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Background: The prevalence of obesity is increasing worldwide. Oxidative stress plays an etiological role in a variety of obesity-related metabolic
disorders. 4-hydroxynonenal (4-HNE) is the most abundant and reactive aldehydic product derived from the peroxidation of n-6 polyunsaturated
fatty acids with diverse biological effects that are not well detailed. Obesity is associated with decreased plasma adiponectin concentrations
and increased production of lipid peroxidation products, including 4-HNE, in adipose tissue. There may be some association between the level
of adipokines and 4-HNE.
Material and methods: To analyze the associations between 4-HNE and classical adipokines, namely, adiponectin and leptin in a Chinese
population, the plasma 4-HNE, adiponectin and leptin levels of 160 non-diabetic obese (NDO) patients and 160 healthy subjects were determined
by ELISA, and their associations with adiposity, glucose, lipid profiles, insulin secretion and insulin sensitivity were studied.
Results: Plasma 4-HNE levels were significantly increased in patients with NDO compared with healthy controls (p < 0.01). 4-HNE was negatively
correlated with adiponectin and positively correlated with leptin. The plasma levels of 4-HNE were significantly correlated to several parameters
involved in body mass index (BMI) and insulin resistance (IR). The 4-HNE levels were positively correlated with BMI and negatively correlated
with insulin sensitivity.
Conclusion: We conclude that 4-HNE is associated with the secretion of adiponectin and leptin and is correlated with IR in NDO humans.
These findings indicate a pro-inflammatory role of 4-HNE in NDO patients, which supports the potential role of 4-HNE in the development of
obesity-related disorders.

Resumen
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Introducción: la prevalencia de la obesidad está aumentando en todo el mundo. El estrés oxidativo desempeña un papel etiológico en una
variedad de desórdenes metabólicos relacionados con la obesidad. El hydroxynonenal 4 (4-HNE) es el aldehido más abundante y más reactivo
derivado de la peroxidación de los ácidos grasos poliinsaturados n-6, con efectos biológicos diversos que no son bien conocidos. La obesidad
se asocia a concentraciones disminuidas de adiponectinas en el plasma y a un aumento en los productos de la peroxidación lipídica, incluyendo
el 4-HNE, en tejido adiposo. Puede haber una cierta asociación entre el nivel de adipoquinas y el 4-HNE.
Material y métodos: para analizar las asociaciones entre 4-HNE y las adipoquinas clásicas, adiponectina y leptina se determinaron por ELISA los niveles de adiponectina y de leptina, así como de 4-HNE, en una población de 160 pacientes chinos obesos no diabéticos (NDO) y de
160 controles sanos, y se estudió su asociación con adiposidad, perfil glucémico y lipídico, secreción de la insulina y sensibilidad de la insulina.
Resultados: los niveles de 4-HNE aumentaron significativamente en los pacientes con NDO comparado con los controles sanos (p < 0,01).
El nivel de 4-HNE se correlacionó negativamente con la adiponectina y positivamente con la leptina. Los niveles de 4-HNE se correlacionan
positivamente con el IMC y negativamente con la sensibilidad a la insulina.
Conclusión: concluimos que el 4-HNE está asociado a la secreción de adiponectina y de leptina y correlacionado con la resistencia a la insulina
en sujetos obesos no diabéticos. Estos resultados indican un papel proinflamatorio del 4-HNE en pacientes NDO, que apoya el papel potencial
del 4-HNE en el desarrollo de alteraciones relacionadas con la obesidad.
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INTRODUCTION

