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Abstract: White adipose tissue (WAT) is actively involved 
in the regulation of whole-body energy homeostasis via 
storage/release of lipids and adipokine secretion. Cur-
rent research links WAT dysfunction to the development 
of metabolic syndrome (MetS) and type 2 diabetes (T2D). 
The expansion of WAT during oversupply of nutrients pre-
vents ectopic fat accumulation and requires proper pread-
ipocyte-to-adipocyte differentiation. An assumed link 
between excess levels of reactive oxygen species (ROS), 
WAT dysfunction and T2D has been discussed controver-
sially. While oxidative stress conditions have conclusively 
been detected in WAT of T2D patients and related animal 
models, clinical trials with antioxidants failed to prevent 
T2D or to improve glucose homeostasis. Furthermore, ani-
mal studies yielded inconsistent results regarding the role 
of oxidative stress in the development of diabetes. Here, we 
discuss the contribution of ROS to the (patho)physiology 
of adipocyte function and differentiation, with particular 
emphasis on sources and nutritional modulators of adi-
pocyte ROS and their functions in signaling mechanisms 
controlling adipogenesis and functions of mature fat cells. 
We propose a concept of ROS balance that is required for 

normal functioning of WAT. We explain how both exces-
sive and diminished levels of ROS, e.g. resulting from over 
supplementation with antioxidants, contribute to WAT 
dysfunction and subsequently insulin resistance.

Keywords: adipogenesis; adipose tissue dysregulation; 
antioxidants; metabolic disorders; oxidative stress.

Introduction
Incidence rates of diseases that are collectively referred to 
as ‘metabolic disorders’, e.g. metabolic syndrome (MetS), 
type 2 diabetes (T2D) and cardiovascular diseases are con-
tinuously on the rise in Western countries and overburden 
public health systems. Development of more powerful 
prevention strategies are therefore urgently needed and 
require a deeper understanding of the etiology of these 
related diseases. Common to all metabolic disorders is a 
dysregulation of the body’s energy homeostasis, which 
is maintained under physiological conditions by a regu-
latory network of specialized organs such as liver, skel-
etal muscle, brain and (brown and white) adipose tissue. 
White adipose tissue (WAT) stores and releases fatty 
acids depending on energy availability or requirement. 
WAT constitutes the main energy depot of the human 
body, and its functional core unit is the adipocyte. Since 
the discovery of leptin and other adipocyte-secreted hor-
mones, WAT has been recognized as an endocrine organ 
that is actively involved in the regulation of energy and 
nutrient homeostasis, the modulation of immune func-
tion, angiogenesis and blood pressure. WAT dysfunction 
is consequently linked to metabolic disorders, such as 
MetS, T2D and atherosclerosis (Lau et al., 2005). A major 
risk factor for WAT dysfunction is obesity. Obesity-related 
oxidative stress has been viewed as a trigger of the under-
lying pathophysiology. This concept has been valuable to 
understand some aspects of associated metabolic disor-
ders and their attenuation by pharmaceuticals/nutraceu-
ticals, particularly in rodent studies (reviewed in Le Lay 
et  al., 2014). However, the concept has been challenged 
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by findings from epidemiologic and mechanistic studies, 
showing a lack of benefit or even adverse effects of anti-
oxidant supplementation, as well as the identification of 
ROS as second messengers of insulin-triggered signaling. 
In this review we will discuss the participation of ROS in 
WAT functions, how dysregulated ROS levels can lead to 
adipocyte dysfunction, and how these effects are modu-
lated by interventions (e.g. dietary antioxidants).

Adipocytes and energy homeostasis

In mammals, there are two types of adipose tissue: brown 
adipose tissue (BAT) and WAT. Both types consist primar-
ily of adipocytes and their precursor cells which differenti-
ate to mature adipocytes in a process called adipogenesis. 
In addition to these cells, adipose tissues contain mac-
rophages, fibroblasts, leukocytes, and endothelial cells, 
whereby their relative proportions are dependent on the 
metabolic and inflammatory stage of the tissue. Brown 
adipocytes are specialized in heat generation and energy 
expenditure by uncoupled mitochondrial oxidation of 
nutrients at the expense of ATP generation. The primary 
function of white adipocytes is to store and release lipids. 
These lipids are stored mainly in the form of triacylg-
lycerides (TG) which are formed after resorption of fatty 
acids derived from circulating lipoproteins and their 
intracellular esterification with glycerol-3-phosphate. 
Adipocytes are also capable of de novo fatty acid syn-
thesis using acetyl-CoA derived from glucose, glutamine 
and ketone bodies (Yoo et  al., 2004). Under conditions 
of excess caloric intake, TG accumulates in large, single 
lipid droplets and the adipocytes become enlarged and/
or new adipocytes differentiate from preadipocytes. Lipid 
droplets are associated with a set of proteins like perilipin 
1 (PLIN1), CIDE proteins and caveolins, which control 
storage and hydrolysis of TG and have emerged as impor-
tant factors to prevent hyperlipidemia-triggered insulin 
resistance (Konige et al., 2014). The release of fatty acids 
from WAT is controlled both by hormones that regulate 
intracellular lipases and by the rate of glucose uptake 
from plasma because glucose serves as a precursor of 
glycerol-3-phosphate and acetyl-CoA.

Adipogenesis

Healthy adipose tissue depends on continuous renewal of 
its cells, foremost adipocytes. In WAT, adipocytes differ-
entiate from multipotent mesenchymal stem cells (MSCs) 
in a multi-step process called adipocyte differentiation 

