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Abstract: Childhood obesity contributing to the development of metabolic diseases is a serious public health chal-
lenge on a global scale. Abnormal or excessive fat accumulation is obvious in children who are overweight or obese.
As a complicated endocrine organ, adipose tissue is a predominant site of endoplasmic reticulum stress (ERS)
that is induced by obesity. ERS is aggravated in obese adipose tissues, which are recognized as a molecular link
between obesity and the development of metabolic diseases, such as type 2 diabetes/insulin resistance (T2D/IR)
and atherosclerosis. Moreover, T2D increases the risk of atherosclerotic cardiovascular diseases (CVDs). In this
review, the role of ERS in adipose tissues is analyzed, particularly regarding the initiation and exacerbation of T2D/
IR and atherosclerosis. These findings indicate that it is necessary to devote more resources to the development of
promising therapeutics and effective drugs to relieve ERS for the treatment of T2D and atherosclerosis, especially
in children who are overweight or obese.
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Introduction

Obesity is characterized as abnormal or exces-
sive fat accumulation, which is most often
defined by body mass index (BMI), which pres-
ents a risk to health. Per the World Health
Organization (WHO), the number of people with
obesity worldwide has nearly tripled since 1975
[1]. Childhood obesity is also a global problem
of the 21st century, and represents a serious
public health challenge, such as the continuous
rise in the number of children and adolescents
with obesity in many countries around the world
[2-4]. The prevalence of obesity is approximate-
ly 17% and affects approximately 12.7 million
children and adolescents in the United States
[5]. The most recent results from the National
Survey on Students Constitution and Health in
China indicate that the prevalence of over-
weight and obesity in 2014 was 19.4% among
children and adolescents aged 7-18 years [4].

Overall, children with combined obesity demon-
strated a higher prevalence of metabolic disor-
ders, and a study in Beijing showed that the
prevalence of types of obesity and obesity-
related metabolic disorders among children
aged 6-17 years has increased significantly in
the past decade [6]. Obese children are also
likely to stay obese into adulthood [7, 8] and to
suffer from health risks for many comorbidities
and complications, such as type 2 diabetes
(T2D) and cardiovascular diseases (CVDs) [9,
10]. Physicians and policy experts are particu-
larly concerned regarding the contribution of
obesity to the development of T2D and athero-
sclerosis, as these diseases are serious health
hazards, but the underlying mechanisms are
not fully understood.

In the obese condition, excess adipose tissue is
highly associated with the development of vari-
ous metabolic diseases, such as cardiometa-
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bolic and glucose metabolism perturbation. To
this end, researchers have invested consider-
able energy into exploring the mechanisms of
adipose tissue in the development of metabolic
diseases. Adipose tissue has been identified as
a special endocrine organ that produces a vari-
ety of adipocytokines [11], and in recent years,
endoplasmic reticulum stress (ERS) has been
thought to play a causal role in the develop-
ment of obesity-associated metabolic disor-
ders [12, 13].

To obtain as much literature as possible on
childhood obesity-associated type 2 diabetes/
insulin resistance and atherosclerosis, as well
as information regarding endoplasmic reticu-
lum stress in adipose tissues, PubMed, Web of
Science, Google, the China National Knowledge
Infrastructure, and the VIP paper check system
were checked, and English and Chinese papers
from the last 50 years were collected and ana-
lyzed. In the following sections, T2D and athero-
sclerosis as related to obesity in childhood,
focusing on the role of ERS in adipose tissues.

