fat-fed mice.
Furthermore, EWAT of ob/ob and high fat-fed mice displayed general decreases in
expression of genes encoding key metabolic enzymes while expression of these enzymes
remained relatively unaltered in SAT of ob/ob and high fat-fed mice.

MATERIALS AND METHODS
Materials

4-HNE, 4-ONE, trans-4-hydroxy-2-hexenal (4-HHE), trans-4-hydroxy-2-nonenal-9,9,9-d3
(4-HNE-d3), and trans-4-oxo-2-nonenal-9,9,9-d3 (4-ONE-d3) were purchased from Cayman
Chemical (Ann Arbor, MI). Trans-2-octenal, and butylated hydroxytoluene (BHT) were
purchased from Sigma-Aldrich (St. Louis, MO). Acrolein, trans-2-butenal, and
carboxymethoxylamine (aminooxyacetic acid, AOA) were purchased from Acros Organics
(Geel, Belgium). Diethylenetriaminepentaacetic acid (DTPA) was purchased from TCI
America (Portland, OR). Malondialdehyde (MDA) was synthesized as previously published
[25, 30]. High fat diet containing 60% of calories from lard was purchased from BioServ
(Frenchtown, NJ). Strata-X-AW weak anion exchange solid phase extraction columns were
purchased from Phenomenex (Torrance, CA). 10 week old ob/ob leptin deficient mice were
purchased from Jackson Laboratories (Bar Harbor, ME). Anti-HNE Michael adduct
polyclonal primary antibody was purchased from Calbiochem (No. 393207), a subsidiary of
EMD Millipore (Billerica, MA). Goat polyclonal anti-actin (No. sc-1616) was purchased
from Santa Cruz Biotechiology (Santa Cruz, CA). Horseradish peroxidase-linked rabbit anti-
goat IgG antibody (No. NB710-H) was purchased from Novus Biologicals (Littleton, CO).
Restore Plus Western Blot Stripping Buffer (No. 46430), SuperBlock Blocking Buffer (No.
37536), and SuperSignal West Pico Chemiluminescent Substrate (No. 34087) were
purchased from Thermo Scientific (Rockford, IL).

Differentiation of 3T3-L1 adipocytes and cytokine treatment
3T3-L1 fibroblasts grown to confluence and differentiated using the standard
dexamethasone, methylisobutylxanthine and insulin protocol [31]. Differentiation was
assessed by triglyceride accumulation and the expression of adipocyte marker proteins such
as the adipocyte fatty acid binding protein, hormone sensitive lipase and the insulin-
stimulatable glucose transporter. On day 8 of differentiation cells were treated with 1nmol/L
TNFα (R&D systems, Minneapolis) for 24 hours and subsequently harvested for RNA
analysis.

Animal Protocol
Wild-type C57Bl/6J mice were weaned and maintained on either a high fat (20% protein,
35.5% fat, 36.3% carbohydrate; Bioserv, Frenchtown, NJ) or chow diet at 3 weeks of age.
Ob/ob mice were purchased at 10 weeks of age and maintained for 2 weeks on normal chow
diet prior to sacrifice. At 12 weeks of age (9 weeks on diet for high fat and chow fed
controls), animals were sacrificed and selected tissues were removed and flash frozen in
liquid nitrogen. Frozen tissues were stored at −80° C prior to analysis. All samples were
prepared for analysis less than 1 month after dissection and storage. The University of
Minnesota Institutional Animal Care and Use Committee approved all animal procedures.