MATERIALS AND METHODS

Obesity is characterized by an excessive accumulation of adipose tissue, which is associated with an increase in the number
and size of adipocytes. Adipocytes are not only involved in storing
triglycerides (TGs) as key regulators in energy homeostasis but
are also involved in secreting multiple biologically active molecules, so-called adipokines, which link obesity to its associated
complications, especially insulin resistance (IR) and type 2 diabetes. Notable among these adipokines, plasma adiponectin is
decreased in obesity and associated complications (1,2); however, leptin contributes to obesity-associated IR (3-5). Dysregulated
production or secretion of these adipokines caused by excess or
dysfunctional adipose tissue may contribute to the development
of obesity-related metabolic diseases.
Based on the complex interplay between adipokines, obesity
is also characterized by a chronic low-grade inflammation with
increased oxidative stress state (6,7). Oxidative stress is caused
by increased free radical production. Cells’ ability to detoxify radicals and to repair damaged molecules is impaired. Increased
oxidative stress in obesity is associated with metabolic disorders
and is suggested to participate in the onset and progression of
these disease processes (8-11). Free radical production in oxidative stress may covalently modify membrane-associated or intracellular proteins, inducing a variety of cellular damage directly or
indirectly through the production of a variety of membrane lipid
peroxidation products. Principal among these is 4-hydroxynonenal (4-HNE), which is derived from the peroxidation of n-6 polyunsaturated fatty acids, such as arachidonic and linoleic acids.
4-HNE reacts with amino acids, such as cysteine, lysine and histidine, and forms stable adducts with proteins, thereby modulating
the activities and expression of various proteins. As we have
previously reported, at high concentrations, 4-HNE is cytotoxic
to several cell types, whereas micromolar and submicromolar
concentrations of 4-HNE have been shown to induce various nontoxic, cell-specific effects (2). Oxidative stress in adipose tissue
plays an etiological role in a variety of obesity-related metabolic
disorders. Using a high-fat diet-induced obesity mouse model,
we reported that obesity was associated with increased adipose
tissue 4-HNE formation (2,12). In both 3T3-L1 and primary
mouse adipocytes, 4-HNE treatment at nontoxic concentrations
decreased adiponectin secretion via an ubiquitin-proteasome
regulated mechanism (2).
Obesity is associated with decreased plasma adiponectin concentrations and increased production of lipid peroxidation products in adipose tissue, including 4-HNE (13,14). There may be a
relationship between the level of adipokines and 4-HNE. This study
aimed to investigate the effects of 4-HNE accumulation on plasma adiponectin and leptin secretion in the Chinese non-diabetic
obese (NDO) population. Plasma 4-HNE, adiponectin and leptin
levels of 160 non-diabetic obese (NDO) patients and 160 healthy
subjects were determined by ELISA, and their associations with
adiposity, glucose, lipid profiles, insulin secretion and insulin sensitivity were studied.