T2D/IR in childhood

Diabetes is now recognized as a syndrome - a
collection of disorders with hyperglycemia and
glucose intolerance as their hallmark, due to
either insulin deficiency, impaired effective-
ness of insulin, or a combination of the two.
Diagnoses of diabetes are made using fasting
plasma glucose with a 2-hour post-challenge of
glucose or hemoglobin Alc (HbAlc) [14]. The
number of people with T2D is growing rapidly
worldwide, which is associated with aging pop-
ulations, economic development, increasing
urbanization, less healthy diets, and reduced
physical activity [15]. With increasing levels of
obesity and physical inactivity among children
in many countries, T2D in childhood has the
potential to become a global public health
issue that leads to serious health outcomes.
Although reliable data are sparse, there is evi-
dence that T2D in children and adolescents is
increasing in certain countries [16-19]. An anal-
ysis of data from 14 Chinese medical centers
shows that the prevalence of childhood diabe-
tes has increased dramatically, the growth of
T2D has exceeded that of type 1 diabetes, and
the incidence rate of abnormal glucose metab-
olism in children with obesity has reached
28.26% [20].
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People with diabetes are also at higher risk for
developing a number of disabling and life-
threatening health problems. Consistently high
blood glucose levels can lead to serious diseas-
es affecting, for instance, heart and blood ves-
sels, eyes, and kidneys [21]. Furthermore, the
prevalence of complications and comorbidities
are higher among those with T2D compared
with type 1 [22]. T2D in adolescents becomes a
severe phenotype that poses major clinical
challenges and public health burdens [23].

Hyperinsulinemia and IR, in particular, are com-
mon among adolescents with obesity. A recent
meta-analysis that evaluates insulin resistance
in adolescents aged 12-18 years observed that
certain components defining IR - for example
circulating insulin, C-peptide levels, and homeo-
static model assessment-insulin resistance-IR
values-are significantly higher in adolescents
with obesity than those who are non-obese
[24]. Typically, a patient with T2D is able to pro-
duce insulin but becomes resistant, such that
the insulin becomes ineffective.

Atherosclerosis in childhood

Atherosclerosis is the underlying process that
ultimately leads to clinical CVDs, and severe
obesity has been strongly associated with
increased cardiometabolic risk. Several studies
on children and adolescents have concluded
that there is a relevant association between
excess weight and certain cardiometabolic risk
factors-for example, high low-density lipopro-
tein cholesterol (LDL-C) level, low high-density
lipoprotein cholesterol level, high systolic and
diastolic blood pressures, and high triglyceride
[25, 26]. As such, to prevent or better manage
clinical diseases in children with elevated BMI
and/or central obesity, all of the above recom-
mended laboratory tests are warranted in prac-
tice [27]. According to the WHO, over three-
quarters of CVD deaths take place in low-and
middle-income countries [28]. Further, CVDs
are already among the top health problems of
the Chinese population, and both the preva-
lence and mortality of CVDs in China are still
rising. Recent data from the China Cardio-
vascular Disease Report 2016 show that CVDs
remain the leading cause of death (higher than
tumors and other diseases) and are responsi-
ble for over 42% of all deaths in China, and bil-
lions of dollars in economic losses [29].
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Body weight control and correcting dyslipid-
emia are important strategies for preventing
and treating atherosclerosis in children and
adolescents [30]. Early stages of the athero-
sclerotic process are detectable in children
with obesity [31], an early pathological finding
of which is the presence of fatty streaks in the
arterial intima at three years of age, and in the
coronary arteries during adolescence [32].
Intima media thickness (IMT) evaluated by
ultrasonography is a noninvasive indicator of
the atherosclerosis process [33]. Dyslipidemia
is one of the strongest traditional risk factors
for the development of CVDs, and often emerg-
es during childhood and adolescence [34].
Adolescents with dyslipidemia have an increa-
sed risk of developing high carotid IMT in adult-
hood, and if overweight or obese they have
higher carotid intima thickness in adulthood
compared with those who did not exhibit both
risk factors [35]. Researchers measured the
serum lipid concentrations of representative
school-age children in Beijing and observed a
higher prevalence of hyperlipidemia and dyslip-
idemia in children and adolescents with obesity
and adverse trends of serum lipid concentra-
tions compared with that of 10 years ago [36].
A cohort study has demonstrated that LDL-C
levels during childhood are associated with
carotid artery IMT in adults [37]. Further, expo-
sure to high levels of LDL-C in childhood can
contribute to the development of atherosclero-
sis in adulthood [38].