Derivatization of Aldehydes and Solid Phase Extraction
100 mg of adipose tissue was homogenized in 50 mM sodium acetate buffer containing 5
mM aminooxyacetic acid with 250 μM BHT and 500 μM DTPA at pH 5.0, spiked with
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deuterated internal standards, and incubated for 1h on ice. Derivatization resulted in oxime
formation as shown in Figure 1. After derivatization, samples were vortexed briefly and
centrifuged at 10,000g for 10 minutes. Strata-X-AW columns (60 mg sorbent) were
conditioned with 1 mL methanol and equilibrated with 1 mL 100 mM sodium acetate, pH
5.3. The aqueous phase of samples was loaded and columns were washed with 1 mL 100
mM sodium acetate buffer, pH 5.3 followed by 1 mL methanol. Columns were dried briefly
under vacuum, and derivatized aldehydes were eluted with 1 mL 5:95 NH4OH:MeOH.
Eluates were dried to a film under nitrogen, resuspended in 125 μL MeOH and stored at
−80° C prior to analysis by LC-MS/MS. Immediately preceding LC-MS/MS analysis,
samples were diluted to 250 μL with water in order to bring the concentration of aldehyde
derivatives in the sample within the linear range validated for analysis.

Liquid Chromatography-Tandem Mass Spectrometry
LC-MS/MS was carried out on an Agilent 1100 HPLC coupled to an AB/Sciex API
4000Qtrap mass spectrometer. Chromatography was performed using a 100 mm × 2.1 mm
Agilent Zorbax Eclipse plus C18 column with a 3.5 micron particle size using a gradient
elution. Solvent A was 0.1% formic acid in water and Solvent B was acetonitrile containing
0.1% formic acid. The column was equilibrated at 95:5 A:B. After sample injection, the
mobile phase was held at 95:5 for 3 minutes after which time solvent B was increased to
100% using a linear gradient from 3–15 minutes. Solvent B was held at 100% for 3 minutes,
followed by equilibration at 95% solvent A. A representative chromatogram of synthetic
standards is depicted in Figure 2.

Multiple reaction monitoring (MRM) conditions were developed using direct infusion
tandem mass spectrometry. MRM transitions are listed in Table 1. Analyses were performed
using electrospray ionization with an ionspray voltage of −4500V. Collision energy for all
analytes was −15V, with the exception of malondialdehyde (−10V). Stable isotope dilution
was used for quantitation of aldehydes in tissue samples and final quantities were
normalized by weight of tissue homogenized. Values are presented as nanograms of
aldehyde per gram of tissue.

Adipose Tissue Aldehyde Screening
100 mg of EWAT was prepared and analyzed for eight potential products of lipid
peroxidation: malondialdehyde, acrolein, trans-2-butenal, 4-HHE, trans-2-hexenal, 4-HNE,
4-ONE, and trans-2-octenal. 4-HNE, 4-ONE, and MDA were detectable in all samples, with
trans-2-octenal present at low levels in some samples. The abundance of 4-HNE was similar
to that of 4-ONE but much greater than MDA, The absolute levels of 4-HNE and 4-ONE
were ~300–500 ng/g tissue while MDA was present at ~20 ng/g tissue (data not shown).
Based on abundance and far greater reactivity of 4-HNE and 4-ONE as compared to MDA
and trans-2-octenal, validation parameters were acquired for 4-ONE and 4-HNE.

Method Validation Parameters
50 mg of tissue homogenate was spiked with varying concentrations of 4-ONE and 4-HNE
with a constant amount of 4-HNE-d3 and 4-ONE-d3. Endogenous levels of 4-HNE and 4-
ONE were determined in quadruplicate in homogenate spiked only with deuterated internal
standards, and subtracted from each sample. The linear range of this assay was 20 fmol to at
least 1000 fmol for both 4-HNE and 4-ONE (Figure 3). Intra-day precision was assayed at
six concentrations (10, 20, 50, 100, 250, and 1000 fmol) in quadruplicate. Precision, as
determined by percent relative standard deviation (%RSD), was within the acceptable range
(<20%) from 20 –1000 fmol (Table 2). Accuracy was determined at four concentrations (20,
50, 250, and 1000 fmol) in quadruplicate and was within the acceptable range at 50, 250,
and 1000 fmol, but not at 20 fmol (Table 3). Based on the results of these validation
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parameters, lower limit of quantitation was defined as 50 fmol based on acceptable values
for accuracy, precision and linearity [32].