or adipogenesis. Mechanistic insight into adipogenesis 
has been obtained by the use of in vitro cultivated MSCs 
(Pittenger et al., 1999; Tormos et al., 2011) and preadipo-
cyte cell lines (Mackall et  al., 1976; Poulos et  al., 2010) 
exposed to proadipogenic hormone cocktails, while 
primary mature adipocytes are particularly useful for 
studying acute adipocyte functions like uptake of hexose 
sugars (Sandra and Fyler, 1981). Commitment of adipose-
derived stem cells to adipocyte progenitor cells requires 
the presence of the ribosomal protein S6 kinase 1 (S6K1) 
(Carnevalli et  al., 2010). Key executors of the terminal 
differentiation program are the transcription factors 
CCAAT/enhancer binding protein (C/EBP) β followed by 
peroxisome proliferator-activated receptor (PPAR) γ and 
C/EBPα, which along with additional factors induce the 
expression of adipocyte-specific genes, like adiponec-
tin and adipocyte protein 2 (Wu et  al., 1999). Sustained 
expression of PPARγ is then required to maintain the dif-
ferentiated state and the functionality of mature adipo-
cytes (Tamori et al., 2002). PPARγ and C/EBPα integrate 
signals elicited by extracellular growth factors that act 
as inducers of adipogenesis, such as insulin, insulin-like 
growth factor 1 (IGF1), fibroblast growth factor, and trans-
forming growth factor β, as well as of anti-adipogenic 
Wnt factors (Rosen and MacDougald, 2006; Wang et al., 
2010a,b). Signaling pathways initiated by insulin/IGF1 
receptor tyrosine kinases are active during adipogenesis. 
They act most notably via the Akt kinase and its targets 
protein kinase C (PKC) isoforms and mammalian target 
of rapamycin complex-1 (mTORC1) to promote differentia-
tion (Gagnon et  al., 2001; Peng et  al., 2003) along with 
PPARγ and C/EBPα protein expression (Kim and Chen, 
2004; Tormos et al., 2011) (Figure 1). Another important 
factor in adipogenesis is NADPH oxidase (NOX) 4. NOX4 
was shown to act as a switch between proliferation and 
differentiation of adipocytes by inhibition of ERK1/2, 
which performs an inhibitory serine phosphorylation of 
insulin receptor substrate 1 (IRS1) that prevents insulin 
receptor-triggered tyrosine phosphorylation of IRS1, 
required for subsequent activation of phosphatidylinosi-
tol 3-kinase (PI3K). ERK1/2 inhibition by NOX4 is mediated 
by MAP kinase phosphatase-1 (MKP-1) (Schroder et  al., 
2009). This activation of MKP-1 requires the formation 
of hydrogen peroxide (H2O2) by NOX4, and an exogenous 
addition of the superoxide dismutation product H2O2 was 
sufficient to trigger adipogenesis even in the absence of 
insulin. An important downstream effector of adipocyte 
mTOR signaling is S6K1, as it promotes not only protein 
translation but also mediates inhibition of insulin signal-
ing in high fat diet mice (Um et al., 2004). Besides growth 
factors, amino acids and glucose are also known to 
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Figure 1: Adipogenic signaling by insulin and NOX4.
Insulin and IGF-1 signaling is initiated by binding to InsR and IGF-1R, leading to tyrosine phosphorylation of IRS1. Subsequent phosphoryla-
tion of PI3K and Akt results in activation of mTORC1 and PKC, which promotes adipogenic differentiation. Insulin also signals through Ras/
Raf/MEK/ERK1/2 to stimulate proliferation of preadipocytes, with concurrent inhibitory serine phosphorylation of IRS1. ERK1/2 activation 
however is attenuated by MKP1, which in turn is activated by NOX4-derived H2O2 at early stages of adipocyte differentiation. ERK1/2, mito-
gen-activated protein kinase 3/1; IGF-1R, insulin-like growth factor 1 (IGF-1) receptor; InsR, insulin receptor; IRS1, insulin receptor substrate 
1; MKP1, MAP kinase phosphatase 1; NOX4, NADPH oxidase 4; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C.

activate mTORC1. Hence it integrates various nutritional 
and hormonal signals to promote the expansion of WAT 
under sustained nutrient excess. Redox states of major 
intracellular redox pairs (oxidized/reduced glutathione, 
thioredoxin, and cysteine) (Imhoff and Hansen, 2011) as 
well as ROS, such as the NOX4-generated H2O2 have been 
recognized as important modulators of adipogenesis 
and adipose tissue function in health and disease. Other 
factors that regulate adipogenesis involve epigenetic 
mechanisms, as shown by several recent investigations 
in the epigenetic landscape of differentiating adipocytes. 
These studies described extensive chromatin remodeling 
occurring during early adipogenesis (Siersbaek et  al., 
2011) and highlight the importance of histone code trans-
formation near adipogenic genes and differential expres-
sion of histone-modifying enzymes, e.g. the histone 
demethylase PHF2 (Lee et al., 2014) and histone methyl-
transferases EZH2 (Hemming et al., 2014) and G9a (Wang 
et al., 2013a,b), for the differentiation process. A genome-
wide methylation analysis compared adipose-derived 
stem cells and mature adipocytes and found that the DNA 
methylome remained relatively stable during adipogen-
esis. In contrast, some late expressing adipogenic genes, 