T2D increases risk of atherosclerotic CVDs

As a consequence of the global rise in the prev-
alence of childhood obesity, T2D has emerged
at an unprecedented rate. Researchers have
reached a consensus that increases in BMI in
childhood and adolescence are closely associ-
ated with a higher incidence of T2D and athero-
sclerotic CVDs in young adults [39]. Starting in
the mid-19th century, CVDs have been per-
ceived as a major complication of diabetes.
When Kannel et al. used data from the
Framingham Heart Study in 1979, a twofold to
threefold increased risk of clinical atheroscle-
rotic disease was reported, and diabetes was
identified as a major cardiovascular risk factor
[40]. In following decades, the growth of diabe-
tes worldwide has been termed an epidemic,
and diabetes-associated CVDs have become a
major health care issue.
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T2D increases the risk of CVDs and associated
mortality, largely due to increased atheroscle-
rosis [40]. T2D in adolescence manifests as a
severe progressive form of diabetes that fre-
quently presents with complications, responds
poorly to treatment, and results in rapid pro-
gression of microvascular and macrovascular
complications [23]. Patients have a higher car-
diovascular morbidity and mortality, and are
disproportionately affected by CVDs compared
with nondiabetic subjects [41].

The role of diabetes in the pathogenesis of
CVDs has received a great deal of research
interest in recent years. In summary, CVD is
elevated in T2D due to a complex combination
of traditional and nontraditional risk factors
that play a role in the beginning and in the evo-
lution of atherosclerosis over its long natural
history, from endothelial function to clinical
events [42]. Traditional risk factors-including
obesity, dyslipidemia, hypertension, family his-
tory, and cigarette smoking-do not fully account
for this excess risk, and nontraditional factors,
such as IR, endothelial dysfunction, impaired
fibrinolysis, inflammation, microalbuminuria, hy-
perhomocysteinemia, postprandial abnormali-
ties, and vascular wall abnormalities, might
also be important.

Diabetes has adverse effects on the initiation,
progression, and regression of the lesions
associated with atherosclerosis. A significant
recent research advancement is that geneti-
cally engineered mouse models provide impor-
tant insights into the mechanisms through
which diabetes promotes atherosclerotic le-
sions of different maturity. Consistent results
from different mouse models show that during
the initial stage, diabetes can accelerate the
formation of atherosclerotic lesions by promot-
ing macrophage accumulation in the brachioce-
phalic artery and aorta [43, 44]. Diabetes does
not increase the size of advanced lesions, but
rather causes increased intra-plaque hemor-
rhaging in the macrophage-rich areas in these
lesions [45]. Diabetes also hinders the regres-
sion of such lesions through hyperglycemia and
increases monocyte recruitment into regress-
ing lesions [46].

Many of the metabolic and cardiovascular com-
plications of obesity are already present during
childhood, and are closely related to the pres-
ence of IR and hyperinsulinemia. In the obese
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state, adipose tissues release increased
amounts of non-esterified fatty acids, glycerol,
hormones, pro-inflammatory cytokines, and
other factors that are involved in the develop-
ment of IR [47]. While most insulin-resistant
individuals with obesity are able to maintain the
degree of hyperinsulinemia required to prevent
the manifest decompensation of glucose ho-
meostasis, T2D develops when IR individuals
cannot secrete the increased amounts of insu-
lin needed to compensate for the insulin resis-
tance [48]. Atherosclerosis starts in childhood,
and manifests in clinical diseases in certain
individuals. IR per se is related to diabetes-
accelerated atherosclerosis, which induces
endothelial dysfunction and is perhaps the
most important among a cluster of pathophysi-
ological factors that are associated with early/
accelerated atherosclerosis [49].

ERS in adipose tissues at the intersection of
T2D/IR and atherosclerosis

ERS is aggravated in obese adipose tissues

Adipocytes have emerged as an important play-
er in the pathogenesis of both T2D/IR and ath-
erosclerosis. In addition to adipocyte hypertro-
phy [50], local tissue hypoxia [51], and ma-
crophages and other immune-cell infiltration
[52], ERS has attracted increasing attention
among a variety of theories [53]. Accumulating
evidence shows that some ERS markers of
phosphorylation-such as a subunit of the
eukaryotic translation initiation factor 2 (elF2),
double-stranded RNA-activated protein kinase-
like endoplasmic reticulum kinase (PERK),
c-Jun N-terminal kinase (JNK), and inositol-
requiring kinase 1a (IRE-1a) - are significantly
increased in the adipose tissues of obese
humans and animals [54-56]. Further, the
effects of different ERS inducers on endocrine
function were not found to be the same, al-
though all could induce ERS in adipocytes [57].