STUDY POPULATION
The study was conducted in accordance with the Declaration
of Helsinki of the World Medical Association and was approved by
the local and regional ethics committees. All investigated patients
gave their written informed consent to participate in the study. We
enrolled 320 people who participated in a health check-up at the
Department of Medicine Examination Center, the Second Affiliated
Hospital of Harbin Medical University, China. There were 160 NDO
subjects, and the others were non-diabetic non-obese control participants matched by age and gender. People with active liver or
endocrine disease (including any type of diabetes mellitus), cardiovascular disease, renal impairment, malignancy, and alcohol or drug
dependence were excluded. The study population was also limited
to non-smoker, non-pregnant individuals free of clinically significant
infectious diseases. Neither obese patients nor non-obese controls
were taking lipid lowering, hypoglycemic, anti-inflammatory or antithrombotic medications or dietary supplements.
ANTHROPOMETRIC MEASUREMENTS
Anthropometric measurements of individuals wearing light clothing and without shoes were conducted by well-trained examiners.
Height was measured to the nearest 0.1 cm with a portable stadiometer. Weight was measured in an upright position to the nearest 0.1
kg with a calibrated scale. BMI was calculated by dividing the weight
(kg) by height squared (m2). Obesity was defined as BMI ≥ 27.5 kg
m-2. Waist and hip circumferences (WC and HC) were measured
at the level of the umbilicus and at the level of the maximum girth
between the iliac crest and the crotch, respectively. Blood pressure
(BP) was measured at the subjects’ right hand with the subjects
sitting after 5 min of rest using a calibrated sphygmomanometer
(Hawksley, WA Baum Co, USA). All measurements of anthropometric
indices and BP were performed by well-trained physicians, nurses or research staff. Each measurement was taken twice, and the
average value was calculated. The homoeostasis model assessment
for insulin resistance (HOMA-IR) was calculated using the following
formula: HOMA-IR = Glucose-Oral glucose tolerance test (OGTT) 0
min (mmol/L) × fasting insulin (µ IU/mL) / 22.5 (15).
BIOCHEMICAL MEASUREMENTS
After an overnight fast of 10 h, venous blood samples were
collected to measure glucose-OGTT 0 min, fasting insulin, blood
lipids including total cholesterol (TC), total triglyceride (TG),
low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) and liver function, including aspartate
aminotransferase (AST), alanine aminotransferase (ALT), hemoglobin A1C (HbA1C). Blood samples were also drawn 120 min after
75 g glucose load to measure glucose. Plasma glucose levels
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were measured using a hexokinase enzymatic method. Insulin
was measured by a radioimmunoassay with human insulin as a
standard (Linco, St Charles, MO). TG, TC, LDL-C, HDL-C and tests
were performed enzymatically (16).
4-HNE AND ADIPOKINES MEASUREMENTS
The plasma concentrations of 4-HNE, adiponectin and leptin
were measured by commercially available ELISA kits (Cusabio
Life Science Inc., Wuhan, China, for 4-HNE measurements;
RayBiotech, Norcross, UK for adiponectin and leptin determinations). 4-HNE ELISA kits were used to test the total endogenous
4-HNE bound to protein. The intra- and inter-assay coefficients
of variations were < 8% and < 10% (4-HNE), < 10% and < 12%
(adiponectin) and < 10% and < 12% (leptin), respectively. Measurements of the 4-HNE and adipokine levels in plasma were performed according to the recommendations of the manufacturers.
STATISTICAL ANALYSES
Data are expressed as the means ± SD for parameters with
a normal distribution. Comparisons between groups (NDO vs.
healthy controls) were analyzed by Student’s unpaired t-tests
for parameters with a normal distribution. Correlations between
continuous variables were assessed by calculation of the linear
regression using Pearson’s test. p < 0.05 was considered statistically significant. We performed sample size estimation of the
case-control study according to the formula 1 below.

Based our preliminary experiment, some parameters were estimated as π1 = 0.3, π2 = 0.6, πc = 0.5, Q1/Q2 = 1, α = 0.05, β = 0.10, and
we obtained N ≈ 90. To better find some differences between groups,
we increased the sample size to 160 for each group.
RESULTS
CHARACTERISTICS OF THE STUDY
POPULATION
The characteristics of the study participants are shown in table I.
PLASMA 4-HNE LEVELS WERE INCREASED
IN THE NDO POPULATION
Fasting plasma 4-HNE levels ranged from 0.09 to 0.11 µM,
and the median was 0.10 ± 0.01 µM in the NDO population. The
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Table I. Anthropometric and selected
laboratory parameters of the study
population
Variables

NDO (160)

Control
(160)

Gender (female/male)

84/76

92/68

p

Age (years)

51.96 ± 9.22

51.05 ± 8.11

ns

BMI (kg/m2)

34.11 ± 6.20

22.05 ± 1.78

< 0.01

Height (cm)

158.98 ± 9.22

160.43 ± 6.85

ns

Weight (kg)

85.55 ± 12.93

56.84 ± 6.64

< 0.01

WC (cm)

98.17 ± 15.00

77.07 ± 6.72

< 0.01

HC (cm)

106.00 ± 6.30

92.91 ± 4.30

< 0.01

5.69 ± 0.67

5.45 ± 0.25

< 0.01

 Glucose-OGTT
120 min

7.96 ± 0.67

7.15 ± 1.34

< 0.01

HbA1C (%)

5.45 ± 0.83

5.26 ± 0.27

< 0.01

Insulin (mU/L)

8.95 ± 1.47

6.00 ± 0.51

< 0.01

2.67 ± 0.57

1.22 ± 0.21

< 0.01

Glucose-OGTT 0 min

HOMA-IR
SBP (mmHg)

128.90 ± 12.13 125.49 ± 19.89

ns

DBP (mmHg)

78.18 ± 8.66

76.67 ± 10.76

ns

HR (beat/min)

73.79 ± 8.44

75.07 ± 8.38

ns

HDL-C (mmol/L)