Measurement of 4-HNE/4-ONE Protein Adducts
250 mg of EWAT or SAT was homogenized in pH 5.5 sodium acetate buffer containing 250
μM BHT using an electronic homogenizer. Samples were vortexed briefly and centrifuged
at 3800 rpm for 10 minutes at 4° C. The protein concentration was determined by the
bicinchoninic acid protein quantitation assay (Sigma-Aldrich, St. Louis, MO). EWAT
samples (20 μg of protein per sample) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on a 12–20% gradient polyacrylamide gel, while SAT
samples were separated on a 10% polyacrylamide gel. After separation, proteins were
transferred to Immobilon-FL membranes (Millipore, Darmstadt, Germany) and reduced for
1h with 50 mM sodium borohydride in phosphate-buffered saline (PBS). Membranes were
then blocked using LI-COR Odyssey Imaging Systems (LI-COR Biosciences, Lincoln, NE)
blocking buffer for 45 minutes prior to overnight incubation at 4° C with the anti-4-HNE/4-
ONE Michael adduct antibody. Membranes were washed 4 times with PBS containing 0.2%
Tween-20 (PBS-T), then incubated with LI-COR goat anti-rabbit IR-800 secondary antibody
for 1h at room temperature. Membranes were washed 4 times with PBS-T and visualized
using a LI-COR Odyssey imaging system.

For normalization, membranes were stripped with Restore Plus western blot stripping buffer
for 7 minutes. Membranes were washed 4X with PBS-T and blocked with Superblock
blocking buffer for 30 minutes prior to overnight incubation at 4° C with 1:1000 goat
polyclonal anti-actin antibody. Membranes were washed 4X with PBS-T, then incubated for
1h with 1:50,000 HRP-linked rabbit anti-goat polyclonal antibody. Membranes were washed
4X with PBS-T and incubated with HRP substrate for 5 minutes. Bands were detected by
autoradiography.

Quantitative Real Time PCR (qPCR)
Total RNA was extracted from 3T3-L1 cells and tissue using TRIzol reagent according to
manufacturer's protocol (Invitrogen, Grand Island, NY). Both subcutaneous and epidiymal
adipose tissue were harvested from age matched lean, ob/ob and high fat fed mice. Real-
time amplification was performed using a Bio-Rad MyiQ thermocycler using iQ SYBR
Green Supermix and recommended thermocycler parameters (Bio-Rad, Hercules, CA).
Gene expression assays were performed for glutathione peroxidase 4 (Gpx4), peroxiredoxin
3 (Prdx3), manganese superoxide dismutase (SOD2), glutathione-S-transferase A4
(GSTA4), and aldehyde dehydrogenase 2 (ALDH2) (Primer sets shown in Table 4). Relative
gene expression comparisons were carried out using transcription factor 2E (TFIIE) as an
endogenous control.

Statistical Analyses
All statistical analyses were done using unpaired two-tailed student's t-tests with
significance level set at p<0.05.

RESULTS
Quantitation of 4-HNE and 4-ONE in Adipose Tissue

To evaluate the levels of aldehydes in adipose tissue, high fat fed and chow fed C57Bl/6J
and ob/ob mice were sacrificed and EWAT and SAT adipose depots harvested. Samples
were homogenized, derivatized with aminooxyacetic acid and analyzed via liquid
chromatography tandem mass spectrometry. In EWAT, levels of 4-HNE were increased >5-
fold in high fat fed (HF) C57Bl/6J and chow fed ob/ob mice as compared to chow fed
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controls (LF) (p<0.05) (Figure 4A). Similarly, 4-ONE levels were significantly increased
>10-fold in adipose tissue of high fat fed C57Bl/6J and ob/ob mice as compared to chow fed
controls (p<0.05) (Figure 4A). In contrast, 4-HNE and 4-ONE were significantly decreased
in SAT of high fat fed versus chow fed mice (Figure 4B). 4-ONE and 4-HNE were not
significantly decreased in SAT of ob/ob mice, although levels were reduced to
approximately 50% of control levels (Figure 4B). 4-ONE and 4-HNE levels did not differ in
brown adipose tissue as a result of high fat diet (Figure 4C).

