REVIEW

The Mammalian Tribbles Homolog TRIB3, Glucose
Homeostasis, and Cardiovascular Diseases

Sabrina Prudente, Giorgio Sesti, Assunta Pandolfi, Francesco Andreozzi, Agostino Consoli,

and Vincenzo Trischitta

Instituto di Ricovero e Cura a Carattere Scientifico Casa Sollievo della Sofferenza, Mendel Laboratory (S.P., V.T.) and
Research Unit of Diabetes and Endocrine Diseases (V.T.), I-71013 San Giovanni Rotondo, ltaly; Department of Medical
and Surgical Sciences (G.S., F.A.), University Magna Graecia of Catanzaro, I-88100 Catanzaro, Italy; Departments of
Biomedical Sciences (A.P.) and Medicine and Aging Sciences (A.C.), University G. d’Annunzio, Aging Research Center,
Center of Excellence for Aging, G. d’Annunzio University Foundation, 1-66013 Chieti-Pescara, Italy; and Department of
Experimental Medicine (V.T.), Sapienza University, I-00185 Rome, Italy

Insulin signaling plays a physiological role in traditional insulin target tissues controlling glucose homeostasis
as well as in pancreatic B-cells and in the endothelium. Insulin signaling abnormalities may, therefore, be
pathogenic for insulin resistance, impaired insulin secretion, endothelial dysfunction, and eventually, type 2
diabetes mellitus (T2DM) and cardiovascular disease. Tribbles homolog 3 (TRIB3) is a 45-kDa pseudokinase
binding to and inhibiting Akt, a key mediator of insulin signaling. Akt-mediated effects of TRIB3 in the liver,
pancreatic B-cells, and skeletal muscle result in impaired glucose homeostasis. TRIB3 effects are also modulated
by its direct interaction with other signaling molecules. In humans, TRIB3 overactivity, due to TRIB3 overex-
pression or to Q84R genetic polymorphism, with R84 being a gain-of-function variant, may be involved in
shaping therisk of insulin resistance, T2DM, and cardiovascular disease. TRIB3 overexpression has been observed
in the liver, adipose tissue, skeletal muscle, and pancreatic g-cells of individuals with insulin resistance and/or
T2DM. The R84 variant has also proved to be associated with insulin resistance, T2DM, and cardiovascular
disease. TRIB3 direct effects on the endothelium might also play a role in increasing the risk of atherosclerosis,
as indicated by studies on human endothelial cells carrying the R84 variant that are dysfunctional in terms of
Akt activation, NO production, and other proatherogenic changes. In conclusion, studies on TRIB3 have un-
raveled new molecular mechanisms underlying metabolic and cardiovascular abnormalities. Additional inves-
tigations are needed to verify whether such acquired knowledge will be relevant for improving care delivery
to patients with metabolic and cardiovascular alterations. (Endocrine Reviews 33: 526-546, 2012)
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I. Introduction

Insulin sensitivity (measured as insulin-mediated glucose
uptake) has a quite large range of distribution in the
general population (1). Subjects at the lower end of the
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spectrum (i.e. insulin-resistant individuals) need sustained
insulin hypersecretion to maintain normoglycemia. When
B-cells fail to secrete sufficient insulin to adequately coun-
teract insulin resistance, type 2 diabetes mellitus (T2DM)
ensues (2, 3).

Although compensatory hyperinsulinemia does help
to prevent the occurrence of overt T2DM, it might con-

Abbreviations: ACC, Acetyl coenzyme A carboxylase; APPL1, adaptor protein, phosphotyrosine
interaction, PH domain, and leucine zipper-containing 1; ASO, antisense oligonucleotide;
ATF4, activating transcription factor-4; CEBP«, CCAAT/enhancer-binding protein «; CHOP,
C/EBP homologous protein; CKD, chronic kidney disease; COP1, constitutive photomorpho-
genic protein 1; DI, disposition index; eNOS, endothelial nitric oxide synthase; ENPP1, ecto-
nucleotide pyrophosphatase phosphodiesterase 1; ER, endoplasmic reticulum; FoxO1, fork-
head box class O factor 1; GLUT4, glucose transporter 4; GWAS, genome-wide association
studies; HOMA-IR, homeostasis model assessment of insulin resistance index; HUVEC, human
vein endothelial cells; IGR, impaired glucose regulation; IMT, intima-media thickness; IRS, in-
sulin receptor substrate; JNK, Jun N-terminal kinase; LKB1, liver kinase B1; NO, nitric oxide;
OGTT, oral glucose tolerance test; OR, odds ratio; PEPCK, phosphoenolpyruvate carboxy-
kinase; PGC-1, PPAR-y coactivator-1; PH, pleckstrin homology; PI3K, phosphatidyl-inosi-
tol-3-kinase; PIP3, phosphatidylinositol 3,4,5-triphosphate; PPAR-y, peroxisome prolifera-
tor-activated receptor-y; RAB3D, Ras-like GTP-binding protein 3D; SNAP25,
synaptosomal-associated protein 25; SNP, single-nucleotide polymorphism; T2DM, type 2
diabetes mellitus; TRIB3, tribbles homolog 3; UPR, unfolded protein response.
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tribute, especially in the presence of obesity, to a further
deterioration of insulin sensitivity and development of
dyslipidemia (4), hypertension (4, 5), and endothelial
dysfunction (6). In this scenario, insulin-resistant indi-
viduals are undoubtedly at high risk of developing future
cardiovascular events (7-9). Furthermore, other human
diseases with high prevalence, such as polycystic ovary
syndrome (10), nonalcoholic fatty liver disease (11),
chronicneurodegenerative processes (e.g. Alzheimer’s and
Parkinson’s disease) (12), and some forms of cancer (e.g.
liver, colon-rectal, and breast cancer) (13) have lately been
added to the list of conditions recognizing insulin resis-
tance as a common pathogenic soil. Insulin resistance,
then, represents a tremendous burden for healthcare sys-
tems as well as for a large number of patients and their
relatives. Because the intrinsic mechanisms leading to in-
sulin resistance are far from being fully elucidated, it is still
very difficult to tackle this burden. Unraveling molecular
abnormalities underlying defective insulin action is, there-
fore, urgently needed.

After binding to the a-subunit of its receptor, insulin
stimulates a cascade of signaling events that ultimately
mediate insulin action in several target tissues (14-16)
(Fig. 1). The first such event is activation of the recep-
tor’s PB-subunit via tyrosine phosphorylation. This
switches on the receptor’s intrinsic tyrosine kinase ac-
tivity, which catalyzes phosphorylation of several insu-
lin receptor substrates (IRS, all acting as docking mol-
ecules for Src homology 2 domain-containing proteins)
and eventually initiates downstream signal transmis-
sion (14-16). Several, although not all, insulin effects
are mediated by the phosphorylated forms of IRS-1 and
IRS-2, which activate phosphatidyl-inositol-3-kinase
(PI3K), thus producing phosphatidylinositol 3,4,5-
triphosphate (PIP3) (14-16). PIP3, in turn, activates
serine/threonine protein kinase Akt, a central mediator
of several traditional insulin effects on the intermediate
metabolism (14-16), including stimulation of glucose
uptake and of both glycogen and fatty acid synthesis.
Akt plays a pivotal role on insulin signaling in new,
nontraditional target cells as well, being crucial for
insulin-mediated nitric oxide synthase activation in en-
dothelial cells (17) and insulin secretion and survival in
pancreatic B-cells (18).

Several molecules have been reported to inhibit the in-
sulin signaling pathway (Fig. 1). Such inhibition takes
place via at least two mechanisms: 1) protein-protein in-
teraction and 2) alteration of the phosphorylation state of
some of the signaling molecules described above. Exam-
ples of the first mechanism are binding between class II
transmembrane glycoprotein ectonucleotide pyrophos-
phatase phosphodiesterase 1 (ENPP1) and insulin recep-
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tor (19) and binding between the catalytically inactive
pseudokinase termed tribbles homolog 3 (TRIB3) and Akt
(20). Examples of the second mechanism include insulin
receptor dephosphorylation (as described for several ty-
rosine phosphatases, such as phosphotyrosine phospha-
tase-1B) (21), IRS-1 serine phosphorylation (induced by
cytokines such as TNF-a and IL-6 as well as by C-reactive
protein) (22-24), PIP3 5’-dephosphorylation (hydrolyzed
by Src homology 2 domain-containing inositol 5 phos-
phatase) (25), and finally, dephosphorylation of Akt by
the specific phosphatase pleckstrin homology (PH) do-
main leucine-rich repeat protein phosphatase-1 (26, 27).
In the end, therefore, insulin modulation of cell metabo-
lism largely results from the opposite effects of molecules
acting as enhancers and molecules acting as inhibitors of
the insulin signaling pathway. Dysfunctions in such a com-
plex network are likely to influence insulin sensitivity and
foster insulin resistance and related metabolic derange-
ments as well as adverse clinical outcomes (28, 29).