1.22 ± 0.27

1.33± 0.23

< 0.01

LDL-C (mmol/L)

2.73 ± 0.56

2.63 ± 0.43

ns

TC (mmol/L)

4.98 ± 0.74

4.97 ± 0.92

ns

TG (mmol/L)

2.23 ± 1.52

1.56 ± 0.73

< 0.01

Variables

NDO (160)

Control (160)

p

ALT (U/L)

14.59 ± 7.81

11.51 ± 4.59

< 0.01

AST (U/L)

19.09 ± 5.55

17.80 ± 3.48

< 0.05

4-HNE (µM)

0.10 ± 0.01

0.08 ± 0.01

< 0.01

Adiponectin (pg/mL)

4.89 ± 3.40

17.18 ± 9.65

< 0.01

268.43 ± 8.06

79.72 ± 23.44

< 0.01

Leptin (ng/mL)

Data are presented as means ± SD. p value: NDO patients vs. control
individuals. ns: no significant differences. SBP: systolic blood pressure;
DBP: diastolic blood pressure; HR: heart rate.

plasma concentrations of 4-HNE were significantly higher in the
NDO subjects than in the control subjects (0.10 ± 0.01 µM vs.
0.08 ± 0.01 µM, NDO vs. control, p < 0.01) (Table I).
PLASMA ADIPONECTIN LEVELS WERE
DECREASED WHEREAS PLASMA LEPTIN
LEVELS WERE INCREASED IN THE NDO
POPULATION
The fasting plasma adiponectin levels were more than 3 times
lower in the NDO group compared with the healthy controls
(4.89 ± 3.40 pg/mL vs. 17.18 ± 9.65 pg/mL, p < 0.01) (Table I).
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However, fasting plasma leptin levels were lower in the NDO
group compared with healthy controls (268.43 ± 8.06 ng/mL vs.
79.72 ± 23.44 ng/mL, p < 0.01) (Table I).
CORRELATION BETWEEN PLASMA 4-HNE
AND ADIPONECTIN/LEPTIN LEVELS
In all subjects, the levels of fasting plasma 4-HNE were positively correlated with leptin and were negatively correlated with
adiponectin (p < 0.01) (Table I, Figs. 1 and 2).
4-HNE LEVELS ARE CLOSELY RELATED WITH
GLUCOSE METABOLISM, INSULIN SECRETION
AND SENSITIVITY
To further investigate the relationship between 4-HNE and other
anthropometric parameters, multiple stepwise regression analysis
involving all parameters, including fasting glucose, 2 h-glucose,

A

fasting insulin, HbA1C, HOMA-IR, TC, TG, LDL-C and HDL-C, with
significant correlations with plasma 4-HNE was performed. In all
subjects, the levels of fasting plasma 4-HNE were positively correlated with BMI and HOMA-IR (p < 0.05) (Table II).
DISCUSSION
Oxidative stress is associated with obesity and IR and is considered to contribute to the progression toward obesity-related metabolic disorders. Recent evidence demonstrates that the imbalance
between oxidative stress and antioxidant defense also triggers
insulin resistance (6,17). As reported in 3T3-L1 adipocytes, 4-HNE
treatment at nontoxic concentrations increased 4-HNE-insulin
receptor substrate (IRS) adducts levels, leading to adipocyte
IR (18). 4-HNE may play an important role in the pathogenic cellular changes that cause IR and other abnormalities in obesity,
and 4-HNE may also mediate disease processes promoted by
obesity (19). We and others have found that the levels of 4-HNE
are higher in the blood and/or muscle tissue of obese individuals

A
y = -0.0013x + 0.1068
R2 = 0.7231
p < 0.01

Adiponectin (pg/mL)

B

y = 9E-05x + 0.076
R2 = 0.0236
p < 0.01

Leptin (ng/mL)

B

y = -0.0002x + 0.0632
R2 = 0.1224
p < 0.01

y = -0.0005x + 0.0856
R2 = 0.1716
p < 0.01

Adiponectin (pg/mL)

Leptin (ng/mL)

Figure 1.

Figure 2.