4-HNE/4-ONE Protein Adduct Analysis
Given the changes in reactive aldehydes in the various adipose depots we assessed the levels
of protein carbonylation in the various adipose depots of high fat fed mice compared to
chow fed controls using an antibody directed towards 4-HNE/4-ONE protein Michael
adducts. Due to the reduction step used in this assay, 4-ONE and 4-HNE protein adducts are
both reduced to 1,4-dihydroxynonene adducts and are indistinguishable [33]. Similar to the
increased aldehydes in EWAT, high fat-fed mice exhibited increased levels of 4-HNE/4-
ONE protein adducts compared to chow fed mice (Figure 5A). These results agree with
previous reports that protein carbonylation is increased in EWAT in response to high fat diet
[4, 11]. In contrast, 4-HNE/4-ONE Michael adducts were significantly decreased in SAT in
high fat-fed mice as compared to chow fed mice (Figure 5B). These results are consistent
with the observation that 4-HNE and 4-ONE levels are decreased in SAT of high fat-fed and
ob/ob mice.

Expression Levels of Antioxidant Genes in Adipose Tissue
Because lipid aldehydes are formed via hydroxyl radical mediated oxidation of
polyunsaturated fatty acyls that are regulated by a series of antioxidant enzymes, epididymal
and subcutaneous adipose tissue of chow and high fat fed C57Bl/6J and ob/ob mice were
analyzed for expression of a panel of antioxidant genes using quantitative real time PCR.
Adipose tissue from high fat fed and ob/ob mice exhibited significantly decreased
expression of GSTA4 and Prdx3 in EWAT. EWAT from high fat fed mice showed
significantly decreased expression of Gpx4 (Figure 6A) and Gpx3 (results not shown).
Interestingly, the level of GPx1 did not change in response to high fat feeding (results not
shown). SOD2 expression did not change significantly as a result of high fat diet, but was
significantly increased in EWAT of ob/ob mice (Figures 6A, C). ALDH2 and Gpx4
expression levels were significantly decreased in EWAT while they showed no change in
expression in SAT of high fat fed as compared to chow fed mice (Figures 6A, B). However,
ALDH2 expression was decreased in both EWAT and SAT while Gpx4 expression levels
remained unchanged in ob/ob mice as compared to wild-type controls (Figures 6C, D). In
subcutaneous adipose tissue, GSTA4 expression was significantly decreased in ob/ob mice
with a trend toward decreased expression in high fat fed mice, consistent with previous
studies (Figures 6B, D). In contrast to EWAT, Prdx3, Gpx4 and Gpx3 (data not shown)
expression did not change significantly in SAT of high fat fed and ob/ob mice (Figures 6B,
D). However, Gpx4 showed a trend toward increased expression in SAT of ob/ob mice
(Figure 6D). SOD2 expression was not significantly changed in SAT of either high fat fed or
ob/ob mice (Figures 6B, D).