e.g. adiponectin and adiponectin receptor 2, that are tar-
geted by PPARγ, showed differential methylation within 
their PPARγ DNA binding sites at later stages of adipo-
genesis (Takada et al., 2014). PPARγ has been shown to 
induce local DNA demethylation at its binding sites via 
poly(ADP-ribosyl)ation of the transcription factor/coacti-
vator complex and subsequent recruitment of Tet proteins 
that oxidize 5-methylcytosine (5-mC) to 5-hydroxym-
ethylcytosine, resulting in the replacement of 5-mC by 
cytosine (Fujiki et al., 2013). It can be concluded that the 
DNA methylome of mature adipocytes develops early in 
the lineage differentiation, and that the large majority 
of adipocyte genes is ‘ready’ for transcriptional induc-
tion as early as the preadipocyte stage. The limiting and 
necessary factor is PPARγ2, whose expression and DNA 
binding activity are controlled by epigenetic mechanisms 
during adipogenesis (Fujiki et  al., 2009; LeBlanc et  al., 
2012; Wang et al., 2013a,b). Interestingly, the expression 
of PPARγ2 was reduced in the adipose tissue of diabetic 
mice, and this was due to repressive methylation of its 
promoter region (Fujiki et al., 2009), indicating that DNA 
methylation of PPARγ2 is important for adipose tissue 
(dys)function.
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Adipocyte dysfunction in metabolic 
disorders: manifestation, causes and 
consequences
Dysfunction of insulin-producing β-cells and peripheral 
insulin resistance are considered as the main drivers of 
T2D pathology and related disorders belonging to MetS. 
The overall estimate on T2D heritability is between 10% 
and 20% (Drong et al., 2012), while the common and main 
risk factor for T2D and MetS is obesity (Kahn et al., 2006). 
Adipose tissue has been given increased attention in the 
field of diabetes research, as current findings indicate 
that adipocyte dysfunction is intimately connected with 
the development of insulin resistance, MetS, and also 
atherosclerosis. The hallmarks of adipocyte dysfunction 
are (i) the cells’ inability to store excess nutrients as intra-
cellular lipids, resulting in lipid spillover into the blood 
and subsequent ectopic fat accumulation (e.g. in liver, 
skeletal muscle, pancreas and myocardium) with occur-
rence of lipotoxic events, and (ii) dysregulated secretion 
of adipokines with consequences for WAT homeostasis 
and for whole body energy metabolism. As for the prin-
cipal causes of these problems, impaired adipogenesis 
and impaired function of mature fat cells can be envis-
aged. An emerging view is that while in chronic adipose 
tissue dysfunction both adipogenesis and fat cell func-
tion are compromised, the impairment of adipogenesis 
precedes the manifestation of adipose tissue dysfunc-
tion and seems to be more crucial for tissue impairment. 
Therefore, the underlying mechanisms of adipogenesis 
failure are of particular relevance for means of preven-
tion. In this chapter we will briefly describe how adipo-
cyte dysfunction is manifested in humans and animals 
and give a short overview of its causes and consequences 
with respect to the metabolic disorders mentioned. Adi-
pocyte growth beyond a critical volume is thought to go 
along with functional impairments (Guilherme et  al., 
2008) and increased risk of T2D (Cotillard et  al., 2014). 
The volume that can be tolerated without compromising 
the adipocyte’s function appears to depend on individual 
parameters that have yet to be fully understood. A concept 
of exceeded adipose tissue expandability causing adipo-
cyte dysfunction and T2D has previously been described 
(Virtue and Vidal-Puig, 2010). It is important to note that 
adipocyte dysfunction and ectopic fat deposition have 
been shown to precede the manifestation of T2D, which 
implies that this early defect is a causal event for T2D. 
Park et  al. compared the adipogenic potential of ex vivo 
cultured preadipocytes derived from subcutaneous fat 
depots of obese women with and without the MetS (Park 
et al., 2012). They found that healthy obese women had a 

significantly higher capability of preadipocyte differentia-
tion than obese women suffering from the MetS. Preadipo-
cyte differentiation was inversely correlated with plasma 
TG levels and homeostasis model assessment of insulin 
resistance, corroborating the concept that a high adipo-
genic potential and lipid storing capacity of fat tissue pre-
dicts healthier metabolic profiles. Moreover, mutations 
in PPARγ (Barroso et al., 1999) and key adipogenic genes 
involved in lipid droplet formation like Seipin/BCSL2, 
Caveolin 1 (CAV-1), PLIN1, and 1-acylglycerol-3-phosphate 
O-acyltransferase 2 (AGPAT2) go along with reduced 
adipose tissue mass and/or expansion capacity, lipod-
ystrophy and insulin resistance in humans and in trans-
genic mice [reviewed in (Vigouroux et  al., 2011; Konige 
et al., 2014)]. Adipocyte hypertrophy has been associated 
with an impairment of insulin-stimulated glucose uptake, 
increased lipolysis, leptin secretion and increased secre-
tion of pro-inflammatory cytokines interleukin (IL)-6, IL-8, 
TNFα, chemokine (C-C motif) ligand 2 (CCL2) and reduced 
secretion of adiponectin and IL-10. Similar differences in 
the adipokine profiles were found in the supernatants of 
ex vivo cultured subcutaneous adipose tissue from MetS 
compared to control subjects (Bremer and Jialal, 2013), 
additionally showing increased levels of retinol binding 
protein 4, C-reactive protein, serum amyloid A1, serpin 
peptidase inhibitor clade E member 1 and IL-1β in the MetS 
group. The secretome of dysfunctional WAT therefore con-
tributes to a chronic pro-inflammatory state locally and 
systemically and, via an imbalanced secretion of insulin 
sensitizing (adiponectin) and inhibiting (TNFα, CCL2) 
adipokines, to increased insulin resistance. Low-grade 
inflammation of WAT in MetS and in obese subjects has 
also been evidenced by macrophage infiltration (Cancello 
et  al., 2005; Bremer and Jialal, 2013), which correlates 
with mean adipocyte size and with body mass (Weisberg 
et al., 2003). Recruitment of macrophages is facilitated by 
the inflammatory cytokine osteopontin, which has been 
shown to be overexpressed in the adipose tissue of dia-
betic (Nilsson et  al., 2014) and obese (Pietilainen et  al., 
2008) monozygotic twins compared to their non-diabetic 
and lean siblings, respectively. Local inflammation within 
the WAT exacerbates adipocyte dysfunction via effects on 
adipocyte metabolism and differentiation. Particularly 
important in this regard is macrophage-derived TNFα 
(Weisberg et al., 2003), which has been shown to enhance 
FFA release and attenuate adipogenesis via downregu-
lation of PPARγ expression. TNFα-triggered increase in 
lipolysis results not only from impaired insulin signaling, 
but also from diminished expression and activity of the 
lipid droplet-associated protein PLIN1 (Ryden et al., 2004), 
where lipases gain access to the lipid droplet. Causality of 
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PLIN1 failure for T2D development has been substantiated 
by findings of rare missense mutations in the PLIN1 gene 
that were associated with dyslipidemia, hepatic steatosis 
and T2D in human carriers (Gandotra et al., 2011). Since 
dysregulated ROS levels have been linked to adipocyte 
dysfunction, in the next two sections we will depict the 
current understanding of ROS involvement in adipogen-
esis in healthy and in metabolically unhealthy adipose 
tissue.