Association of 4-HNE with adiponectin. In NDO individuals (A) and healthy controls
(B). The levels of fasting plasma 4-HNE were negatively correlated with adiponectin.

Association of 4-HNE with leptin. In NDO individuals (A) and healthy controls (B).
The levels of fasting plasma 4-HNE were positively correlated with leptin.
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Table II. Association between 4-HNE
selected laboratory parameters
Variable

β

p

BMI

0.124

< 0.01

HOMA-IR

0.238

< 0.01

Adiponectin

-0.238

< 0.01

Leptin

0.475

< 0.01

Statistical analyses was performed using multiple regression analysis for
4-HNE as a dependent variable.

than in lean subjects (19). Previous studies indicated that 4-HNE
inhibited adiponectin gene expression and secretion in 3T3-L1
adipocytes; however, the mechanisms were not investigated (20).
Strong evidence supports that oxidative stress plays a pathologic
role in obesity-related disorders; however, the underlying mechanisms of the effects of 4-HNE on adiponectin gene expression
and secretion, as well as its involvement in obesity-related decline,
remain elusive. As reported 4-HNE, the most abundant lipid peroxidation end product, differentially regulates adiponectin gene
expression and secretion by activating PPARγ and accelerating
ubiquitin-proteasome degradation (2). Although several animal
experiments have suggested 4-HNE as an important regulator of
glucose metabolism and insulin sensitivity, the clinical relevance
of these findings in humans remains poorly characterized (18,20).
The HNE-protein adduct ELISA is a method to detect HNE bound
to proteins, which is considered as the most likely form of HNE
in living systems (21). Although the detected absolute values of
HNE-protein adducts were different, depending on the antibody
used, both ELISA methods showed significantly higher values of
HNE-protein adducts in the obese group (21). Intracellular HNE
reacts rapidly with the thiol groups of glutathione and cysteine,
with the ε-amino groups of lysine, and with the histidine residues of proteins (21). In this study, we used commercial ELISA
kits to test the total endogenous 4-HNE bound to protein; our
data showed that 4-HNE might be involved in the pathogenesis
of non-diabetes obesity, as supported by two novel findings. First,
the plasma 4-HNE concentrations were significantly increased in
subjects with NDO compared with the age- and gender-matched
healthy subjects, in contrast to the change pattern of circulating
adiponectin levels. Second, the plasma 4-HNE levels were strongly
associated with insulin sensitivity in both non-diabetes obese and
healthy subjects.
Accumulated evidence suggests that adipose tissue oxidative
stress plays a central and causal role in the pathogenesis of metabolic syndrome (8-11). Excessive fat accumulation increases the
production of reactive oxygen species and lowers cellular antioxidant levels, leading to oxidative stress in adipose tissue. Various
reactive oxygen species react with all cellular components; the
hydroxyl radical-mediated peroxidation of polyunsaturated acyl
chains of glycerophospholipids is particularly harmful because
it results in the formation of lipid peroxidation production considered second messengers and the ultimate mediator of toxic
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effects elicited by oxidative stress. Of the lipid peroxidation products, 4-HNE is the most abundant and reactive aldehydic product
derived from the peroxidation of n-6 polyunsaturated fatty acids
(22-24). The results from our study are consistent with previous
clinical observations and experimental investigations showing that
obesity is associated with decreased plasma adiponectin concentrations and increased production of lipid peroxidation products
in adipose tissue, including 4-HNE (13,14). A long-term high-fat
diet led to obesity in mice, accompanied by decreasing the plasma
adiponectin and increasing the adipose tissue 4-HNE content (2).
Exposure of adipocytes to exogenous 4-HNE resulted in decreased
adiponectin secretion in a dose-dependent manner, which was
consistent with the significantly decreased intracellular adiponectin protein abundance (2). Polyunsaturated fatty acid (PUFA) in the
membrane phospholipids or in circulating lipoproteins might be
subjected to non-enzymatic, free radical-driven lipid peroxidation
under certain pathological conditions, such as inflammation and
obesity (25). Both types of lipid oxidation result in the formation
of highly reactive lipid hydroperoxides, including proinflammatory leukotrienes. Small end-products of lipid peroxidation, such