Since visceral adipose depots are known to be infiltrated with inflammatory macrophages
preferentially compared to subcutaneous depots we assessed the effect of inflammatory
cytokines on antioxidant gene expression using the 3T3-L1 cell culture system. Figure 7
demonstrates that treatment of 3T3-L1 adipocytes with 1nM of TNFα for 24 h led to the
down regulation of GSTA4, Prdx3, GPx4 while increasing the expression of SOD2. As
such, a plausible mechanistic basis for the decreased expression of antioxidant genes in
EWAT inflammatory cytokine-mediated down regulation.
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DISCUSSION
Obesity-induced insulin resistance and resultant type 2 diabetes is strongly linked to
oxidative stress and mitochondrial dysfunction [4, 5, 10–12, 24]. Also associated with
obesity is a state of chronic low-grade inflammation characterized by increased macrophage
infiltration to adipose tissue and resultant increases in pro-inflammatory cytokines such as
TNF-α, IL-6 and IL-1β [8, 34, 35]. In studies of insulin resistance, protein carbonylation is
often used as a biomarker of oxidative stress in adipose and other tissues and correlates
positively with metabolic dysfunction [4, 5, 10–12, 24]. While immunodetection of protein
carbonylation provides information regarding total oxidative state of the tissue, it does not
provide specific information as to the composition of aldehydes responsible for modification
but have largely been assumed to be due to 4-HNE [15, 36–38]. The effects of 4-HNE on
cellular systems and the correlation between 4-HNE modifications of proteins and disease
have been well defined [6, 17, 23, 36, 39–49].

In adipose tissue, linoleic acid is the most abundant PUFA, representing 15–40 mole-percent
of total fatty acid [50, 51]. Based on these levels, it is very likely that lipid peroxidation
products of linoleic acid are the driving force behind oxidative stress-induced protein
carbonylation. Indeed, one study suggests that 4-substituted alkenals are major products of
lipid peroxidation in adipose tissue of mice fed a high fat diet as determined by
derivatization and colorimetric analysis [6]. The results were attributed to 4-HNE despite the
inability of this method to distinguish distinct 4-substituted alkenals [52]. As 4-ONE is a
major lipid peroxidation product of linoleic acid, it is possible that the results obtained via
this method represent 4-ONE, or a mixture of 4-HNE and 4-ONE [26].

Application of a novel LC-MS/MS method confirmed the hypothesis that 4-HNE and 4-
ONE are the major products of lipid peroxidation in adipose tissue, and that both increase in
abundance in EWAT of high fat fed or ob/ob mice. While obesity-induced increases in
oxidative stress and lipid peroxidation are widely accepted, the finding that 4-ONE is
abundant in adipose tissue is a novel observation. Reactive oxygen species production
occurs largely in mitochondria [53] and radicals responsible for peroxidation of PUFA are
short-lived, this process likely occurs in mitochondrial membranes and in triglyceride
droplets closely neighboring mitochondria. These spatial considerations are important in that
mitochondrial protein carbonylation is increased in visceral adipose tissue in response to
over nutrition, and isolated mitochondria of animals fed high fat diet display considerable
alterations in mitochondrial respiration [4, 10]. As 4-ONE is >100-fold more reactive than 4-
HNE, 4-ONE may selectively modify mitochondrial proteins and act as a major effector of
oxidative stress-induced mitochondrial dysfunction [21, 22]. Interestingly, RAW 264.7 and
primary peritoneal macrophages did not produce detectable levels of 4-HNE or 4-ONE (data
not shown). In contrast, primary adipocytes and 3T3-L1 adipocytes did produce both 4-HNE
and 4-ONE (data not shown) suggesting that adipocytes may be the primary producers of
lipid aldehydes in adipose tissue.

Consistent with the reactivity differences between 4-ONE and 4-HNE, a recent report by
Picklo et al. showed that 4-ONE is a more potent inducer of mitochondrial uncoupling (IC50
= 5μM) than 4-HNE (IC50 > 100μM) [18]. Assuming aldehydes are diffusible within the
entire adipocyte, the concentration of 4-HNE and 4-ONE in adipose tissue is estimated to be
~2–5 μM. This estimate suggests that 4-ONE is present at concentrations sufficient to
induce mitochondrial uncoupling while 4-HNE levels are ~20–50 fold lower than the IC50
for mitochondrial uncoupling.