Role of ROS in adipogenesis

Sources of ROS

ROS are unstable reactive molecules which can oxidize 
(therefore oxidants) important cellular constituents, such 
as lipids, DNA or proteins (Halliwell, 2006). Common 
examples of ROS include the superoxide anion (O2˙-), 
H2O2, and the hydroxyl radical (OH˙). Their effects at a 
cellular level are largely dependent on the species itself, 
its concentration, location and likely time of exposure. 
For example, OH˙ has a half-life of only a few nanosec-
onds, however, it is extremely reactive causing immediate 
damage on nearby biomolecules directly after its forma-
tion (Stadtman and Levine, 2000). However, H2O2 can be 
stable for a longer time (up to minutes in aqueous solu-
tions – in vivo the mean half-life is shorter due to the pres-
ence of reducing substrates/enzymes) and participate in 
cellular signaling, e.g. insulin-triggered signaling, via 
reversible oxidation of cysteines. However, higher con-
centrations of ROS can result in irreversible oxidation 
and thus functional impairment of biomolecules (Sies, 
2014). Cells are affected by ROS from either exogenous 
or endogenous sources. Endogenously, these species are 
formed as unintended by-products or by specific enzy-
matic reactions. The main endogenous sources are the 
mitochondria, NADPH oxidases, nitric oxide synthases, 
Fenton reaction, microsomal cytochrome P450 oxidases, 
peroxisomal β-oxidation, prostaglandin synthesis, and 
others (Halliwell, 2006; Hohn et  al., 2013). Generally, 
mitochondria are considered the most relevant cellular 
ROS producer, because of their continuous action during 
metabolism (Rigoulet et  al., 2011). In fact, the mito-
chondrial electron transfer chain is a major production 
site in adipocytes from mice (Wang et  al., 2010a,b) and 
from isolated mitochondria showing that 0.2%–2% of 
consumed O2 is reduced by single electrons, generating 
O2˙- as a byproduct (Brand, 2010) especially by complex 
I (NADH dehydrogenase) and complex III (cytochrome 

bc1 complex) (Fisher-Wellman and Neufer, 2012). High 
ROS levels produced by dysfunctional mitochondria have 
been suggested as the main cause of aging (Barja, 2014), 
resulting from error accumulation impinged on biomole-
cules. Interestingly, the aging process has been shown to 
share similar features with dysfunctional adipose tissue; 
for example, obesity contributes to reduced life span 
and the clinical outcomes closely resemble those usually 
found in aging (Ahima, 2009). Therefore, obesity might 
result in adipose tissue dysfunction via impairment of 
mitochondrial function with excessive ROS production. 
Another important generator of ROS in adipocytes are 
the NOXs (Bedard and Krause, 2007), membrane-bound 
proteins which transfer electrons from NADPH to O2. 
From the seven isoforms of catalytic subunits identified 
in mammalian cells, NOX4 is the most abundant isoform 
in adipocytes (Mahadev et al., 2004), and its expression 
is further increased in fat cells exposed to excess glucose 
or palmitate (Mahadev et al., 2004). Supporting its role as 
an important ROS producer in adipocytes, silencing NOX4 
in 3T3-L1 preadipocytes inhibited glucose and palmitate-
induced ROS formation (Han et  al., 2012). In another 
study, Schröder et  al. showed that NOX4 was indispen-
sable for insulin-dependent differentiation of 3T3-L1 
preadipocytes (Schroder et al., 2009). Mitochondria and 
NOXs appear as crucial ROS sources in adipocytes, and 
furthermore a regulatory crosstalk between these sources 
has been proposed (Dikalov, 2011). In the following two 
chapters we will summarize the current understanding of 
the role of ROS in adipogenesis and insulin signaling.

Requirement of ROS for adipogenesis and 
insulin signaling

‘A disturbance in the prooxidant-antioxidant balance in 
favor of the former’, this was how oxidative stress was 
initially viewed, a condition known to promote potential 
damage (Sies, 2015). However, insights on specific redox 
regulatory effects of ROS support the idea that, when bal-
anced, ROS play an important role in signal transduction 
cascades (Sies, 2015). This newer perspective has been 
built upon numerous evidence showing several signaling 
pathways to be redox-regulated by means of dynamical 
shifting of the ratio between oxidized/reduced amino acids 
within mediators of these pathways (Hensley et al., 2000). 
For instance, reversible oxidation of specific cysteines 
can either render phosphatase and tensin homolog 
(PTEN) protein activation or cdc25 protein inhibition, 
two proteins that modulate cellular proliferation (Cho 
et  al., 2004). Additionally, mechanisms of proteostasis 
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such as macroautophagy can be triggered by oxidation of 
cysteines within the Atg4 enzyme (Scherz-Shouval et al., 
2007). Adding to this, activation of the nuclear factor 
(erythroid-derived 2)-like 2 (Nrf2) transcription factor is 
also ROS-dependent: upon a mild increase in the levels of 
ROS, reversible oxidation of specific cysteines of the Nrf2-
inhibitor Keap1 render it inactive, resulting in detachment 
of Nrf2, which subsequently translocates to the nucleus 
(Zhang and Hannink, 2003). ROS have been implicated 
in the regulation of several processes such as cytokine 
secretion, proliferation, differentiation, gene expression 
and as cytotoxic molecules in immune responses against 
invading pathogens (Hensley et al., 2000). A study with 
H4IIEC hepatoma cells showed that different H2O2 concen-
trations could either enhance, if in a low concentration 
such as 5 μm, or repress, if in a high concentration such 
as 50 μm, the insulin signaling pathway (Iwakami et al., 
2011). Remarkably, adipocytes seem to adapt to dynamic 
changes in ROS levels and to use them as second messen-
gers. H2O2 was found to mimic insulin action: exposure 
of adipocytes to H2O2 resulted in a rapid translocation of 
glucose transporters and increased glucose uptake (Kono 
et al., 1982), increased lipid synthesis (May and de Haen, 
1979), whereas lipolysis was blunted (Little and de Haen, 
1980). Moreover, a study by Lee et al. evidenced that during 
adipogenic mitotic clonal expansion, H2O2- and hormone-
treated 3T3-L1 preadipocytes showed acceleration in their 
differentiation with increased PPARγ2 expression and cell 
cycle progression (Lee et al., 2009). However, when N-ace-
tylcysteine was added to the medium, an S-phase arrest 
in the cell cycle was noted. Altogether, the authors found 

a necessary redox signaling regarding C/EBPβ binding to 
DNA for PPARγ2 transcription, an important feature of 
terminal adipogenesis (Lee et  al., 2009). ROS have been 
shown to increase insulin sensitivity (Loh et  al., 2009). 
Evidence is provided for example from protein tyrosine 
phosphatase inhibition by H2O2, leading to the enhance-
ment of protein tyrosine phosphorylation signaling in 
the early insulin cascade pathway (Mahadev et al., 2001). 
A study by Tormos and colleagues (Tormos  et  al., 2011) 
emphasized mitochondrial ROS dependence for adipocyte 
differentiation by showing that specific mitochondrial 
antioxidants such as Mitotempol or MitoCP resulted in 
abrogation of adipogenesis; and mitochondrial complex 
III was identified in the same study as the ROS (super-
oxide) source relevant for adipogenesis via activation of 
PPARγ2. While these studies demonstrate the require-
ment of limited ROS levels for adipogenesis, ROS may also 
impede with cellular functions if their levels peak or if 
they become persistent in cells (Figure 2).