The endoplasmic reticulum (ER) is a membrane-
bound and structurally intricate organelle that
is present in all eukaryotic cells. Most secreted
and transmembrane proteins fold and mature
in the lumen of the ER after these proteins
enter the ER as unfolded polypeptide chains.
The protein-folding machinery of the ER is com-
posed of molecular chaperones, foldases, and
the lectins that maintain the ER quality-control
system [58]. Many conditions that perturb cel-
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lular-energy levels, the redox state or Ca?* con-
centration, and even mutations within proteins,
can reduce the protein-folding capacity of the
ER or impede further processing or transport
within the ER. When the folding capacity of the
ER fails to accommodate the load of unfolded
proteins, the ER homeostasis is perturbed to
the condition described as endoplasmic reticu-
lum stress [59]. To combat the deleterious
effects of ERS, an adaptive mechanism called
the unfolded protein response (UPR) is imple-
mented [60]. The ubiquitin-proteasome and the
autophagy-lysosome systems are the two main
degradation systems involved in this defense
[61, 62]. If the stress cannot be resolved, both
proteasomal degradation and autophagy fail,
the damage continues, and the cell switches to
the apoptotic pathway [63].

Our current level of understanding is that
this concerted and complex UPR is mediated
through three ER transmembrane receptors,
which are classified into types | and 1l [64]. IRE1
and PERK are type | proteins that possess pro-
tein kinase activities, and activating transcrip-
tion factor 6 (ATF6) is a type Il transmembrane
protein that encodes a transcription factor. In
addition, the long-lived type lll, which includes
functional cytoplasmic proteins, has also been
used as a parameter for assessing autophagic
activity. From a functional perspective, the pro-
teasome degrades type | and type Il proteins
and autophagy degrades type Il and type Il pro-
teins as well as damaged or excess organelles
[65]. Additionally, in resting cells the three ERS
receptors are maintained in an inactive state
through their association with the ER chaper-
one, the glucose-regulated protein 78 (GRP78,
also known as BiP). Upon accumulation of
unfolded proteins, GRP78 dissociates from the
three receptors, which leads to their activation
and triggers the UPR [66]. The overall conse-
quence of the UPR is the suppression of the
global protein expression, but the upregulation
of ER chaperons and proteins is involved in
degradation pathways. ER homeostasis is
maintained by the concerted work of these
receptor proteins and the unfolded protein/
chaperone system.

ERS in adipose tissues is related to T2D/IR

IR is the condition of the body that does not
respond appropriately to circulating insulin
[47], which is a common denominator for many
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metabolic and cardiovascular complications of
obesity that typically precede the onset of T2D.
In addition to liver and muscle, IR can occur in
adipose tissues, especially [67].

Obesity contributes to many metabolic diseas-
es, although the underlying mechanisms of this
contribution have not been thoroughly eluci-
dated to date. However, white adipose tissue
emerges as a primary peripheral organ that
plays an important role in the initiation and
exacerbation of IR, T2D, and atherosclerosis.
Ozcan et al. observed that PERK phosphoryla-
tion, JNK activity, and GRP78 expression were
all significantly increased in the adipose tissue
of obese mice compared with lean controls
[54]. The results indicate that adipose tissue is
a predominant site of ERS, which is induced by
obesity. Further, this stress leads to the sup-
pression of insulin receptor signaling through
the hyper-activation of JNK and the subse-
quent serine phosphorylation of insulin recep-
tor substrate-1 (IRS-1) [54]. ERS is now recog-
nized as a molecular link among obesity, the
deterioration of insulin action, and the develop-
ment of T2D.