Among the many molecules acting on this network, in
this review we will specifically focus on TRIB3, a molecule
capable of impairing insulin signaling by affecting insulin-
induced Akt activation in several insulin target tissues. To
this end, a literature search was performed using MEDLINE
PubMed with the following search terms: NIPK or SKIP or
tribble or TRB or TRIB or TRIB3 or TRIB3 R84 variant
or Q84R polymorphism. A total of 175 different papers
were found. An additional search on MEDLINE PubMed
was performed using TRIB1 or tribbles homolog 1 (85
different papers found) or TRIB2 (37 papers found) as
search terms. We will review and comment on studies
(both in animal models and in humans) indicating that
changes in TRIB3 expression levels induce cellular and
systemic insulin resistance. In this context, we will also
review studies on nonsynonymous TRIB3 Q84R poly-
morphism (i.e. r$2295490), a gain-of-function amino acid
substitution representing a natural model of human insu-
lin signaling dysfunction. Studying this model has pro-
vided both novel insights into the physiological signifi-
cance of insulin signaling in nontraditional insulin target
tissues as well as a better understanding of how abnor-
malities in this pathway underlie metabolic defects of po-
tentially high clinical relevance.

Il. TRIB3 Structure, Functions, and Expression

A. TRIB3 structure

Human TRIB3 gene (gene ID 57761; also known as
NIPK/SKIP3/TRB3), spanning 16.9 kb of genomic region
on chromosome 20p13-p12.2 (Fig. 2), belongs to the
tribbles family (first identified in Drosophila melano-
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Figure 1. Schematic representation of insulin signaling pathway. Insulin binding to its receptor, a transmembrane glycoprotein consisting of two a-
and two B-subunits, which possesses tyrosine kinase activity, represents the first step in the insulin signaling cascade. After insulin binding to the
a-subunit, B-subunit tyrosine residues become autophosphorylated. This increases intrinsic receptor kinase activity and accelerates tyrosine
phosphorylation of the receptor substrates, the most important of which are IRS-1 and IRS-2. IRS-1 and IRS-2 bind the regulatory subunit of PI3K,
which catalyzes the production of PIP3. PIP3 acts as a secondary messenger activating the serine/threonine protein kinase Akt, which finally
mediates most insulin actions. Several negative modulators of insulin signaling have been described. A few of them act by protein-protein
interaction: as shown on the right side of the insulin signaling cascade, the class Il transmembrane glycoprotein ENPP1 binds and inactivates insulin
receptor tyrosine kinase activity, whereas the pseudokinase TRIB3 binds Akt and inhibits downstream signaling. APPL1 competes with this latter
binding, thus antagonizing TRIB3 inhibition of Akt-mediated insulin signaling. Other inhibitors act by modifying the phosphorylation state of
signaling molecules: as shown on the left side of the insulin signaling cascade, these include phosphotyrosine phosphatase-1B (PTP-1B), a tyrosine
phosphatase on the insulin receptor; TNF-q, IL-6, and C-reactive protein (CRP), chronic inflammation-related molecules that induce IRS-1 serine
phosphorylation and subsequent inactivation; the inositol-5 phosphatase SHIP2, which dephosphorylates PIP3; and finally, phosphatase PH domain
leucine-rich repeat protein phosphatase-1 (PHLPP-1), a specific Akt Ser473 phosphatase. Based on our present knowledge, it is entirely possible
that, in some individuals, alterations to this redundant and complex network may be pathogenic for insulin resistance and related metabolic
derangements.
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Figure 2. TRIB3 genomic location, gene organization, and protein structure. The human TRIB3 gene spans 16.9 kb on chromosome 20p13-p12.2

and is organized in four exons. Several nonsynonymous SNP have been

identified in the coding sequence of the TRIB3 gene (exons 2—4) as

indicated by black arrows from the white boxes. Their biological relevance, if any, has never been investigated. The rs2295490 in exon 2

(highlighted in red), which results in a glutamine (Q) to arginine (R) substitution at codon 84 (i.e. Q84R), is the only relatively frequent and well-
characterized SNP. TRIB3 gene encodes a 45-kDa, 358-amino-acid protein, comprising different domains acting as adaptor molecules in several
signaling pathways. Among these are a pseudokinase domain (highlighted in red) by which TRIB3 interacts with C/EBP transcription factors and

retinoic acid receptors, a mitogen-activated protein kinase kinase 1 (ME

K1) binding site (highlighted in violet) involved in the interaction with

MAPK kinases (MAPKK) and an E3 ubiquitin ligase COP1 binding site (highlighted in green) important for a core function of tribbles as
proteasome-mediated degradation of the C/EBP family of proteins. UTR, Untranslated region.

gaster) (30), which, in mammals, also includes TRIB1 and
TRIB2. The amino acid sequences of tribbles are highly
conserved between human and mouse (amino acid iden-
tities: TRIB1, 97.5%; TRIB2, 99.2%; TRIB3, 81.2%),
and a high degree of similarity is also noted within the
human family of sequences (TRIB1/TRIB2, 71.3%;
TRIB1/TRIB3, 53.3%; TRIB2/TRIB3, 53.7%) (31).
Human TRIB3 is organized as four exons, encoding a
358-amino-acid protein. Due to alternative transcription
initiation and alternative splicing of the first exon, several
human TRIB3 mRNA isoforms have been reported (32).
Such variation at the 5’-untranslated region of the gene
may have a strong impact on translational efficiency and

serves the important function of regulating gene expres-
sion levels (33).

Beside the prevalent Q84R single-nucleotide polymor-
phism (SNP), which has been extensively characterized (as
described in later sections of this article), several additional
infrequent nonsynonymous SNP have been identified in the
genomic region encompassing the human TRIB3 gene (db-
SNP www.ncbi.nlm.nih.gov/snp) (Fig. 2) whose function
and potential biological relevance have never, so far, been
addressed.

The protein encoded by TRIB3 (as well as those en-
coded by TRIB1 and TRIB2) is characterized by a well-
conserved central domain (34) consisting of 12 sub-
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domains belonging to the protein kinase superfamily (31)
(Fig. 2). However, whereas tribbles proteins’ predicted
three-dimensional structure does resemble that of a pro-
tein kinase (335), they lack consensus sequences for protein
phosphorylation and therefore do not possess intrinsic ki-
nase activity (34), thus being named pseudokinases. Ac-
cording to the evidence available, tribbles proteins act as
adaptors in signaling pathways for several important cel-
lular processes (34).

B. TRIB3 functions

By interacting with a host of molecules listed in Table
1, TRIB3 affects a number of cellular functions, such as
insulin signaling and action, pancreatic B-cell survival and
insulin secretory capacity, adipose and muscle cell differ-
entiation, and endoplasmic reticulum (ER) stress. Thus,
TRIB3 plays an instrumental role in modulating several
metabolic pathways related to insulin sensitivity, glucose
homeostasis, and vascular function, as will be discussed in
Section 11.B.

1. In vitro insulin signaling

TRIB3 interacts with and inhibits activation of Akt, a
Thr/Ser kinase playing a crucial role in the insulin signal-
ing pathway (Fig. 1). This key feature has been demon-
strated in several cell types where TRIB3 knockdown en-
hances and TRIB3 overexpression impairs Akt activation
and subsequent insulin signaling and action. Thus, knock-
ing down TRIB3 by RNA interference in human HepG2-
cultured hepatoma cells increases insulin-induced phos-
phorylation of Akt and of its substrates glycogen synthase
kinase 3 and forkhead box class O factor 1 (FoxO1) (20),
resulting (as shown by a different study) in enhanced
insulin-stimulated ribosomal protein S6 kinase activity
and phosphorylation of both S6 ribosomal protein and
eukaryotic translation initiation factor 4E binding protein
1 (36). On the other hand, TRIB3 overexpression inhibits
insulin-stimulated Akt phosphorylation and downstream
insulin signaling (36) in primary mouse hepatocytes and
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almost completely abolishes the insulin-inhibitory effect
on glucose output in rat cultured hepatoma cells.

Consistent with results obtained in liver cells, a TRIB3
inhibitory effect on insulin-mediated Akt activation has
also been reported in skeletal muscle cells. Thus, in L6
rat skeletal muscle cells, TRIB3 overexpression reduces
insulin-stimulated Akt and ERK1/2 phosphorylation and
blunts insulin-induced glucose transporter 4 (GLUT4)
translocation and glucose transport (37). Similarly, insu-
lin-stimulated Akt phosphorylation is reduced in mouse
myoblast C2C12 cells overexpressing TRIB3 (38).

Very preliminary data have suggested that TRIB2 like-
wise inhibits Akt activation in human embryonic kidney
(HEK293) cells (20).