Consequences of ROS imbalance for 
adipocyte functionality
This chapter is focused on the harmful effects of imbal-
anced ROS levels during oxidative stress, which has been 
linked to adipocyte dysfunction. In contrast to reversible 
oxidation mentioned above, proteins can become irre-
versibly oxidized depending on ROS type. A particularly 
relevant event in this regard is protein carbonylation, an 
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Figure 2: The importance of physiological ROS levels for adipogenic differentiation.
Several studies support the crucial role of ROS for adipogenesis to progress through a well-orchestrated process (central position) for the 
cell to become a mature adipocyte, shown by the rounded cell shape with a major lipid droplet (in orange). However, below or above a 
certain ROS level adipogenesis fails to progress, shown by an elongated fibroblast-like structure (left and right side), or is involved in the 
formation of hypertrophic adipocytes, shown by the rounded cell shape with an increased lipid droplet (right side).
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irreversible non-enzymatic modification, that can lead 
to protein dysfunction and aggregation (Nyström, 2005; 
Castro et al., 2012). This protein modification is regarded 
as a severe marker of protein oxidation and dysfunction, 
shown to accumulate during aging (and age-related dis-
eases) and in chronic diseases such as chronic renal failure 
or chronic lung disease (Levine and Stadtman, 2001; 
Dalle-Donne et  al., 2003). Protein carbonylation results 
either from direct attack by metal-catalyzed ROS at spe-
cific amino acid residues such as lysine, threonine, argi-
nine and proline or by secondary attack on lysine, cysteine 
or histidine from modified aldehydes (from lipid peroxida-
tion) such as 4-hydroxynonenal (4-HNE) or from glycoxida-
tion products (oxidation of carbohydrates) such as glyoxal 
or methylglyoxal (Stadtman and Levine, 2000; Höhn et al., 
2014). Increased levels of carbonylated proteins have also 
been found in some metabolic disorders such as obesity 
and T2D (Valerio et al., 2006; Grimsrud et al., 2007; Curtis 
et al., 2010; Frohnert and Bernlohr, 2013; Bollineni et al., 
2014). For example, an association between mitochondrial 
dysfunction, oxidative stress and carbonylated proteins has 
been proposed to play a critical role in the development of 
adipocyte insulin resistance (Frohnert and Bernlohr, 2013). 
Moreover, carbonylated plasma proteins, e.g. vascular 
endothelial growth factor-2 (VEGFR-2), matrix metallopro-
teinase-1 (MMP-1), mitogen-activated protein kinase kinase 
4 (MKK4), agrin and compliment C5 proteins, they were 
suggested as potential biomarkers for obesity-induced T2D 
(Bollineni et  al., 2014). Others have also reported some 
cellular proteins to be carbonylated and thus impaired in 
their function in obesity and T2D. Among these are pro-
teins such as adipocyte fatty acid-binding protein (AFABP) 
(Valerio et  al., 2006), glutathione peroxidase 1 (GPX-1), 
peroxiredoxin 1 (PRDX-1), and β-enolase (Grimsrud et al., 
2007), with roles in lipid binding and lipolysis, antioxidant 
response, and glycolysis, respectively. Furthermore, related 
studies have shown evidence of the loss of an antioxidant 
and 4-HNE-detoxifying protein, glutathione S-transferase 
4 (GST4), due to its carbonylation (Valerio et  al., 2006; 
Grimsrud et al., 2007; Curtis et al., 2010). GST4 was found 
to be a carbonylation target of lipid peroxidation-derived 
reactive aldehydes arising in obese mice; and this modifi-
cation led to GST4 downregulation (Grimsrud et al., 2007). 
Analogous findings were retrieved with 3T3-L1 adipocytes, 
where treatment with the pro-inflammatory cytokine TNFα 
caused GST4 carbonylation and downregulation (Curtis 
et al., 2010).

As a conclusion, increased levels of carbonylated 
proteins seem to be associated with mitochondrial dys-
function in adipocytes, with possible relevance for the 
development of insulin resistance.

Proteostasis in adipocytes

A possible consequence of the formation of oxidized pro-
teins is their propensity to become unfolded and aggre-
gated. Protein aggregation takes place after oxidized 
proteins expose hydrophobic residues, usually concealed 
in the protein’s core, leading to binding to other oxi-
dized proteins. To prevent the potential hazard of protein 
aggregation, cells employ turnover mechanisms such 
as proteasomal turnover (Grune et al., 2003; Jung et al., 
2009). This protein degradation system comprises two 
main forms: the 26S proteasome, dependent on ubiquitin 
tagging of targeted proteins and ATP; and the 20S protea-
some, which is independent of both ubiquitin and ATP. 
Oxidized proteins seem to be degraded exclusively by 
the 20S proteasome (Grune et al., 1995, 1996, 1997, 2003; 
Reinheckel et  al., 1998; Ullrich et  al., 1999; Davies and 
Shringarpure, 2006; Jung et al., 2009; Kastle et al., 2012). 
The 20S proteasome has a barrel shaped structure, com-
posed of α and β rings organized in a αββα manner; each 
ring has seven subunits (as α1-α7; β1-β7). The inner β rings 
contain the three subunits responsible for specific pro-
teolytic activity: β1 for peptidyl-glutamyl-peptide-hydro-
lyzing or caspase-like activity, β2 for trypsin-like activity, 
and β5 for chymotrypsin-like activity. The outer α-rings 
are responsible for substrate detection and binding of 
regulatory complexes such as 11S and 19S, which deter-
mines the activity and the specificity of the proteasome 
(Davies and Shringarpure, 2006). Thus, any decline in 
proteasome activity results in impairment of proteosta-
sis, interfering with cellular signaling and function. This 
view is supported by a study showing that adipose tissue 
from metabolically unhealthy obese individuals with 
insulin resistance displayed proteasome inhibition with 
concomitant accumulation of oxidized and ubiquitinated 
proteins (Diaz-Ruiz et al., 2015). The authors suggest that 
this loss of proteostasis underlies the development of 
insulin resistance in adipocytes from unhealthy obese. 
Dasuri et al. described proteasome inhibition in relation 
to impaired adipogenesis under oxidative stress condi-
tions (Dasuri et  al., 2011). This study provides evidence 
that the aging process itself is able to change the activ-
ity and expression of different components of the protea-
some (Dasuri et al., 2011). This impacts the healthy pool 
of preadipocytes and adipocytes, which ensures a func-
tioning and dynamic adipose tissue. Therefore, protea-
some inhibition has two main consequences that lead to 
adipose tissue dysfunction; firstly, the impairment of adi-
pogenesis and secondly, an increase of oxidative stress 
in mature adipocytes, contributing to tissue dysfunction 
(Dasuri et al., 2011). Accounting for the provided evidence, 
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it is reasonable to speculate that metabolic diseases may 
originate from the occurrence of non-physiological levels 
of ROS, ultimately resulting in the formation of oxidized 
proteins and proteasome impairment. Therefore, oxida-
tive stress and the progression of metabolic diseases 
seem to be closely connected. Until now, we have focused 
on ROS imbalance generating carbonylated proteins and 
proteasome inhibition at a cellular level.