as 4-HNE and other aldehydes transported by activated granulocytes/monocytes, may facilitate and maintain generalized
inflammation (25). The plasma adiponectin level is determined
by complex intracellular regulatory mechanisms involved in gene
expression, post-transcriptional/translational modification, and
trafficking/secretion processes (26,27). Adiponectin is predominantly produced and secreted into circulation by adipocytes. Obesity-related plasma adiponectin decline is critically involved in the
pathogenesis of obesity-related metabolic disorders. In contrast,
4-HNE exposure led to marked reductions in both intracellular
adiponectin protein contents and secretion into media. The CHXchase assay revealed that 4-HNE accelerated the intracellular
adiponectin protein degradation rate by the ubiquitin-proteasome
system. These data collectively suggest that 4-HNE can differentially regulate adiponectin gene expression and protein secretion
in adipocytes, which may contribute to obesity-related plasma
adiponectin decline (2).
Obesity represents a major health burden worldwide. White adipose tissue, especially in the visceral compartment, was recently
discovered to be not just a simple energy depository tissue but
also an active endocrine organ, releasing a variety of biologically
active substances termed adipokines. Generally, adipokines play
key roles in the regulation of glucose/lipid metabolism, insulin
sensitivity and inflammation. Several adipokines are associated
with obesity and have potential impact on obesity-related metabolic diseases. Multiple lines of evidence provide valuable insight
into the roles of adipokines in the development of obesity and its
metabolic complications.
BMI was correlated positively with leptin levels and negatively
with adiponectin concentrations (6,28). By assessing the correlations between 4-HNE, as an oxidative stress product, and the
formerly discovered classical adipokines, we found a significant
negative correlation between the concentrations of adiponectin
and 4-HNE. A significant positive correlation was also detected
between leptin and the 4-HNE levels, which further supports the
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potential role of 4-HNE in the development of obesity-related disorders. Because adiponectin and leptin are considered to have
opposing effects on inflammation in obesity (6,29), these findings
indicate a pro-inflammatory role of 4-HNE in NDO patients, giving
support to our study hypothesis.
There are several limitations of this study. For example, the
sample size was relatively small. The correlation between 4-HNE
and adipokines did not guarantee the existence of a causal relationship. Further prospective studies are required to determine
whether elevated plasma 4-HNE is the enabling step of obesity
or simply an accompanying or secondary response to obesity.
REFERENCES
1. Arita Y, Kihara S, Ouchi N, et al. Paradoxical decrease of an adipose-specific protein, adiponectin, in obesity. Biochem Biophys Res Commun
1999;257:79-83.
2. Wang Z, Dou X, Gu D, et al. 4-Hydroxynonenal differentially regulates adiponectin gene expression and secretion via activating PPARgamma and accelerating
ubiquitin-proteasome degradation. Mol Cell Endocrinol 2012;349:222-31.
3. Cohen B, Novick D, Rubinstein M. Modulation of insulin activities by leptin.
Science 1996;274:1185-8.
4. Steppan CM, Bailey ST, Bhat S, et al. The hormone resistin links obesity to
diabetes. Nature 2001;409:307-12.
5. Xu LL, Shi CM, Xu GF, et al. TNF-alpha, IL-6, and leptin increase the expression of miR-378, an adipogenesis-related microRNA in human adipocytes.
Cell Biochem Biophys 2014;70:771-6.
6. Fulop P, Seres I, Lorincz H, et al. Association of chemerin with oxidative stress,
inflammation and classical adipokines in non-diabetic obese patients. J Cell
Mol Med 2014;18:1313-20.
7. Ntaios G, Gatselis NK, Makaritsis K, et al. Adipokines as mediators of endothelial function and atherosclerosis. Atherosclerosis 2013;227:216-21.
8. Baynes JW, Thorpe SR. Role of oxidative stress in diabetic complications: a
new perspective on an old paradigm. Diabetes 1999;48:1-9.
9. Furukawa S, Fujita T, Shimabukuro M, et al. Increased oxidative stress in obesity and its impact on metabolic syndrome. J Clin Invest 2004;114:1752-61.
10. Pennathur S, Heinecke JW. Mechanisms for oxidative stress in diabetic cardiovascular disease. Antioxid Redox Signal 2007;9:955-69.
11. Whaley-Connell A, McCullough PA, Sowers JR. The role of oxidative stress in
the metabolic syndrome. Rev Cardiovasc Med 2011;12:21-9.
12. Zhang X, Wang Z, Li J, et al. Increased 4-hydroxynonenal formation contributes to obesity-related lipolytic activation in adipocytes. PLoS One
2013;8:e70663.