In summary, data obtained from both liver and skeletal
muscle cells strongly suggest that TRIB3 is a negative mod-
ulator of insulin-mediated Akt activation and down-
stream insulin signaling and action. However, as discussed
in the following sections, also other mechanisms, besides
modulation of Akt activation, are operating as well in
mediating some TRIB3 effects.

It is worth noting that the TRIB3 inhibitory effect on
Akt activation appears to be modulated by adaptor pro-
tein, phosphotyrosine interaction, PH domain, and leu-
cine zipper-containing 1 (APPL1), an adaptor protein con-
taining an NH,-terminal Bin/Amphiphysin/Rvs domain
(39). Immunoprecipitation experiments in primary rat
hepatocytes have shown that Akt interacts with both
APPL1 and TRIB3 in a competitive manner (Fig. 1). The
insulin action impairment observed by overexpressing
TRIB3 was abolished by APPL1 overexpression, suggest-
ing that APPL1 can directly antagonize the insulin-desen-
sitizing effects of TRIB3 on Akt signaling. In liver cells
from several models of obese, insulin-resistant mice, co-
immunoprecipitation analysis detected an increased asso-
ciation between Akt and TRIB3, which was accompanied
by a decreased association between Akt and APPL1 (39).
Adenoviral overexpression of APPL1 in the liver of db/db
diabetic insulin-resistant mice suppressed the interaction

TABLE 1. Direct modulators and related pathways involved in TRIB3 action

Modulators Pathway Main effect Refs.
Akt Akt-mediated insulin signaling Decreased insulin action 20
APPL1 Akt-mediated insulin signaling Decreased insulin action 39
MLK3 Akt-mediated insulin signaling Increased B-cell apoptosis 50
MAPKK ERK1/2 and JNK-mediated signaling Not addressed 40
C/EBPB PPARy-mediated gene expression Reduced adipogenesis 51
COP1 Ubiquitination-dependent ACC degradation Reduced fatty acid oxidation 52
ATF4/CHOP ER-dependent gene expression Modulation of ATF4/CHOP-mediated apoptosis 65
ATF4 Gene expression Reduced insulin exocytosis 71

The mechanisms through which the interaction of TRIB3 with any of the listed modulators affect specific pathways and, produce, eventually specific effects are
described into details in the main text. Akt is the murine thymoma viral oncogene homolog. MAPKK, MAPK kinase; MLK3, mixed lineage kinase 3.
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between Akt and TRIB3, which was paralleled by a
marked reduction in blood glucose levels and by amelio-
ration of insulin resistance. Analysis of subcellular com-
partmentalization of Akt showed that insulin-mediated
Akt activation was finely tuned by the relative APPL1 and
TRIB3 expression levels (39). Thus, TRIB3 inhibited Akt
activation by arresting it at the cytosol and blocking its
membrane translocation. By contrast, APPL1 competed
with TRIB3 for binding to Akt and subsequently pro-
moted Akt translocation to the cell membrane for further
activation.

Finally, in addition to modulating Akt, TRIB3 appears
also to bind to MAPK kinase and to modulate the cascade
of downstream molecules among which are ERK1/2 and
Jun N-terminal kinases (JNK). Thus, high TRIB3 expres-
sion levels inhibit both ERK1/2 and JNK, whereas low
TRIB3 expression levels have the opposite effect leading to
ERK1/2 and JNK activation (40). Whether these TRIB3
effects on MAPK cascades have a functional impact on cell
cycle and/or insulin signaling and action requires to be
ascertained by additional studies.

2. In vivo insulin action

TRIB3 emerged as a possibly important player in the reg-
ulation of i vivo insulin action when it was found that,
compared with control mice, TRIB3 expression was in-
creased in db/db diabetic insulin-resistant mice (20). At the
same time, it was shown that, in control mice, TRIB3 over-
expression ensuring protein content levels comparable to
those observed in db/db mice resulted in hyperglycemia in the
fed state, glucose intolerance, and insulin resistance (20, 36).

Data gathered from other animal models of insulin
resistance and/or diabetes also point to enhanced
TRIB3 expression as a pathogenic factor of metabolic
disturbances. Thus, enhanced TRIB3 expression has
been observed in the skeletal muscle of Zucker fatty rats
and streptozotocin-treated diabetic rats (37) as well as
in the adipose tissue of rats with metabolic syndrome
induced by a high-fructose diet (41) and in the liver of
rats with nonalcoholic fatty liver disease (42). Taken
altogether, these data indicate that in rodents, TRIB3
overexpression plays a very important role in modulat-
ing whole-body insulin sensitivity and is possibly in-
volved in the pathogenesis of insulin resistance-related
metabolic abnormalities (Table 2).

If, as discussed, TRIB3 overexpression impairs insulin
action, one might expect that reducing TRIB3 expression
would, on the contrary, increase insulin sensitivity. How-
ever, Okamoto et al. (43) reported that TRIB3 genetic
deletion in the mouse did not alter insulin-stimulated ac-
tivation of Akt or of specific downstream substrates, nor
did it change the expression of genes involved in hepatic
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glucose production (PEPCK, G6P, PGC1a, and glucoki-
nase). Consistent with this, serum glucose, insulin, and lipid
levels as well as glucose tolerance, insulin sensitivity, and
energy metabolism were not altered in these TRIB3 knock-
out animals (43). By contrast, knocking down TRIB3 in rats
by antisense oligonucleotides (ASO), although not affecting
insulin-stimulated Akt phosphorylation levels in the liver,
adipose tissue, or skeletal muscle (44), did enhance insulin-
stimulated glucose disposal during euglycemic-hyperinsu-
linemic clamp, largely by improving skeletal muscle glucose
uptake (44). It should be noted that in this study, TRIB3
knockdown increased white adipose tissue mass by 70% and
enhanced the expression of PPAR-y and its key target genes
CCAAT/enhancer-binding protein « (CEBPa), CD36, and
acyl-coenzyme A oxidase 1 (ACOX1). This raises the pos-
sibility that the observed improvement in insulin sensitivity in
TRIB3 ASO-treated animals was primarily dependent upon
peroxisome proliferator-activated receptor-y (PPAR-y) ac-
tivation. This hypothesis is supported by experiments show-
ing that when these animals were cotreated with the PPAR-y
antagonist bisphenol A diglycidyl ether (BADGE), not only
were the expansion of white adipose tissue and the increased
expression of PPAR-y and of its downstream targets,
CEBBPa, CD36,and ACOX1, prevented but the increased
insulin-stimulated peripheral glucose disposal was also an-
nulled (44). Thus, these data on the one hand indicate that
reducing TRIB3 expression does improve insulin action and
on the other hand suggest that this effect is largely due to
PPAR-vy activation.

In support of the notion that TRIB3 down-regulation
exerts a positive effect on insulin resistance-related meta-
bolic disturbances, we find the results of animal studies
showing that intervention strategies aimed at improving
insulin sensitivity are associated with decreased TRIB3
expression levels. Thus, in ob/ob obese diabetic mice,
acute exercise reduced skeletal muscle TRIB3 expression,
which was accompanied by increased Akt phosphory-
lation, GLUT4 translocation to plasma membrane, and
glycogen content and, most importantly, enhanced
whole-body insulin sensitivity (45). Likewise, in mice
with diet-induced obesity and in ob/ob obese diabetic
mice as well, acute exercise reduced hepatic TRIB3 ex-
pression, which was accompanied by increased phos-
phorylation of Akt and downstream target nuclear
FoxO1; this, in turn, reduced the expression of the key
gluconeogenic enzyme phosphoenolpyruvate carboxy-
kinase (PEPCK), increased glycogen content, and de-
creased fasting glucose levels (46).

Finally, in animals genetically modified so as to increase
insulin sensitivity, TRIB3 appears to be down-regulated.
Koo et al. (47), for instance, demonstrated that in mice
with PPAR-y coactivator-1 (PGC-1) hepatic deficiency,
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TABLE 2. Relationship between TRIB3 expression levels, insulin resistance, glucose homeostasis, and related traits in