Previous studies have documented changes in antioxidant gene expression in visceral and
subcutaneous adipose tissue depots individually, but direct comparisons are sparse [57, 58].
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The results of RT-PCR analysis showed that GSTA4, ALDH2 and Prdx3 gene expression
decreased significantly in EWAT of high fat fed C57Bl/6J and ob/ob mice compared to
chow fed mice. GSTA4 is the primary glutathione-S-transferase responsible for
glutathionylation of 4-HNE and 4-ONE, and is known to be significantly down regulated
with obesity [12]. This down regulation directly contributes to increased levels of 4-HNE
and 4-ONE by reducing metabolic capacity [59–61]. In addition, decreased GPx4 and Prdx3
in EWAT of high fat fed mice are linked to decreased hydrogen peroxide and lipid
hydroperoxide metabolism allowing for greater production 4-HNE and 4-ONE [62, 63].
Specifically, hydrogen peroxide accumulation provides substrate for Fenton chemistry-
mediated production of hydroxyl radical, which induces lipid peroxidation. In conjunction,
decreased lipid hydroperoxide metabolism results in accumulation of these unstable
intermediates, allowing for greater degradation of oxidized PUFA via Hock cleavage to 4-
HNE and 4-ONE [20]. Interestingly, SOD2 levels were increased in EWAT of ob/ob mice
suggesting that superoxide anion is converted more efficiently to hydrogen peroxide. In
conjunction with decreases in the capacity to metabolize hydrogen peroxide, this
accumulation may contribute to increased production of hydroxyl radicals and accumulation
of lipid hydroperoxides. These results provide the basis for the model that over nutrition
leads to metabolic dysregulation in EWAT resulting in decreased metabolic capacity of both
hydrogen peroxide and lipid aldehydes resulting in accumulation of oxidative stress
products.

In contrast to EWAT, high fat fed C57Bl/6J and ob/ob mouse SAT exhibited only a trend
towards decreased expression of Prdx3, and SOD2. Consistent with previous reports,
GSTA4 levels were decreased significantly [4, 11]. Interestingly, ALDH2 expression was
decreased in EWAT and SAT of ob/ob mice, which is consistent with the increases in lipid
aldehydes observed in EWAT, but not in SAT. The antioxidant gene expression profile in
EWAT is consistent with increased lipid peroxidation, but does not adequately explain the
decreases in lipid aldehydes observed in SAT or the dramatic differences between the two
tissues. However, metabolism of products of oxidative stress is complex, with multiple
classes of both phase I and phase II enzymes contributing to biotransformation of a variety
of classes of molecules. Alternatively, the mechanisms by which subcutaneous adipose
tissue responds differently to high fat diet than visceral adipose tissue may be linked to
decreased inflammatory macrophages present in subcutaneous fat relative to visceral depots
[64, 65]. Interestingly, levels of 4-HNE and 4-ONE along with protein carbonylation were
decreased in subcutaneous adipose tissue. Many reports suggest that increased visceral
adipose tissue correlates more strongly with metabolic disease than subcutaneous adipose
tissue [54, 55, 56]. Decreased levels of 4-HNE and 4-ONE suggest that subcutaneous tissue
may undergo a robust antioxidant response to high fat feeding, resulting in decreased
oxidative stress.

Obesity is associated with a chronic low-grade inflammatory state characterized by
macrophage infiltration into adipose tissue [66]. Macrophage infiltration of visceral adipose
depots is greater than in subcutaneous depots and may drive the metabolic dysfunction
associated with obesity [65]. These macrophages produce and secrete large amounts of
proinflammatory cytokines, such as tumor necrosis factor α (TNFα) [67]. Treatment of
3T3-L1 adipocytes with TNFα resulted in decreased expression of GSTA4, GPx4, and
Prdx3. In contrast, SOD2 expression increased dramatically. These changes are consistent
with increased production, and decreased metabolism, of H2O2, providing substrate for
production of hydroxyl radical and subsequent lipid peroxidation. These results provide
evidence that inflammation may be responsible for propagation of oxidative stress in EWAT
exposed to activated macrophages [65]. Moreover, since SAT is not infiltrated with
macrophages to the same extent as is EWAT, oxidative stress has been suggested to be less
critical for SAT depots [65]. Moreover, several antioxidant genes such as Prdx3 and ALDH2
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were not down regulated in SAT in response to high fat feeding suggesting that the
decreased aldehydes and protein carbonylation may be due to antioxidant enzyme action.
Further characterization of free radicals and other reactive oxygen species in conjunction
with inflammatory signaling pathways may provide further evidence regarding the
differences in disposition of EWAT and SAT in response to over nutrition.
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ABBREVIATIONS