In the next section, we will summarize the evidence 
on how oxidative stress can lead to WAT dysfunction.

Consequences of ROS imbalance for white 
adipose tissue

High ROS levels within the WAT promote a disturbed redox 
balance therein and impact its function via mechanisms, 
such as impairment of adipogenesis, induction of insulin 
resistance and adipocyte hypertrophy.

ROS can inhibit the proliferation of adipogenic pro-
genitors (Carriere et  al., 2003), although apoptosis was 
not observed (De Pauw et al., 2009), this results in hyper-
trophy of the mature adipocytes due to the lack of tissue 
renewal. Hypertrophic obesity is commonly accepted as 
more deleterious than hyperplasia and has been associ-
ated with insulin resistance (Stern et al., 1972; Lundgren 
et  al., 2007). As discussed earlier, adipocyte hypertro-
phy can lead to tissue inflammation, altered metabolism 
and dysregulated adipokine secretion. ROS can directly 
inhibit respiration promoting lipid accumulation. This is 

explained by the substrates that cannot be properly oxi-
dized favoring TG storage (Wang et al., 2010a,b). Another 
risk factor for adipocyte hypertrophy is aging, via the 
development of mitochondrial dysfunction, which in turn 
is implicated in excessive lipid storage (Kirkland et  al., 
1994; Karagiannides et  al., 2001; Kirkland et  al., 2002). 
Hypertrophy-induced inflammation might have a basis for 
oxidative stress establishment (Murdolo et al., 2013). High 
ROS levels led to a decrease in adiponectin expression and 
secretion (Wang et al., 2013a,b), an important protein for 
insulin sensitivity and exhibiting anti-atherogenic and 
anti-inflammatory effects. Altogether, it seems likely that 
oxidative stress can trigger hypertrophy of adipocytes and 
that this is followed by tissue inflammation and dysfunc-
tion, once the adipose tissue’s expandability is exceeded 
(Figure 3). In this context, sustained or chronic exposure 
of 3T3-L1 preadipocytes to micro-molar concentrations 
of H2O2 reduced glucose transporter translocation and 
diminished lipogenesis (Rudich et al., 1997). Furthermore, 
increasing intracellular amounts of ROS led to mitochon-
drial dysfunction with diminished insulin signaling and 
adiponectin secretion in 3T3-L1 cells (Wang et al., 2013a,b). 
Another study has shown that preadipocyte proliferation 
was inhibited by mitochondrial ROS, which therefore 
affect the size of the white adipocyte pool (Carriere et al., 
2003). Subcutaneous abdominal fat samples from dia-
betic compared to obese and non-diabetic control subjects 
displayed increased levels of lipid peroxidation products 
such as 4-HNE, linking oxidative stress to insulin resist-
ance (Murdolo et al., 2013). Interestingly, 4-HNE modifies 

Pre-adipocyte Hypertrophic adipocyteAdipocyte

Regulated lipogenesis
Fat storage

Adiponectin secretion
Leptin secretion

Proteostasis
Metabolic homeostasis

Unregulated lipolysis
Free Fatty Acids release

Adiponectin secretion decrease
Leptin secretion decrease

Chemoattractants – inflammation
Insulin resistance

Carbonylated proteins increase
Loss of proteostasis
Tissue dysfunction

Basal ROS levels High ROS levels

Figure 3: Oxidative stress is originated in overcaloric conditions increasing the risk for several metabolic dysfunction outcomes.
Physiological ROS levels are mandatory for a proper adipogenesis contributing to adipose tissue and overall organism homeostasis. If these 
levels are altered either through external conditions or inherent processes such as aging, the risk for developing hypertrophic adipocytes 
increases leading to the disruption of several processes held responsible for metabolic health.
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important transducers of insulin-regulated signaling, 
possibly contributing to both protein and cell dysfunc-
tion (Grimsrud et al., 2007). 4-HNE has also been shown 
to initiate chronic adipose tissue inflammation via induc-
tion of cyclooxygenase-2 (COX) by p38 activation (Zarrouki 
et  al., 2007). Furukawa and colleagues have shown that 
blocking NOX with apocynin resulted in decreased ROS 
production, improved adiponectin release and thus 
improved insulin sensitivity in obese mice (Furukawa 
et al., 2004). Finally, since the aging process is positively 
correlated with markers of oxidative stress (Harman, 1956, 
1998, 2003), Findeisen and Bruemmer suggested that the 
adipose tissue is similarly affected. 3T3-L1 cells treated 
with L-buthionine-(S,R)-sulfoximine (BSO), an indirect 
inducer of oxidative stress, displayed no adipogenic dif-
ferentiation, concomitant with transcriptional repression 
of E2F target genes (Findeisen et al., 2011).

Aging has also been shown to have a negative impact 
on the function of preadipocytes impairing tissue renewal. 
Some examples of preadipocyte impairment associated 
with aging include: decline in preadipocyte replication 
(Djian et  al., 1983), decreased adipogenesis (Kirkland 
et  al., 1990), lower levels of PPARγ and C/EBPα from 
aged human and rat adipocytes after exposure to differ-
entiation cocktails (Karagiannides et al., 2001). A typical 
hallmark of aging is the accumulation of senescent cells 
and this has been observed in the preadipocyte pool from 
obese and also from elderly individuals (Minamino et al., 
2009; Tchkonia et al., 2010). Altogether, aging itself can 
be regarded as a risk factor for adipose tissue dysfunction.