animal models

TRIB3
Animal model Phenotype Tissue expression Refs.
db/db mice Obesity Liver Increased 20
Hyperglycemia
Insulin resistance
TRIB3-overexpressing mice Fasting hyperglycemia Liver Increased 20
Impaired glucose tolerance
TRIB3-overexpressing mice Impaired glucose tolerance Liver Increased 36
Insulin resistance
ob/ob mice Obesity Liver Increased 46
Hyperglycemia
Insulin resistance
DIO mice Obesity Liver Increased 46
Hyperglycemia
Insulin resistance
NAFLD rats Liver steatosis Liver Increased 42
db/db mice Obesity Skeletal muscle Increased 37
Hyperglycemia
Zucker fatty rats Obesity Skeletal muscle Increased 37
Insulin resistance
Streptozotocin-treated rats Hyperglycemia Skeletal muscle Increased 37
ob/ob mice Obesity Skeletal muscle Increased 45
Hyperglycemia
Insulin resistance
Goto-Kakizaki rats Hyperglycemia Pancreatic islets Increased 70
Pancreatic B-cell dysfunction
Pancreatic B-cell-specific Impaired glucose tolerance Pancreatic B-cell Increased 71
TRIB3-overexpressing mice
Impaired insulin secretion
Reduced B-cell mass
Adipose tissue-specific Protection from DIO Adipose tissue Increased 52
TRIB3-overexpressing mice
Increased fatty acid oxidation
HFD rats Metabolic syndrome Adipose tissue Increased 41
Cardiac specific Decreased cardiac glucose oxidation Heart Increased 67
TRIB3-overexpressing mice
Liver specific Increased liver insulin sensitivity Liver Decreased 47
Liver specific Improved glucose tolerance Liver Decreased 47
TRIB3-deficient mice
Acutely exercised Decreased fasting glucose Liver Decreased 46
DIO mice Increased insulin sensitivity
Acutely exercised Decreased fasting glucose Liver Decreased 46
ob/ob mice Increased insulin sensitivity
Skeletal muscle specific Decreased fasting glucose Skeletal muscle Decreased 38
LKB1-deficient mice Decreased fasting insulin
Increased insulin-stimulated muscle glucose uptake
Acutely exercised Decreased fasting glucose Skeletal muscle Decreased 45
ob/ob mice Increased insulin sensitivity
TRIB3-deficient mice Unmodified glucose tolerance Liver, skeletal muscle, adipose tissue  Decreased 43
Unmodified insulin sensitivity
TRIB3 ASO-treated rats Increased insulin sensitivity Liver, white adipose tissue Decreased 44

DIO, Diet-induced obesity; HFD, high-fat diet; NAFLD, nonalcoholic fatty liver disease.
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functions) in skeletal muscle, another model of genetic
modification leading to enhanced insulin sensitivity, ex-
hibited lower fasting blood glucose and serum insulin lev-
els and enhanced insulin-stimulated muscle glucose up-
take; these changes were paralleled by TRIB3 (and PGCla
and PPAR«) down-regulation and by increased Akt phos-
phorylation (38).

the observed increase in liver insulin sensitivity was ac-
companied by reduced TRIB3 expression and, conversely,
reversed by TRIB3 overexpression. These results suggest
that PGC-1 might inhibit hepatic insulin sensitivity during
fasting by inducing TRIB3 expression.

Again, mice lacking liver kinase B1 (LKB1) (a pleiotro-
pic serine/threonine kinase involved in several cellular
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In summary, as shown in Table 1, the data available in
animal models do clearly indicate that iz vivo TRIB3 over-
expression inhibits insulin-stimulated Akt activation and,
therefore, induces insulin resistance. Conversely, TRIB3
down-regulation seems to be associated with increased
insulin sensitivity. This last phenomenon might equally be
due to modulation of Akt activation, although additional
pathways, such as those mediated by PPAR-+y activation,
may also be operating.

3. Pancreatic B-cell survival

The progressive loss of functional pancreatic insulin-
secreting B-cell mass appears to be a key pathogenic factor
for T2DM (48). Increased cytokine release and the related
low-grade chronic inflammation characterizing metabolic
syndrome and prediabetes contribute to B-cell-accelerated
apoptosis, decreased survival, and mass loss (49). TRIB3,
by binding Akt, might also play a role in this process. In
several cell types, Akt exerts prosurvival effects, such as
inhibition of conformational change and mitochondrial
translocation of BCL2-associated X protein, a proapop-
totic member of the BCL-2 family of proteins (50). In pan-
creatic B-cells, TRIB3 knockdown has been shown to pre-
vent cytokine-induced BCL2-associated X protein
conformational change and to inhibit apoptosis (50). Sim-
ilar apoptosis inhibition is obtained by knocking down
MLKS3 (the serine-threonine of MAP3K mixed-lineage
kinase-3), which directly interacts with and stabilizes
TRIB3, resulting in Akt inhibition and increased cytokine-
induced apoptosis (50). These data suggest that, in the B-cell,
TRIB3 facilitates cytokine-induced apoptosis by inhibiting Akt
protective effects. Furthermore, as will be discussed later, it is
very likely that TRIB3 also affects B-cell apoptosis through
mechanisms controlling ER stress.

4. Adipose and muscle cell differentiation

Because insulin enhances both adipogenesis in preadi-
pocytes and lipid accumulation in mature adipocytes, it is
not surprising that TRIB3, an inhibitor of insulin action,
acts as a negative regulator of both processes (51, 52).
Adipogenesis is a complex process: it involves the inter-
play of several negative and positive effectors, modulated
by a number of hormonal and growth factor signals in-
cluding insulin, glucocorticoid, and cAMP signaling path-
ways. Downstream of this network, a programmed series
of transcriptional events occur, resulting in the induction of
two members of the CCAAT/enhancer-binding protein fam-
ily, C/EBPB and C/EBPS. These, in turn activate the expres-
sion of PPARy and C/EBPa, the two main transcription fac-
tors implicated in adipogenesis. TRIB3 is expressed in
preadipocytes and is transiently down-regulated during the
clonal expansion phase of adipogenesis induced by both glu-
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cocorticoids and cAMP-dependent mechanisms (51). TRIB3
overexpression in 3T3-L1 preadipocytes or in embryonic
fibroblasts blocks terminal adipogenesis by preventing
C/EBPB-mediated C/EBPaand PPARyinduction. TRIB3 in-
hibits C/EBPf activity through two distinct mechanisms: 1)
directly, through a physical interaction, thus preventing
C/EBP from binding DNA and transactivating adipogenic
genes; and 2) indirectly, by inhibiting ERK1/2 phosphoryla-
tion and activation, which, in turn, activates C/EBPS by
phosphorylating its regulatory phospho-acceptor sites (51).
Interestingly, TRIB2 overexpression in 3T3-L1 preadi-
pocytes likewise blocks adipogenesis via several mecha-
nisms, including C/EBP inhibition (53).

Consistent with a potential TRIB3 role in slowing down
adipogenesis, it has been reported that TRIB3 expression is
blunted at an early stage of adipocyte differentiation, simi-
larly to what happens with other antiadipogenic factors (54).
By contrast, at a later stage in adipocyte differentiation,
TRIB3 expression is increased, acting as a brake on the adi-
pogenic program induced by PPAR-vy and thus preventing
excessive progression of the differentiation process (54).

TRIB3 not only is a negative regulator of differentiation
but also acts as a negative regulator of lipid accumulation
in mature adipocytes (52). Transgenic mice overexpress-
ing TRIB3 in adipose tissue are protected from diet-
induced obesity due to an enhanced rate of fatty acid ox-
idation and increased energy expenditure. Furthermore,
TRIB3 induces inactivation of acetyl coenzyme A carbox-
ylase (ACC), a key regulatory enzyme in the fatty acid
synthesis pathway during fasting, by recruiting ubiquitin
E3 ligase’s constitutive photomorphogenic protein 1
(COP1) and thus promoting ubiquitinated ACC protea-
somal degradation (52). Taken together, these data show
that TRIB3 definitely contributes in modulating several
molecular pathways related to adipose tissue differentia-
tion and lipid storage.

Interestingly, studies on animal models have sug-
gested that TRIB1 too is a regulator of several aspects of
lipid metabolism, including lipogenesis and lipoprotein
production (55).

TRIB3, moreover, plays animportant role in skeletal mus-
cle differentiation as well (56). During differentiation of
C2C12 mouse myoblast cells, activated Akt increases the
ability of myogenic differentiation factor D , the master reg-
ulator of muscle differentiation, to recruit transcriptional co-
activators, including cAMP response element-binding bind-
ing protein, protein 300 and cAMP response element-
binding binding protein-associated factor. In C2C12 cells
undergoing differentiation, TRIB3 overexpression impairs
Akt activation and myogenic differentiation factor D-
mediated transcriptional activity, thus leading to a reduction
in myotube formation. In contrast, TRIB3 knockdown en-
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hances muscle differentiation. Thus, TRIB3 not only affects
insulin action in skeletal muscle (37) but also acts as a mod-
ulator of skeletal muscle differentiation. It could, therefore,
be considered an important player in the overall regulation of
muscle physiology.

5. ER stress

The ER is a critical organelle where secreted and trans-
membrane proteins are synthesized, folded into their cor-
rect three-dimensional structures, modified, and trans-
ported to their final cellular destinations. When an excess
of (or mutant) proteins reach the ER, the unfolded protein
accumulation (i.e. ER stress) activates an adaptive mech-
anism called unfolded protein response (UPR) aimed at
reestablishing homeostasis. When prolonged or excessive
ER stress overwhelms the UPR, cell death may eventually
occur. To alleviate ER stress, UPR activation initiates
downstream signaling events aimed at reducing protein
synthesis and increasing protein degradation and folding.
UPR thus promotes global translation blockade as well as
transcription and translation of selected genes encoding
transcription factors, chaperones, and folding enzymes.
Reviewing the complex network involved in ER stress and
UPR is beyond the scope of this article. How this can
impact metabolic diseases has recently been reviewed (57).
Here we will briefly illustrate only those mechanisms un-
derlying ER stress and UPR that are specifically related to
TRIB3.