Insulin activates cellular events by binding to
its membrane receptor, which leads to insulin
receptor tyrosine kinase activation and the
subsequent tyrosine phosphorylation of down-
stream signaling molecules, such as IRS-1 and
IRS-2 [68]. Phosphorylation of IRS-1 on tyro-
sine residue is required for insulin-stimulated
responses, but increased phosphorylation of
specific serine residues can render IRS-1 inac-
tive [69]. Insulin action is inhibited by ERS in
liver cells and ERS induces insulin receptor sig-
naling by increasing serine phosphorylation
and decreasing the tyrosine phosphorylation of
IRS-1, which led to IR [54, 55, 70].

Additional JNK-independent mechanisms invo-
Ived in obesity-induced IR have also been iden-
tified. ERS and impaired insulin signaling have
been observed in the adipose tissues of obese
human subjects and mice fed with a high-fat
diet. Zhou et al. found that ERS-induced insulin
receptor dysfunction and downregulation in
adipocytes is not mediated by the tyrosine
phosphorylation of the receptor, per se, but
rather by autophagy-dependent ER-associated
degradation [71]. The adaptive role of autopha-
gy in response to ERS-induced IR is also seen
in another research study on pro-granulin [72].
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Treatment of chemical chaperones-such as
4-phenyl butyric acid (4-PBA) and taurine-con-
jugated ursodeoxycholic acid (TUDCA), which
are currently approved by U.S. Food and Drug
Administration for use in humans-can poten-
tially reduce ERS, normalize hyperglycemia,
restore systemic insulin sensitivity, resolve
fatty liver disease, and enhance insulin action
in adipose tissues, as well as in the murine
model’s liver and muscle tissues [55]. The
effect of PBA reducing ERS to prevent lipid-
induced [B-cell dysfunction has been seen in
nondiabetic overweight or obese humans [73].
Although the effect of TUDCA increasing insulin
sensitivity was not found to be significant in adi-
pose tissue in men and women with obesity
[74], ongoing research on chemical chaperones
that ameliorate ERS and modulate UPR will
potentially be of considerable help in identify-
ing therapeutic targets for human metabolic
diseases. The response of relevant biomarkers
in the mechanism of ERS-induced T2D is shown
in Table 1.

ERS in adipose tissues is related to atheroscle-
rosis

There is now ample evidence for the role of ERS
in the progression of atherosclerosis. Some
ERS and UPR activation markers-such as
GRP78, phospho-PERK, and C/EBP homolo-
gous protein (CHOP) - have been observed in
both human [75] and animal [76] atheroscle-
rotic lesional cells, particularly macrophages
and endothelial cells. Notably, only after human
blood monocytes were differentiated into mac-
rophages have UPR markers been found in
lesions [77]. Several athero-relevant inducers,
including oxidative stress, oxysterols, and high
levels of intracellular cholesterol and saturated
fatty acids, can lead to the prolonged activation
of the UPR [78], particularly in the context of
obesity, insulin resistance, or diabetes.

It is currently accepted that in addition to lipid
disorders, inflammation, and macrophages are
an integral part of atherosclerosis pathology
[79]. Adipose tissue is composed of not only
adipocytes but also a number of other cell
types, including pre-adipocytes, macrophages,
and vascular cells. Adipose tissue macrophage
accumulation is directly proportional to adipos-
ity in humans, and while the macrophages ratio
is under 10% in lean adipose tissue, during
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Table 1. Response of relevant biomarkers in the mechanism of ERS-induced T2D

Markers Biological responses

Cells/tissues (Ref.)

Species (Ref.)

GRP78 Expression increased, disso- Adipose tissue [54], 3T3-L1 adipocytes  ob/ob mice [54], murine [57],
ciation from ERS receptors  [57], liver tissue [54], HepG2 cells [70]  human [70]

elF2 Phosphorylation, a key indi-  Liver tissue [54], adipose tissues [54], ob/ob mice [54], murine [57],
cator of the presence of ERS 3T3-L1 adipocytes [57], HepG2 cells [70] human [70]

PERK Phosphorylation, a key indi-  Liver tissue [54], adipose tissues [54], ob/ob mice [54], human [56]

cator of the presence of ERS adipocytes [56]
Adipose tissue [54], Liver tissue [54],

JNK Phosphorylation

ob/ob mice [54], human [56],

adipocytes [56], HepG2 cells [70], 3T3-  human [70], murine [71]