EWAT epididymal white adipose tissue

SAT subcutaneous white adipose tissue

4-HNE trans-4-hydroxy-2-nonenal

4-ONE trans-4-oxo-2-nonenal

4-HNE-d3 trans-4-hydroxy-2-nonenal-9,9,9-d3

4-O NE-d3 trans-4-oxo-2-nonenal-9,9,9-d3

MDA malondialdehyde

4-HHE trans-4-hydroxy-2-hexenal

GS-HHE glutathionyl trans-4-hydroxy-2-hexenal

PUFA polyunsaturated fatty acids

GSTA4 glutathione-S-transferase A4

Gpx4 glutathione peroxidase 4

GPx3 glutathione peroxidase 3

Prdx3 peroxiredoxin 3

SOD2 manganese superoxide dismutase

ALDH2 aldehyde dehydrogenase 2

AOA aminooxyacetic acid

BHT butylated hydroxytoluene

DTPA Diethylenetriaminepentaacetic acid

LLOQ lower limit of quantitation

RSD relative standard deviation

LF low fat diet

HF high fat diet
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Highlights

• Over nutrition increases lipid peroxidation in epididymal adipose tissue.

• Over nutrition decreases lipid peroxidation in subcutaneous adipose tissue.

• Trans-4-oxo-2-nonenal is a major product of lipid peroxidation in adipose
tissue.

• Over nutrition decreases antioxidant genes in visceral, not subcutaneous
adipose.
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Figure 1. Derivatization of Aldehydes With Aminooxyacetic Acid
Schematic representation of the reaction between aminooxyacetic acid and either 4-HNE or
4-ONE resulting in oxime formation.
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Figure 2. Standard Aldehyde Chromatogram
A mixture of synthetic aldehydes was derivatized using aminooxyacetic acid and separated
via LCMS/MS as described in Materials and Methods. The resolved lipids were analyzed
using a AB/Sciex API 4000Qtrap mass spectrometer.
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Figure 3. Calibration Curves for AOA-derivatized 4-HNE and 4-ONE
The indicated amounts of 4-HNE (A) and 4-ONE (B) were incubated with 50 mg adipose
tissue homogenate and derivatized with aminooxyacetic acid. 4-HNE and 4-ONE oxime
derivatives were extracted, separated and quantified by stable isotope dilution using 4-HNE-
d3 and 4-ONE-d3, respectively. Linearity was assessed using linear regression analysis.
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Figure 4. Adipose Tissue Levels of 4-HNE and 4-ONE
Adipose tissue from C57Bl/6J mice fed either chow (LF) or high fat (HF) diet for 9 weeks
post-weaning or ob/ob leptin deficient mice was harvested and analyzed for 4-HNE and 4-
ONE levels. (A) epididymal adipose tissue (n=6 for chow fed mice, n=10 for high fat fed
mice, n=6 for ob/ob mice), (B) subcutaneous adipose tissue (n=7 for chow and high fat fed
mice, n=6 for ob/ob mice), (C) and brown adipose tissue (n=7 for chow and high fat fed
mice). *Denotes statistically significant difference between control and experimental groups
with p<0.05 as determined by an unpaired student's t-test.
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Figure 5. 4-HNE and 4-ONE Protein Adducts in Visceral and Subcutaneous Adipose Tissue
20 μg of total protein from EWAT (A) or SAT (C) was separated by SDS-PAGE,
transferred to PVDF membranes and treated with an antibody specific for 4-HNE/4-ONE
Michael adducts. The heavily carbonylated bands at ~ 30 kDa and ~ 67 kDa (*) represent
serum proteins and are not included in the data analysis. Quantified bands for EWAT (B)
and SAT (D) were normalized to actin and represented as bar graphs. *Denotes a
statistically significant difference (p<0.05) between low fat and high fat-fed groups.
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Figure 6. Expression of Genes Linked to Antioxidant Biology in Adipose Tissue
Relative expression of GSTA4, Prdx3, GPx4, SOD2, and ALDH2 in EWAT (A) and SAT
(B) of high fat fed (HF) and chow fed (LF) C57Bl/6J mice measured by qRT-PCR. Relative
expression of GSTA4, Prdx3, GPx4, SOD2, and ALDH2 in EWAT (C) and SAT (D) of
wild-type C57Bl/6J and ob/ob mice measured by qRT-PCR. *Denotes a statistically
significant difference (p<0.05) between control and experimental groups for each gene
analyzed.
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Figure 7. Regulation of Gene Expression in 3T3-L1 Adipocytes by TNFα
3T3-L1 day 8 adipocytes were incubated for 24 h with 1 nmol/L TNFα and harvested for
analysis of SOD2 GSTA4, Gpx4, Prdx3, expression via qRT-PCR. *Denotes a significantly
significant difference (p<0.05) between control and treatment groups for each gene
analyzed.
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Table 1