TRIB3 expression is induced by several ER stressors
including neurotrophic factor deprivation (58), Ca>™ re-
lease from the ER in response to the endoplasmic reticular
Ca®"-ATPase inhibitor thapsigargin, glutathione deple-
tion (59), cytokines (60), alcohol (61), the ER load of
mutant proteins (62), palmitate (63), and both low and
high glucose concentrations (37, 64). Activating transcrip-
tion factor-4 (ATF4), a molecule able to bind to and ac-
tivate a second transcription factor named C/EBP homol-
ogous protein (CHOP), is among the transcription factors
whose expression is increased under ER stress. Several stud-
ies have indicated that ER stress-dependent TRIB3 induction
occurs downstream of the ATF4/CHOP axis. CHOP over-
expression in HEK293 cells activated TRIB3 promoter ac-
tivity via heterodimerization with endogenous proteins,
whereas dominant-negative forms of CHOP suppressed the
tunicamycin-induced TRIB3 promoter activation (65).
Again, ATF4 overexpression in HEK293 cells or human hep-
atoma HepG2 cells induced TRIB3 promoter transcriptional
activation (32). Compared with the expression of either
ATF4 or CHOP alone, ATF4 and CHOP coexpression re-
sulted in a significantly greater activation of TRIB3 promoter
(65). Moreover, ATF4 knockdown in HEK293 cells re-
pressed the expression of both CHOP and TRIB3, whereas
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CHOP knockdown repressed only tunicamycin-induced
TRIB3 expression (65). In addition, in HEK293 cells, TRIB3
up-regulation increased whereas TRIB3 down-regulation
decreased tunicamycin-dependent cell death (65). Thus, it
appears that ATF4 and CHOP cooperate in inducing the
expression of TRIB3, which, in turn, mediates CHOP-
dependent cell death.

On the other hand, TRIB3 binds to and inhibits tran-
scriptional activity of ATF4 (66) and CHOP (65) while
itefficiently suppresses both ATF4- and CHOP-induced
TRIB3 promoter activation (32, 66). Based on these
results, it is tempting to speculate that TRIB3 is at one
and the same time a target of the ATF4/CHOP axis and
also a modulator of its own induction by ATF4/CHOP
in a sort of negative feedback mechanism (32, 65, 66).
In this scenario, TRIB3 may be envisioned as a sensor
for ER stress-induced cell death. If the ER stress is mild
and transient, TRIB3 is induced, binds to and inhibits
ATF4/CHOP, and plays a protective role for cell sur-
vival. However, when prolonged and intense ER stress
occurs, a marked and prolonged TRIB3 overexpression
leads to apoptosis (Fig. 3).

TRIB3 might be an important regulator of ER stress-
dependent cellular apoptosis in the cardiac tissue as well,
which might be relevant for the potential associations be-
tween genetic variability at the TRIB3 locus and cardio-
vascular risk factors, which will be discussed later. In car-
diac tissue, ER stress occurs in response to various stress
stimuli, including ischemia. Exposing HL-1 murine car-
diomyocytes to chemical stressors such as tunicamycin
and thapsigargin or culturing cardiomyocytes in medium
at low glucose concentrations (0.5 mmol/liter) resulted in
increased expression of both TRIB3 and CHOP (67).
These changes were associated with impaired insulin-
stimulated Akt activation, which was reversed by TRIB3
knockdown. Cardiac samples from mice subjected to ex-
perimental myocardial infarction showed increased ex-
pression of TRIB3. Histological examination of left ven-
tricular sections obtained after myocardial infarction
surgery showed that the infarct area was significantly
greater in transgenic mice with cardiac-specific overex-
pression of TRIB3 than in wild-type littermates. These
alterations were accompanied by increased cardiomyo-
cyte apoptosis in the infarct border zone, indicating that,
in these cells, TRIB3 induction is involved in the ER stress
response to stimuli such as ischemia (67). In addition,
transgenic mice with cardiac-specific TRIB3 overexpres-
sion exhibited impaired insulin-induced activation of Akt
and of its downstream target glycogen synthase kinase-3 3,
and this was associated with a reduced glucose oxidation
rate (67). All in all, it appears from these data that in-
creasing TRIB3 levels has a profound negative effect on
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Figure 3.
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Figure 3. ER stress and TRIB3. Under ER stress, ATF4 and CHOP cooperate in inducing TRIB3 promoter activity and eventually increasing TRIB3 gene
expression and protein content. Increased TRIB3 protein not only activates cell apoptosis but also binds to and inhibits transcriptional activity of
ATF4 and CHOP, thus efficiently suppressing their TRIB3 promoter activation, in a sort of negative feedback mechanism. TRIB3 might, therefore,
be envisioned as an ER stress-induced cell death sensor. If the ER stress is mild and transient, TRIB3 is induced, binds to and inhibits ATF4/CHOP,
and plays a protective role for cell survival. On the contrary, when prolonged and intense ER stress occurs, a marked and prolonged TRIB3

overexpression leads to apoptosis.

glucose metabolism in the heart muscle and adversely af-
fects cardiomyocyte survival under stress conditions.

ER stress is also an important factor in the B-cell apo-
ptosis and mass loss characterizing T2DM (68). TRIB3 is
probably involved in modulating the ER stress effects in
pancreatic B-cells because ATF4 and CHOP overexpres-
sion, as well as increased ATF4/CHOP binding to TRIB3
promoter, TRIB3 overexpression and impaired Akt acti-
vation, have all been observed in pancreatic islets from
postpregnant rats undergoing a transient increase in pan-
creatic islet apoptosis during early lactation (69). In the
same study, the chemical chaperone 4-phenyl butyric acid,
an inhibitor of ER stress, was shown to reverse the in-
creased CHOP and TRIB3 expression, thus leading to in-
creased Akt phosphorylation and decreased pancreatic is-
let apoptosis (69). At least in this model, therefore, UPR,
through CHOP/ATF4-induced TRIB3 expression and
subsequent impairment of prosurvival Akt activity, trig-

gers a physiological and transitory burst of apoptosis in
pancreatic islets (69). Further support for the notion that
TRIB3 is involved in death/survival signaling is provided
by the increased TRIB3 expression observed in islets from
hyperglycemic Goto-Kakizaki rats and in INS-1 pancre-
atic B-cells exposed to either high glucose concentrations
or the ER stressor thapsigargin (70). Furthermore, in
INS-1 pancreatic B-cells, TRIB3 overexpression increased
high-glucose-induced apoptosis, whereas TRIB3 knock-
down resulted in a marked reduction in apoptosis induced
by high glucose or thapsigargin (70).

Finally, in a very elegant study on rat MIN6 pancreatic
B-cells, Liew and co-workers (71) were able to demon-
strate that TRIB3 down-regulates Akt activation and, by
binding to ATF4, the expression of synaptosomal-associ-
ated protein 25 (SNAP25) and the Ras-like GTP-binding
protein 3D (RAB3D) with both proteins participating in
insulin exocytosis. Of note, increased TRIB3 expression,
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paralleled by reduced expression of SNAP25 and RAB3D,
was observed in human islets from patients with T2DM as
compared to islets from nondiabetic controls (71). It is
conceivable that when ER stress occurs in the course of
diabetes, UPR-mediated ATF4 and TRIB3 up-regulation
switches on the above-described cascade of events, even-
tually leading to decreased insulin secretion (71).

Taken altogether, these findings support the notion
that ER stress-induced TRIB3 up-regulation could be a
common mechanism underlying 1) insulin resistance in
peripheral target tissues (37), 2) increased apoptosis of
pancreatic B-cells (69-71), and 3) B-cell dysfunction with
impaired insulin secretion in response to hyperglycemia
(70). Importantly, these abnormalities constitute the main
pathophysiological events leading to T2DM in humans.

C. TRIB3 expression

TRIB3 is very likely ubiquitous, having been described
in a range of tissues and cells (40). TRIB3 expression is
modulated by insulin in a cell-type-specific manner. Al-
though insulin has no effect on TRIB3 expression in TC3
pancreatic B-cells, L6 myotubes, or 3T3-L1 fibroblasts,
the hormone does promote TRIB3 expression in FAO
hepatoma cells and 3T3-L1 adipocytes (72). In insulin-
stimulated expression of TRIB3 is mediated by PI3K and
protein kinase CZ(72). Additional studies have shown that
insulin promotes TRIB3 expression through C/EBPB in-
duction in both hepatoma cells and 3T3-L1 adipocytes
(73). Under both basal and insulin-stimulated conditions,
C/EBPB ectopic expression increased TRIB3 expression
by enhancing transcriptional activity of the TRIB3 gene,
whereas silencing C/EBPS strikingly reduced insulin-in-
duced TRIB3 expression (73).