L1 adipocytes [71]
Mouse embryonic fibroblasts [54],
HepG2 cells [70]

3T3-L1 adipocytes [57], HepG2 cells [70] Murine [57], human [70]

IRE-1a  Phosphorylation

ATF6 Expression increased

IRS-1 Serine phosphorylation, in-  Liver cells [54], adipose tissues [55],

ob/ob mice [54], human [70]

ob/ob mice [55], Rat [54],

active in response to insulin  HepG2 cells [70], 3T3-L1 adipocytes [71] human [70], murine [71]

CHOP Expression increased

HepG2 cells [70], 3T3-L1 adipocytes [71] Human [70], murine [71]

ERs = endoplasmic reticulum stress; GRP78 = glucose-regulated protein 78; elF2 = subunit of eukaryotic translation initiation
factor 2; PERK = double-stranded RNA-activated protein kinase-like endoplasmic reticulum kinase; JNK = c-Jun N-terminal ki-
nase; IRE-1a = inositol-requiring kinase 1a; ATF6 = activating transcription factor 6; IRS-1 = insulin receptor substrate-1; CHOP

= C/EBP homologous protein.

obesity, this ratio rises to 50% [80]. Similarly,
macrophages comprise only 10-15% of stromal
vascular cells (SVCs) in the visceral adipose tis-
sue of lean subjects, but this increases to
40-50% of SVCs in the visceral adipose tissue
of humans with obesity [81].

Obese adipose tissue is further characterized
by the enhanced infiltration of macrophage and
various T-lymphocytes, and the release of
abundant pro-inflammatory cytokines - for ex-
ample, interleukin-6 (IL-6) and the tumor necro-
sis factor (TNF) [82]. During obesity, the im-
mune cell population differs, both in humber
and in inflammatory phenotypes. A classically
activated macrophage (ATM1) produces large
amounts of pro-inflammatory mediators, such
as TNF-q«, IL-13, and IL-6, which cause IR in adi-
pose tissue [83]. An alternatively activated
macrophage (ATM2) promotes local insulin sen-
sitivity through the production of anti-inflamma-
tory cytokines [84]. Available results have
shown that any impairment of macrophage
alternative activation can potentially exacer-
bate the expression of inflammatory markers
within adipose tissue [83]. The phenotypic
switch in macrophage polarization elicited by
diet-induced obesity is widely apparent [83].
Obesity induced by a high-fat diet can also
induce depot-specific inflammation in white
adipose tissues with the decreased expression

3100

of the ATM2 feature [85]. The ratio of ATM1/
ATM2 is pivotal in the pathologies of athero-
sclerosis [86], and a recent comparison study
identified that atherosclerotic patients had a
higher ATM1/ATM2 ratio and elevated serum
M1-related chemokines. It is speculated that
the ATM1/ATM2 profile changes are likely to
contribute to atherosclerotic progression [87].

As sentinel cells, macrophages use various sur-
face receptors and secreted molecules to mon-
itor and respond to local microenvironmental
signals [88]. In adipose tissue, many bioactive
molecules called adipokines are produced and
secreted in peripheral and visceral adipocytes
[89]. Following the onset of obesity, the expres-
sion and secretion of adipokines are modified,
which leads to the secretory profile of adipo-
cytes shifting towards the pro-inflammatory
spectrum. Evidence shows that adipokines and
chemokines are key mediators that play crucial
roles in crosstalk between adipocytes and
macrophages and in the regulation of adipose
tissue inflammation. A co-culture system of adi-
pocytes and macrophages in vitro is therefore a
good model for examining the molecular mech-
anism through which these cells communicate.
TNF-a is @ major macrophage-derived mediator
of inflammation in adipocytes, and free fatty
acids might be important adipocyte-derived
mediators of inflammation in macrophages; as
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Table 2. Response of relevant biomarkers in the mechanism of ERS-induced atherosclerosis

Markers Biological responses

Cells/tissues (Ref.)

Species (Ref.)