L. Guo et al.

13. Curtis JM, Grimsrud PA, Wright WS, et al. Downregulation of adipose glutathione S-transferase A4 leads to increased protein carbonylation, oxidative
stress, and mitochondrial dysfunction. Diabetes 2010;59:1132-42.
14. Grimsrud PA, Picklo MJ Sr., Griffin TJ, et al. Carbonylation of adipose proteins
in obesity and insulin resistance: identification of adipocyte fatty acid-binding protein as a cellular target of 4-hydroxynonenal. Mol Cell Proteomics
2007;6:624-37.
15. Matthews DR, Hosker JP, Rudenski AS, et al. Homeostasis model assessment:
insulin resistance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 1985;28:412-9.
16. Anderson JW, Blake JE, Turner J, et al. Effects of soy protein on renal
function and proteinuria in patients with type 2 diabetes. Am J Clin Nutr
1998;68:1347S-53S.
17. Hulsmans M, Holvoet P. The vicious circle between oxidative stress and
inflammation in atherosclerosis. J Cell Mol Med 2010;14:70-8.
18. Demozay D, Mas JC, Rocchi S, et al. FALDH reverses the deleterious action
of oxidative stress induced by lipid peroxidation product 4-hydroxynonenal on
insulin signaling in 3T3-L1 adipocytes. Diabetes 2008;57:1216-26.
19. Samjoo IA, Safdar A, Hamadeh MJ, et al. The effect of endurance exercise on
both skeletal muscle and systemic oxidative stress in previously sedentary
obese men. Nutr Diabetes 2013;3:e88.
20. Soares AF, Guichardant M, Cozzone D, et al. Effects of oxidative stress on
adiponectin secretion and lactate production in 3T3-L1 adipocytes. Free
Radic Biol Med 2005;38:882-9.
21. Weber D, Milkovic L, Bennett SJ, et al. Measurement of HNE-protein adducts
in human plasma and serum by ELISA-Comparison of two primary antibodies.
Redox Biol 2013;1:226-33.
22. Dianzani MU. 4-hydroxynonenal from pathology to physiology. Mol Aspects
Med 2003;24:263-72.
23. Doorn JA, Petersen DR. Covalent modification of amino acid nucleophiles by
the lipid peroxidation products 4-hydroxy-2-nonenal and 4-oxo-2-nonenal.
Chem Res Toxicol 2002;15:1445-50.
24. Esterbauer H, Puhl H, Dieber-Rotheneder M, et al. Effect of antioxidants on
oxidative modification of LDL. Ann Med 1991;23:573-81.
25. Lubrano C, Valacchi G, Specchia P, et al. Integrated Haematological Profiles
of Redox Status, Lipid, and Inflammatory Protein Biomarkers in Benign Obesity and Unhealthy Obesity with Metabolic Syndrome. Oxid Med Cell Longev
2015;2015:490613.
26. Liu M, Liu F. Transcriptional and post-translational regulation of adiponectin.
Biochem J 2010;425:41-52.
27. Wang Z, Yao T, Song Z. Involvement and mechanism of DGAT2 upregulation
in the pathogenesis of alcoholic fatty liver disease. J Lipid Res 2010;51:
3158-65.
28. Matsubara M, Maruoka S, Katayose S. Inverse relationship between plasma
adiponectin and leptin concentrations in normal-weight and obese women.
Eur J Endocrinol 2002;147:173-80.
29. Kwon H, Pessin JE. Adipokines mediate inflammation and insulin resistance.
Front Endocrinol (Lausanne) 2013;4:71.

[Nutr Hosp 2017;34(2):363-368]