Although insulin appears to enhance TRIB3 expres-
sion, Akt, a central mediator of insulin signaling, seems to
exert a negative effect on it. Thus, chemical inhibition or
genetic inactivation of Akt enhanced TRIB3 expression in
liver cells, suggesting that Akt may negatively regulate in-
sulin-induced TRIB3 expression (72). This negative Akt
effect on TRIB3 expression is further supported by the
finding that induction of TRIB3 expression by insulin is
markedly impaired by transfection of a constitutively ac-
tive Akt (72). These findings may explain why TRIB3 ex-
pression is elevated both in the fasting state and in con-
ditions of insulin resistance, two situations characterized
by low Akt activation (20, 36). The available data on the
impact of insulin signaling upon TRIB3 expression are
thus difficult to reconcile and call for additional investi-
gations to unravel the underlying biology.

As mentioned above, other molecules such as PGC-1
and LKB1 can also positively modulate TRIB3 expression,
whereas adenoviral delivery of constitutively active
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FoxO1 to mouse liver reduced liver TRIB3 expression
(74), thus pointing to FoxO1 as a negative modulator of
TRIB3 expression.

Il1. TRIB3 and Human Metabolic and
Cardiovascular Disturbances

A. TRIB3 expression, insulin resistance, and T2DM

As previously discussed, a wealth of cellular and animal
studies have clearly established a significant role for TRIB3
in the regulation of insulin action and insulin secretion and in
general cell metabolism. It is thus entirely conceivable that
TRIB3 expression and or action might be altered in individ-
uals suffering from insulin resistance and/or T2DM. A num-
ber of studies have addressed the possible role of TRIB3 ex-
pression levels on insulin resistance-related abnormalities
and T2DM in humans. In a study comprising 10 insulin-
sensitive, 10 insulin-resistant, and 10 untreated patients with
T2DM, TRIB3 abundance was determined in skeletal mus-
cle biopsies obtained from the vastus lateralis (37). Muscle
TRIB3 protein levels were significantly increased by approx-
imately 2-fold in individuals with T2DM compared with
insulin-sensitive subjects; in nondiabetic insulin-resistant
subjects, TRIB3 expression levels were in between those ob-
served in the diabetics and in the insulin-sensitive controls. In
the whole study sample, TRIB3 protein levels were inversely
related to whole-body insulin sensitivity, as assessed by eu-
glycemic-hyperinsulinemic glucose clamp, and positively
correlated with fasting plasma glucose, thus reinforcing the
hypothesis that TRIB3 plays a role in both insulin resistance
and T2DM.

In a study on 93 obese individuals undergoing bariatric
surgery, TRIB3 mRNA levels were measured in biopsies
obtained from liver as well as visceral and sc adipose tissue
(75). Obese subjects were then stratified into two groups,
on the basis of the homeostasis model assessment of
insulin resistance index (HOMA-IR). As compared with
insulin-sensitive subjects, insulin-resistant individuals had
increased hepatic TRIB3 mRNA levels, whereas Akt phos-
phorylation was reduced. Furthermore, in the whole sam-
ple, hepatic TRIB3 mRNA levels strongly correlated with
plasma insulin and triglyceride levels as well as with the
degree of hepatic steatosis. Finally, hepatic TRIB3 expres-
sion exhibited a significant correlation with mRNA levels
of PEPCK, a key gluconeogenic enzyme. Notably, in-
creased TRIB3 mRNA levels were observed in the visceral
adipose tissue of insulin-resistant individuals as well. A
similar trend, albeit not significant, was also detected in sc
adipose tissue specimens.

Finally, TRIB3 is also expressed in human pancreatic
islets, where it is specifically localized in insulin-secreting
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B-cells (71). Islets from patients with T2DM showed an
approximately 4-fold increase in TRIB3 mRNA expres-
sion and an approximately 3-fold increase in TRIB3 pro-
tein levels compared with pancreatic islets from nondia-
betic controls. This was paralleled by reduced expression
of SNAP25 and RAB3D, two mediators of insulin exocy-
tosis (71), suggesting that increased TRIB3 expression
might be implicated in impaired insulin secretory capacity.

Thus, the data presently available, although limited,
all support the hypothesis that TRIB3 overexpression
might have a detrimental role in individuals suffering
from insulin resistance and T2DM, contributing to the
pathophysiology of these abnormal metabolic states
(Fig. 4). Interestingly, TRIB3 overexpression in such
conditions seems to occur in all the main tissues playing
acentral role in the modulation of insulin sensitivity and
glucose homeostasis, such as skeletal muscle, liver, ad-

Figure 4.
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ipose tissue, and pancreatic B-cells. It remains to be
established whether changes in TRIB3 expression should
be interpreted as an early and causal defect or, on the
contrary, as a late epiphenomenon secondary to metabolic
abnormalities. In either case, what needs to be addressed
is whether TRIB3 expression and action might be consid-
ered a target for both pharmacological and nonpharma-
cological treatment strategies aimed at improving insulin
resistance and glucose homeostasis.

B. Nonsynonymous TRIB3 Q84R polymorphism

As reviewed above, changes in TRIB3 abundance are
associated with modifications in insulin signaling and cel-
lular and whole-body metabolism in rodents as well as
with metabolic human diseases such as insulin resistance
and T2DM. We will here review data from several human
studies showing that changes in TRIB3 function might
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Figure 4. Consequences of TRIB3 overactivity. TRIB3 exerts a host of metabolic effects in several tissues. Most of these effects are mediated by Akt
signaling inhibition and are detectable in all the main tissues involved in the regulation of whole-body glucose homeostasis (liver, pancreatic -
cells, and skeletal muscle) as well as in endothelial cells. TRIB3 overactivity may be the result of overexpression or may be secondary to the
presence of the gain-of-function R84 variant. The overall outcome of TRIB3 overactivity is the deterioration of glucose homeostasis as a
consequence of increased gluconeogenesis and decreased glycogen synthesis in the liver, defective pancreatic insulin-secreting B-cell function and
survival under stress conditions, and decreased glucose transport in skeletal muscle cells. Akt inhibition also mediates deleterious TRIB3 effects on
glucose oxidation and stress-induced apoptosis in the cardiomyocyte as well as reduced nitric oxide (NO) release and increased vascular cell
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) production from endothelial cells. Thus, TRIB3 overactivity and
subsequent Akt inhibition might be linked to increased risk of cardiovascular disease by two mechanisms. One is indirect and related to the
deleterious systemic milieu caused by the insulin resistance-related metabolic syndrome and/or T2DM. The other one is direct and related to
endothelial and/or cardiac dysfunction. The two mechanisms are not mutually exclusive; actually, it is entirely possible that in some individuals,

they are simultaneously at work.
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also be associated with abnormal insulin signaling, insulin
resistance, and related abnormalities.

A TRIB3 missense SNP (i.e. Q84R, where arginine
replaces glutamine at position 84; rs2295490) has re-
cently been described (76). This SNP has a global minor
allele frequency of 14.4% (as estimated by the 1000
Genome phase 1 genotype data from 1094 worldwide
individuals, released in the May 2011 dataset), varying
from 13% in both European and African individuals
(from HapMap CEU and YRI, respectively) to 25-27%
in Japanese and Chinese individuals (from HapMap JPT
and HCB, respectively).

A certain amount of evidence points to the fact that this
amino acid change acts as a gain-of-function substitution
in several insulin target cells (71, 76, 77). Thus, according
to in silico bioinformatic analysis, the glutamine (Q) to
arginine (R) amino acid change at position 84 alters in-
tramolecular salt bridge formation which eventually
makes TRIB3 R84 a more avid Akt binder and inhibitor
than the Q84 variant (77). In the following sections, we
will review the data available relating to 1) the effects of
this polymorphism on insulin action in various different
cell types; 2) the association of this polymorphism with
insulin resistance, impaired insulin secretion, and abnor-
mal glucose homeostasis; and ¢) the association of this
polymorphism with increased cardiovascular risk.

1. In vitro data on insulin signaling in different cell types

The effects of TRIB3 R84 variant on insulin signaling
and insulin action have been explored in several cell types.
Transfection of TRIB3 R84 variant into HepG2 human
liver cells resulted in a greater reduction of insulin-induced
Ser473-Akt phosphorylation than was observed after
transfecting the Q84 variant (i.e. 45 vs. 22% reduction,
respectively). These data provided the first biological ev-
idence that the TRIB3 R84 variant is a stronger inhibitor
of insulin signaling than the more common Q84 variant
and that it might thus play a role in human insulin re-
sistance (76).