Multiple Reaction Monitoring Conditions

Analyte MRM 1 (m/z) MRM 2 (m/z) MRM 3 (m/z)

4-HNE 228.1 / 75.1 228.1 / 99.1 228.1 / 136.3

4-ONE 299.3 / 75.2 299.3 / 149.3 299.3 / 225.1

4-HHE 186.3 / 75.2 186.3 / 94.2 186.3 / 110.1

Malondialdehyde 217.0 / 75.2 217.0 / 67.2 217.0 / 141.2

Trans-2-Octenal 198.0 / 75.2 198.0 / 122.0 198.0 / 124.1

Trans-2-Butenal 142.1 / 75.2 142.1 / 66.3 142.1 / 68.1

Acrolein 128.1 / 75.2 128.1 / 52.2 128.1 / 54.2

4-HNE-d3 231.1 / 75.2 231.1 / 102.1 231.1 / 139.3

4-ONE-d3 302.3 / 75.2 302.3 / 152.3 302.3 / 228.1
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Table 2

Intra-day Precision (%RSD)

fmol on column 4-HNE 4-ONE

10 --- ---

20 8.56 2.41

50 10.34 9.45

100 6.77 4.75

250 2.97 7.58

1000 9.70 5.08
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Table 3

Accuracy (% Authentic Standard)

fmol on column 4-HNE 4-ONE

20 65 73

50 110 118

250 99 106

1000 94 111
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Table 4

qRT-PCR Primer Sequence

Target Forward and Reverse Primers

SOD2
Fw: 5'-GCGAGGAGAAGTACCACGAG

Re: 5'-GCTTGATAGCCTCCAGCAA

Gpx4
Fw: 5'-GCTGTGCGCGCTCCAT

Re: 5'-CCATGTGCCCGTCGATGT

Prdx3
Fw: 5'-GCAGCTGCGGGAAGGTTGCT

Re: 5'-TGCTGGGTGACAGCAGGGGT

GSTA4
Fw: 5'-CGATGGGATGATGCTGACACA

Re: 5'-CACTGGGAAGTAACGGGTTTTAGC

TFIIE
Fw: 5'-CAAGGCTTTAGGGGACCAGATAC

Re: 5'-CATCCATTGACTCCACAGTGACAC

ALDH2
Fw: 5'-TTTATCCAGCCCACCGTGTTC

Re: 5'-CAAGCCCATACTTAGAATCATTGG
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