Despite the pathophysiological effects of oxidative 
stress on adipose tissue homeostasis, the presence of a 
sufficient amount of ROS is a prerequisite for adipogen-
esis, as described before, and therefore ROS clearance can 
be considered as another risk factor for adipose tissue dys-
function. In the following section we will discuss the roles 
of antioxidants in adipocytes and how they can exert both 
adverse and beneficial effects therein.

Antioxidants in adipocyte 
dysfunction-associated metabolic 
diseases

Obesity, oxidative stress, and beneficial 
effects of antioxidants in animal studies

Chronic obesity and T2D are associated with elevated levels 
of biomarkers of oxidative stress (e.g. lipid peroxidation 

end products and protein carbonylation) in the circula-
tion, in WAT and in (hypertrophied) adipocytes (Furukawa 
et  al., 2004; Jankovic et  al., 2014; Chattopadhyay et  al., 
2015). As examples, plasma thiobarbituric acid reac-
tive substance (TBARS) and 4-HNE protein adducts, two 
markers of lipid peroxidation, were significantly corre-
lated with BMI and increased in obese with (mean BMI 
41.8 kg/m2) and without (mean BMI 38.3 kg/m2) MetS com-
pared to lean (mean BMI 22.5 kg/m2) control individuals, 
respectively (Furukawa et al., 2004; Lubrano et al., 2015). 
Equivalent to the situation in humans, Furukawa et  al. 
reported elevation of plasma TBARS levels in mice that 
were rendered obese either by feeding high caloric diets 
or where obesity developed spontaneously due to mono- 
and polygenic gene mutations. These and others findings 
also indicated that systemic oxidative stress in obese mice 
is due to increased ROS production in the WAT (Furukawa 
et al., 2004; Houstis et al., 2006; Curtis et al., 2010). An 
obesity-associated and WAT-derived increase in oxidative 
stress has been suggested as a trigger of WAT dysfunction 
and to promote insulin resistance in metabolic organs 
(Rains and Jain, 2011), which eventually leads to the for-
mation of MetS and T2D. In agreement with this concept, 
treatments with compounds that decrease ROS levels, 
either by inhibiting ROS formation (Furukawa et  al., 
2004), by inducing ROS-degrading antioxidant enzymes 
(Anderson et  al., 2009), or by direct reduction of ROS 
(Anderson et al., 2009), were reported to improve insulin 
sensitivity as well as lipid and glucose homeostasis in 
animal models of diabetes. For example, in obese mice 
the NOX inhibitor apocynin decreased adipose tissue ROS 
levels, restored dysregulated adipokine secretion, and 
improved hyperlipidemia, diabetes and hepatic steatosis 
(Furukawa et  al., 2004). Similarly, glutathione-S-trans-
ferase A4 is depleted in the WAT of obese mice, which 
results in increased protein carbonylation in adipocytes 
and impaired glucose and lipid homeostasis (Curtis et al., 
2010). A mitochondrial-targeted antioxidant as well as 
overexpression of catalase (in skeletal muscle) preserved 
insulin sensitivity in mice that were fed a high-fat diet and 
had developed a diabetic phenotype under control condi-
tions (Anderson et al., 2009).

Adverse effects of antioxidants in human 
studies

These findings derived from animal studies attributed a 
causal role for oxidative stress in the development of dia-
betes and led to clinical studies assessing the therapeutic 
and preventive potential of (dietary) antioxidants, e.g. 
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vitamin C and E, against metabolic disorders associated 
with obesity. Meta-analysis of 14 randomized controlled 
trials (RTCs) of vitamin C and E interventions revealed 
however, that none of the supplements improved fasting 
blood glucose or insulin levels in T2D patients (Akbar 
et  al., 2011), a result that questioned the usefulness of 
high dose vitamin C and E supplementation for T2D. 
Similarly, the Supplementation en Vitamines et Miné-
raux Antioxydants (SU.VI.MAX) intervention trial with 
5220 participants examined the effects of long-term (7.5 
years) supplementation with a mixture of dietary antioxi-
dants (vitamins C and E, β-carotene, zinc and selenium) 
and found no difference in MetS incidence between the 
supplemented and the placebo group (Czernichow et al., 
2009). This indicates that lower serum concentrations 
of some antioxidants (e.g. vitamin C, α- and β-carotene) 
in MetS subjects, as observed in a case-control assess-
ment of participants from the Third NHANES (National 
Health and Nutrition Examination) study, are not causal 
for the development of MetS (Ford et al., 2003). An unex-
pected outcome of the SU.VI.MAX trial was the observa-
tion of an adverse serum lipid profile in the antioxidant 
supplementation group: mean serum TG concentrations 
were significantly higher in the supplemented group 
compared to placebo, and the prevalence of hypertri-
glyceridemia was higher in male but not in female recipi-
ents. Rather harmful effects of antioxidant supplements 
have also been suggested by a meta-analysis of 78 RTCs 
with 300 000 participants, wherein supplementation 
with β-carotene as well as vitamin E was associated 
with higher all-cause mortality, while supplementa-
tions with other antioxidants [vitamin C, selenium (Se)] 
had no significant effect on all-cause mortality (Bjela-
kovic et  al., 2013). A major constituent of some crucial 
antioxidant defense systems is the trace element Se, as 
it resides in the form of the mRNA-encoded amino acid 
selenocysteine in antioxidant selenoenzymes. Dietary 
Se compounds have successfully been used to alleviate 
oxidative stress-associated diseases, e.g. inflammatory 
bowel diseases (Speckmann and Steinbrenner, 2014), and 
for cancer prevention in humans and rodents (Steinbren-
ner et al., 2013). However, secondary analysis of the U.S. 
National Prevention of Cancer trial suggested that over-
dosing Se might increase the risk of T2D (Stranges et al., 
2007; Steinbrenner et al., 2011). Plasma levels of the sele-
nium transport protein selenoprotein P (SeP) are posi-
tively associated with blood glucose levels (Steinbrenner, 
2013), and it was proposed that this relationship reflects 
the transcriptional and hormonal regulation of hepatic 
SeP expression by e.g. glucose, insulin and glucocorti-
coids, similar to the regulation of gluconeogenic enzymes 