Similar data have also been reported in human vein
endothelial cells (HUVEC) naturally carrying the TRIB3
Q84 or R84 variant obtained from umbilical cords of
healthy women (77). Thus, insulin-induced Akt phos-
phorylation on both Ser473 and Thr308 was sharply re-
duced in HUVEC naturally carrying the TRIB3 Q84R or
R84R genotype compared with those carrying the Q84Q
genotype. In addition, as a likely consequence of reduced
Akt activation, cells carrying the R84 variant also exhib-
ited impaired insulin-induced endothelial nitric oxide syn-
thase (eNOS) Ser1177 phosphorylation and Thr495 de-
phosphorylation (77). In keeping with these findings, the
R84 cells also showed a blunted response to insulin in
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terms of eNOS activation and nitric oxide (NO) release,
whose deficiency is an established early step in the devel-
opment of atherosclerosis (17). It is worth noting that
other naturally occurring genetic polymorphisms that af-
fect insulin signaling at different levels, namely IRS-1
G972R (78) and ENPP1 K121Q (79), have likewise been
reported to affect eNOS activation and NO release, thus
reinforcing the hypothesis that reduced insulin signaling
has the potential to directly affect human endothelial cell
function. Quite similar results have recently been obtained
in animal models of genetically impaired endothelial in-
sulin signaling (80).

Furthermore, compared with Q84Q cells, HUVEC car-
rying the R84 variant showed constitutive MAPK kinase-
MAPK activation and increased cell-surface expression of
both vascular cell adhesion molecule-1 and intercellular
adhesion molecule-1 (81). These proatherogenic changes
are a likely consequence of R84 variant-induced selective
impairment of the PI3K/Akt axis, which tips the balance of
insulin signaling toward the MAPK-dependent pathway,
thus increasing the potential of this variant to be a pro-
moter of atherosclerosis.

Finally, transfection of TRIB3 R84 full-length cDNA
into dispersed human islet cells, as well as into rat MIN6
cultured cells, resulted in a stronger inhibitory effect on
Akt activation than was found with the Q84 variant (71).
Given the central role of Akt in modulating insulin secre-
tion (18), it is not surprising that, under the same exper-
imental conditions, cells transfected with the R84 variant
also showed impaired insulin secretion (71). Along much
the same line, defective glucose-induced insulin secretion
has been observed in isolated human pancreaticislets from
TRIB3 R84-carrying donors but not in islets from QQ
donors (29). Taken altogether, these data strongly support
the concept that TRIB3 R84 induces B-cell insulin resis-
tance and, eventually, abnormal insulin secretion. It is
worth noting that IRS-1 G972R (82-84) and ENPP1
K121Q (85) genetic polymorphisms, both affecting insu-
lin signaling, have likewise been reported to play a detri-
mental role for insulin secretion in cultured B-cells and
human isolated pancreatic islets, thus corroborating the
hypothesis that reduced insulin signaling has the ability to
directly affect insulin secretion. This fascinating new sce-
nario was first proposed by some very elegant studies car-
ried out in animal models of genetically reduced B-cell
insulin signaling (86).

In three different human tissues, therefore, namely the
liver, the endothelium, and pancreatic islets, i vitro stud-
ies have very consistently reported that TRIB3 R84 acts as
a gain-of-function variant that affects insulin signaling
and consequently several insulin actions that are specific
for different cell types.
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The exacerbated inhibitory activity exerted on insulin
signaling by the R84 variant may well be the molecular
basis for the observed epidemiological association be-
tween this variant and several human metabolic abnor-
malities, including insulin resistance, defective insulin se-
cretion, T2DM, and cardiovascular disease, as will be
discussed in the following sections.

2. In vivo data on insulin sensitivity, insulin secretion, and
glucose homeostasis
a. Insulin sensitivity. The TRIB3 R84 variant is a stronger
inhibitor of insulin signaling in human cells than is the
more prevalent Q84. Thus, one would expect it also to be
associated with human insulin resistance. Several studies
have addressed this issue, and from analyzing their results,
it appears that indeed the presence of TRIB3 R84 is asso-
ciated with impaired insulin sensitivity in humans. The
main evidence for this stems from a recent study compris-
ing 394 nondiabetic offspring of T2DM patients from It-
aly (87). In this cohort, insulin-mediated glucose disposal,
as measured by the euglycemic-hyperinsulinemic glu-
cose clamp technique, was progressively reduced from
QQ to QR and RR individuals. In the same study, it was
also reported that a similar trend of decreasing insulin
sensitivity from QQ to RR individuals was obtained in
791 unrelated, mostly obese, individuals, in whom in-
sulin sensitivity was determined by a validated oral glu-
cose tolerance test (OGTT)-derived index (87). In ad-
dition, among Italian T2DM subjects, the R84 variant
was associated with an approximately 3-fold increased
risk of presenting several insulin resistance-related ab-
normalities, clustering within the metabolic syndrome
(76). Furthermore,among 513 Chinese individuals, car-
riers of the TRIB3 R84 variant exhibited an approxi-
mately 2-fold higher risk of presenting insulin resistance
as detected by HOMA-IR and/or metabolic syndrome
(88). A similar association of TRIB3 R84 variant with
HOMA-IR was also reported in an independent Chinese
sample of 177 patients with T2DM but not in 245 non-
diabetic individuals (89). However, in this Chinese co-
hort, both in the diabetic and in the nondiabetic sub-
group, TRIB3 R84 carriers presented higher fasting
insulin levels, a proxy of insulin resistance (89).
Taken altogether, these studies do support the hypoth-
esis that the TRIB3 R84 variant might foster insulin re-
sistance in humans. Because, as previously discussed, in-
creased TRIB3 expression is also associated with insulin
resistance, two different and complementary mechanisms
by which TRIB3 affects insulin sensitivity, namely over-
expression and expression of the gain-of-function R84
variant in insulin target tissues, can be envisioned (Fig. 4).
It is entirely possible, although so far not demonstrated,
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that in some individuals both mechanisms can be operat-
ing concomitantly, thus further increasing the risk of in-
sulin resistance and related metabolic disorders.

b. Insulin secretion. Several data suggest that the TRIB3 R84
variant is also associated with impaired insulin secre-
tion. In 645 nondiabetic individuals from Italy, early
insulin secretion adjusted for the level of insulin resis-
tance [i.e. the disposition index (DI)] was assessed from
OGTT-derived data. The DI was significantly reduced
in individuals carrying the R84 variant compared with
individuals homozygous for the Q84 variant (29). Sim-
ilar data were obtained by a second study carried out on
an independent sample of 791 individuals from Italy
(87). The meta-analysis of these two studies (compris-
ing a total of 1436 individuals) confirmed that com-
pared with that observed in individuals not carrying the
R84 variant (i.e. QQ individuals), the DI was reduced
by about 25% in QR and 50% in RR subjects (87).

Finally, Liew and co-workers (71), in a sample of 766
patients with T2DM from Poland, reported that individ-
uals homozygous for the R84 variant exhibited a 30%
lower plasma C peptide level than Q84Q subjects.

Therefore, the available in vivo data (29, 71, 87), al-
though far from definitive, are consistent with the previ-
ously discussed in vitro data showing reduced insulin re-
lease in human islets isolated from carriers of the R84
variant (29). Similar data have been obtained with other
genetic polymorphisms affecting insulin signaling, namely
IRS1 G972R and ENPP1 K121Q with carriers of IRS1
R972 or ENPP1 Q121 showing reduced iz vivo insulin
secretion (90, 91). Altogether, these genetic association
studies reinforce the idea that reduced insulin signaling
impairs insulin secretion.

¢. Glucose homeostasis. Because, as discussed, the TRIB3
R84 variant appears to negatively affect both insulin sen-
sitivity and insulin secretion, it is very tempting to con-
jecture that this variant might also play a role in deter-
mining individual susceptibility to abnormalities of
glucose homeostasis and T2DM. Taking advantage of the
GENIUS (Genetics of Type 2 Diabetes in Italy and United
States) consortium, which combines the efforts of a num-
ber of institutions from the two countries, Prudente et al.
(87) carried out a case-control study for impaired glucose
regulation (IGR: i.e. either T2DM or impaired fasting glu-
cose and/or impaired glucose tolerance) comprising a total
of 6634 individuals of European ancestry. According to
the additive model of inheritance, the TRIB3 R84 variant
has proved to be significantly associated with IGR, with an
overall odds ratio (OR) for the additive model of inheri-
tance (i.e. risk increase for each copy of the R84 variant)
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of 1.19 (95% confidence interval = 1.06-1.34). Most of
the observed association was sustained by association
with early IGR (i.e. diagnosed before age 45 yr), the ad-
ditive OR being equal to 1.31 and reaching a robust level
of statistical significance (P value = 0.00007) (87). This
suggests that more than affecting the overall risk of ab-
normal glucose homeostasis, the TRIB3 R84 variant an-
ticipates its appearance in predisposed individuals.