CHOP  Expression increased; expression

downregulated by an adipokine (vaspin) coronary artery lesions [75, 76],

Histological sections from atherosclerotic Human [75, 95],

E-deficient (apoE”)

macrophages [95] mice [76]

GRP78 Expression increased

Histological sections from atherosclerotic Human [75, 77],

coronary artery lesions [75-77], E-deficient (apoE”")
macrophages [77] mice [76, 77]
Macrophages [77] Human [77]

elF2 Phosphorylation
PERK  Phosphorylation

ATF6 Expression downregulated by an
adipokine (vaspin)

Histological sections from atherosclerotic E-deficient (apoE”?)

coronary artery lesions [76, 77] mice [76, 77]
Macrophages [95] Human [95]
Macrophages [95] Human [95]

JNK Phosphorylated expression
downregulated by an adipokine (vaspin)

ERS = endoplasmic reticulum stress; CHOP = C/EBP homologous protein; GRP78 = glucose-regulated protein 78; elF2 =
subunit of eukaryotic translation initiation factor 2; PERK = double-stranded RNA-activated protein kinase-like endoplasmic re-
ticulum kinase; ATF6 = activating transcription factor 6; JNK = c-Jun N-terminal kinase; vaspin = visceral adipose tissue-derived

serine protease inhibitor.

such, a paracrine loop involving free fatty acids
and TNF-a is postulated to build a cycle that
aggravates inflammatory changes in the adi-
pose tissue [90].

To understanding the molecular basis of cross-
talk between adipocytes and macrophage infil-
tration in obese adipose tissue, researchers
screened adipocyte genes both in vivo and in
3T3-L1 adipocytes co-cultured with RAW264.7
macrophages in vitro. The Ras association
domain family 6 (RASSF6) was identified, and
its MRNA expression was seen to decrease,
both in adipocytes conditioned by activated
macrophages in vitro and in the adipose tissue
of obese mice, which suggested that the cellu-
lar functions of RASSF6 in adipocytes are
regulated through macrophage interactions.
Researchers have speculated that the suppres-
sive effect might be partially dependent on the
TNF-a released from macrophages, and subse-
quent results confirmed that the dramatic
decrease in the RASSF6 expression in obese
adipose tissue can be involved in the control of
the differentiation state and/or number of adi-
pocytes during obesity [91]. Researchers later
verified through its interaction with activated
macrophages that IkB kinase € expression in
adipocytes is upregulated [92].

Another novel adipokine, visceral adipose tis-
sue-derived serine protease inhibitor (vaspin),
has been recognized for its potential insulin-
sensitizing properties [93], and serum vaspin

3101

concentrations are higher in obese humans
with T2D [94]. Researchers have observed that
vaspin can significantly inhibit the expression
levels of ATF6, CHOP, and JNK1/2 of micro-
phages in vitro, and the CHOP expression and
necrotic area were decreased in the athero-
sclerotic plaques of vaspin-transfected apoE”
mice. These results confirm that vaspin can
attenuate the progression of atherosclerosis by
inhibiting ERS-induced macrophage apoptosis
[95]. The response of relevant biomarkers in
the mechanism of ERS-induced atherosclero-
sis is shown in Table 2.

Conclusions

The current epidemic of childhood obesity with
the subsequent increasing risk of metabolic
disorders has led to a new urgency in metabolic
research. T2D increases the risk of atheroscle-
rotic CVDs, and ERS in adipose tissues is aggra-
vated in the initiation and exacerbation of T2D
and atherosclerosis. As the largest endocrine
organ, adipose tissue will be the key target for
curing the metabolic diseases that are associ-
ated with obesity. Genetically engineered ani-
mal models and the adipocytes-macrophages |
co-culture system in vitro have demonstrated
the crosstalk between adipocytes and macro-
phages, and researchers are exploring the
mechanism of ERS in the pathophysiological
progression of T2D and atherosclerosis. Al-
though it is not discussed in this review, other
cells within adipose tissue (including pre-adipo-
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cytes and SVCs), can also secrete an extensive
range of protein signals and factors that are
linked to the inflammatory response in the
obese condition and might therefore also be
sensitive to ERS. It is necessary to devote more
energy to developing promising therapeutics
and effective drugs to relieve ERS in adipose
tissues for the treatment of T2D and athero-
sclerosis especially in children with obesity.
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