(Speckmann et  al., 2008). However, Se compounds and 
selenoproteins have been shown to interfere with insu-
lin-regulated carbohydrate and lipid metabolism (Stein-
brenner, 2013), hence increased Se status might causally 
contribute to the development of hyperlipidemia, as 
observed in cross-sectional studies like the recently eval-
uated NHANES data from 2011 to 2012 (Christensen et al., 
2015). A recent cross-sectional study showed that even 
Se intake levels considered as adequate were associated 
with higher T2D prevalence compared to sub-optimal Se 
intake in a Chinese population (Wei et  al., 2015). Like-
wise, a trial conducted with T2D patients reported wors-
ened hyperglycemia in those subjects who had received 
Se in form of daily doses of 200 μg sodium selenite for 
3 months compared to the placebo group (Faghihi et al., 
2014). Interferences of Se and selenoproteins with the 
insulin-regulated carbohydrate and lipid metabolism are 
discussed in detail in a recent review (Steinbrenner, 2013), 
wherein GPx-1 and SeP are highlighted as mediators of 
adverse effects of Se regarding insulin sensitivity. Risk of 
major cardiovascular diseases, which often arise in dia-
betic patients, was not modified by supplementation of 
vitamins and antioxidants (vitamin A, B6, B12, C, D, E, 
β-carotene, folic acid, Se), as revealed by meta-analysis 
of 50 RTCs with a total of 300 000 participants (Myung 
et  al., 2013). Altogether these epidemiologic data imply 
that well-nourished populations with no severe nutrient 
deficiencies do not benefit from (over)supplementation 
of dietary antioxidants with respect to the prevention or 
treatment of MetS or T2D.

Adverse effects of antioxidants in animal and 
in vitro studies

Analogously, undesired effects of excess antioxidant sup-
plementation were revealed by findings from numerous 
animal and in vitro studies (outlined above) demonstrat-
ing that ROS are required for insulin signaling (Goldstein 
et  al., 2005) and that in fact ROS quenching can cause 
insulin resistance and diabetes-like phenotypes in 
rodents and pigs. For example, the above-mentioned link 
between Se and T2D from human studies is supported by a 
number of animal experiments wherein supranutritional 
intake of Se as well as overexpression of certain seleno-
proteins like GPx-1 and SeP led to insulin resistance and/
or diabetes-like phenotypes in rodents and pigs (summa-
rized in Zhou et al., 2013). In the following section, we will 
review the available literature derived from animal and 
in vitro studies regarding effects of dietary antioxidants 
on the functions of WAT and adipocytes in the context 
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of metabolic disorders. It is intriguing to speculate that 
high Se and/or selenoprotein levels in adipose tissue may 
adversely affect adipogenesis and lipid storage capacity. 
For the majority of selenoproteins their possible contribu-
tions to adipogenesis remain to be determined, with the 
exceptions of SeP and selenoprotein S: while physiologi-
cal levels of SeP are required for in vitro adipogenesis of 
3T3-L1 cells (Zhang and Chen, 2011), forced expression 
of selenoprotein S prevents differentiation to adipocytes 
(Kim and Kim, 2013). Hampering ROS production in 
preadipocyte cell cultures inhibited adipocyte differen-
tiation; therefore, related effects were expected to occur 
upon antioxidant supplementation. In line with this, 
vitamin C dose-dependently inhibited the differentia-
tion of 3T3-L1 and OP9 cells to adipocytes (Rahman et al., 
2014). Interestingly, this work indicated that the vitamin 
C effect did not depend on its antioxidant properties but 
instead involved inhibition of adenylate cyclases to reduce 
intracellular cAMP levels. Another possible explanation 
stems from a mechanistic study showing that vitamin C is 
a specific co-factor of Tet enzymes (Yin et al., 2013), sug-
gesting that vitamin C is involved in the epigenetic rear-
rangement that occurs during adipogenesis. Naturally 
occurring vitamin E is a mixture of structurally similar 
compounds, tocopherols and tocotrienols, with different 
extents of vitamin E activity. Rodent studies have shown 
that α-tocotrienol and γ-tocotrienol accumulate in adipose 
tissue (Ikeda et al., 2001), and the latter decreased body 
fat levels in adrenalectomized rats (Ima-Nirwana and Suh-
aniza, 2004). This anti-adipogenic effect was confirmed 
in vitro for 3T3-L1 cells, where the two vitamin E isoforms 
suppressed the induction of adipogenic genes during adi-
pogenesis (Uto-Kondo et  al., 2009). γ-Tocotrienol inhib-
ited the insulin-dependent phosphorylation of Akt but 
not of ERK1/2, indicating that the antioxidant activity of 
γ-tocotrienol interferes with superoxide released by NOX4 
during insulin signaling. The Nrf2-inducer sulforaphane 
inhibited adipogenesis in vitro, and furthermore, con-
stitutive activation of Nrf2 suppressed adipogenesis and 
induced insulin resistance in Lepob/ob mice in vivo (Xu 
et al., 2012). The use of anti-diabetogenic compounds as 
well as increased intake of antioxidants in the context of a 
positive energy balance may, therefore, have the undesir-
able effect of ectopic fat accumulation.

Conclusions
We propose a model of balanced ROS levels that are 
required for proper functioning of the WAT (Figure 4). In 
this model, both too low and too high levels of ROS impede 
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Figure 4: Adverse and beneficial effects of antioxidants/ROS in the 
context of adipocyte function/dysfunction.
ROS formation is required for differentiation of preadipocytes to adi-
pocytes. Increasing ROS levels trigger adipocyte dysfunction, which 
can result in oxidative stress and inflammation in and outside the 
WAT, contributing to the development of MetS and T2D. Antioxidants 
can interfere with ROS levels under all conditions and thus exert 
both beneficial and adverse effects, depending on the type, dose, 
and target of the antioxidant, as well as on the metabolic stage.

with differentiation of preadipocytes and cellular func-
tions of mature adipocytes. In manifest T2D, increased 
ROS levels in the WAT result in reduced adipogenesis, 
increased lipolysis and macrophage infiltration, which 
exacerbate adipose tissue dysfunction, whereby interven-
tions to reduce ROS levels may be beneficial in the man-
agement of the disease and its associated complications. 
However, the use of antioxidant supplements or anti-adi-
pogenic compounds that interfere with insulin-mediated 
signaling may be unfavorable in the prevention of MetS 
and T2D, particularly during excess nutrient intake that 
requires appropriate expansion of WAT.
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