To further characterize the association between the
TRIB3 R84 variant and impaired glucose homeostasis,
OGTT-derived indexes accounting for insulin secretion
and sensitivity were analyzed in 791 individuals (87) by
the statistical methods known as the triangulation ap-
proach (92). The results of this study strongly suggest that
reduced insulin secretion, rather than increased insulin
resistance, is the main culprit for the elevated risk of IGR
in individuals carrying the R84 variant (87). This finding
is in keeping with the belief that, compared with insulin
resistance, defective insulin secretion is a more important
predictor of impaired glucose homeostasis (93, 94).

Consistent with the hypothesis that the TRIB3 R84
variant affects glucose homeostasis is the observation of a
significant association between the variant and the pres-
ence of T2DM (additive OR of 1.4) in a sample of 1468
individual of mixed European descent from Boston
(United States) and Krakow (Poland) (71). In contrast to
what was observed among Europeans, no association be-
tween the variant and the presence of T2DM was observed
in a small (n = 422) sample of Chinese individuals (89).
This apparent discrepancy might be due to chance or,
more likely, to the limited statistical power of this last
study (i.e. false-negative result). Still, it cannot be excluded
that differences in ethnicity, including genetic background
and/or environmental factors such as dietary habits, may
underlie the differences between results obtained in Euro-
pean (71, 87) and Chinese (89) populations. Finally, not-
withstanding the robust statistical significance of the re-
sults, replicated in two different population samples (71,
87), it cannot definitely be ruled out that the association
between the TRIB3 R84 variant and conditions of abnor-
mal glucose homeostasis observed among Europeans is a
false positive result. So far, the overall results obtained by
association studies on candidate genes with T2DM have
largely been frustrating, because of poor reproducibility.
Thus, one needs to be very cautious in interpreting such
data and before accepting them as fully established. We
therefore believe that, before variability of the TRIB3 gene
can be conclusively considered as playing a role in glucose
metabolism modulation, these findings need to be repli-
cated in additional large studies, amounting, if possible, to
overall genome-wide significance.
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In this specific context, it is unfortunate that the TRIB3
Q84R polymorphism (rs2295490) was not among the
SNP examined by the recently published large genome-
wide association studies (GWAS) on T2DM (95) and that
no other SNP, among those tested, can function as a good
proxy for it, because this means that data from these stud-
ies cannot be used to replicate the associations reported
(71, 87).

3. In vivo data on cardiovascular disease

As previously discussed, several studies reported that
the functional TRIB3 R84 variant is associated in vivo
with insulin resistance and related abnormalities cluster-
ing within the metabolic syndrome (76, 87-89). In addi-
tion, studies on HUVEC have clearly described how
TRIB3 R84 induces endothelial insulin resistance, result-
ing in reduced insulin-stimulated NO production (77) and
a shift of cell membrane phenotype toward a proathero-
genic profile (81). Given that both systemic (4) and endo-
thelial (6, 17, 80) insulin resistance is supposed to be
pathogenic for atherosclerosis, one might easily hypoth-
esize that the TRIB3 R84 variant is associated with car-
diovascular disease. Available data, albeit few, do suggest
that this might indeed be the case. Prudente et al. (76)
showed that among Italian patients with T2DM who sur-
vived myocardial infarction, age at myocardial ischemia
was progressively younger in homozygous (RR individu-
als) and heterozygous (QR individuals) carriers of the R84
variant than among QQ carriers (i.e. 47 + 11 vs. 55 = 10
and 58 * 9 yr). This association was independent of sev-
eral possible confounders independently associated with
age at myocardial infarction in that cohort.

Insulin resistance (96) and related abnormalities (97)
are again considered pathogenic in the case of impaired
glomerular filtration rate. In a cohort of 1012 patients
with T2DM from Italy, the homozygous carriers of the
TRIB3 R84 variant (i.e. RR individuals), compared with
those carrying the QQ or the QR genotype considered
together exhibited a significant 4.7-fold increased risk of
chronic kidney disease (CKD), defined as glomerular fil-
tration rate below 60 ml/min-1.73 m? (98). In a different
study carried out in 583 diabetic patients from the Bos-
ton area, a tendency toward greater risk of CKD for
individuals carrying the R84 variant (i.e. QR or RR,
according to a dominant genetic model) was also de-
tected, but it did not attain statistical significance
(OR =1.44;95% confidence interval = 0.97-2.15; P =
0.07) (98). The slight discrepancy between these two
studies clearly calls for further investigation, possibly
on alarger scale. Meanwhile, the notion that the TRIB3
R84 variant might be associated with CKD in T2DM
patients deserves, with all due caution, to be earnestly
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considered. This is partly because the data on both myo-
cardial infarction and reduced kidney function are
somehow consistent, allowing one to speculate that the
TRIB3 R84 variant predisposes to atherosclerosis.

Because these data were gathered from patients with
T2DM, they might not apply to a nondiabetic population.
However, two additional studies, carried out in nondia-
betic individuals, have explored the association between
TRIB3 Q84R polymorphism and another proxy of ath-
erosclerosis, such as the value of the carotid intima-media
thickness (IMT). In 513 unrelated Chinese individuals,
Gong et al. (88) found the R84 variant to be associated not
only with insulin resistance and metabolic syndrome but
also with carotid IMT, which increased from 0.75 to 0.76
and 0.95 mm in QQ, QR, and RR individuals, respec-
tively. In a multivariate model, the TRIB3 R84 variant,
together with age, waist-to-hip ratio, and systolic blood
pressure, remained a significant independent risk factor
for increased IMT (88). Data from an Italian cohort (81)
are very much like those reported by Gong et al. (88) in
Chinese individuals. Screening for the presence of the
TRIB3 R84 variant, Formoso et al. (81) took 430 nondi-
abetic individuals of European ancestry whose carotid
IMT was measured by high-resolution B-mode ultra-
sound. IMT progressively and significantly increased from
0.74 to 0.79 and 0.85 mm in Q84Q, Q84R, and R84R
individuals, respectively. When a meta-analysis was per-
formed, pooling data from the two aforementioned stud-
ies (a total of 943 individuals), a progressive increase in
IMT going from Q84Q to Q84R and R84R individuals
was confirmed, the IMT increase for one copy of the R84
variant (i.e. B-estimate) being 0.051 mm at a quite robust
level of statistical significance (P = 0.000029) (81).

On the basis of the data discussed, it does appear that
the TRIB3 R84 variant might contribute to the risk of
developing atherosclerosis. Whether this is a consequence
of the variant’s deleterious effect on systemic insulin re-
sistance and related traditional metabolic and hemody-
namic cardiovascular risk factors (76, 87-89) or, on the
contrary, due to a direct effect by the R84 variant on the
endothelium, where it induces cellular insulin resistance
(77) and proatherogenic changes (81), is not known. It
is also possible, and probably most likely, that both
mechanisms, which are not mutually exclusive, are ac-
tually operating in TRIB3 R84 carriers, causing increas-
ing susceptibility to atherosclerosis and related clinical
outcomes. In a broader perspective, the bulk of the
available data point to TRIB3 overactivity (either be-
cause of overexpression or because of the R84 gain-of-
function variant) as a possible shaper of individual sus-
ceptibility to cardiovascular disease.
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Genetic variations of TRIB1 have been also associated
with cardiovascular risk factors and events. Two GWAS
have established that rs17321515 SNP at 8q24 near
TRIB1 is associated with triglyceride concentration at a
genome-wide level of statistical significance (99, 100).

Interestingly, in a large-scale gene-centric analysis, this
same SNP was also associated with coronary artery dis-
ease (101). In addition,a GWAS involving nearly 100,000
individuals showed that SNP rs2954029 at the TRIB1
locus was associated with triglyceride, low-density lipo-
protein cholesterol, and high-density lipoprotein choles-
terol serum levels (102).

IV. Conclusions

As reviewed in this article, the last decade has witnessed
mounting interest in TRIB3, a molecule that might indeed
play a sizable role in several cellular functions. The studies
prompted by this interest allow some conclusive remarks
while at the same time leaving open some unanswered
questions; both are briefly summarized below.

1) TRIB3 inhibits insulin signaling and action in var-
ious target cells and tissues. This effect is mainly
due to the inhibition of insulin-induced Akt acti-
vation, although additional or alternative mecha-
nisms cannot be excluded.

2) Many rodent models of insulin resistance indicate
that TRIB3 expression levels are inversely related to
whole-body insulin sensitivity, thus pointing to
TRIB3 overexpression as a potential mechanism of
insulin resistance.

3) Along the same line, the few data so far available in
humans indicate that TRIB3 is overexpressed in pa-
tients with insulin resistance and/or T2DM; remark-
ably, in these patients, TRIB3 overexpression has
been described in all analyzed tissues, including skel-
etal muscle, liver, adipose tissue, and pancreatic, in-
sulin-secreting B-cells. Thus, this defect seems to be
ubiquitous and to have the potential for playing a
central role in modulating insulin sensitivity and glu-
cose homeostasis in humans.

4) Data on nonsynonymous TRIB3 Q84R polymor-
phism lend further support to the notion that TRIB3
does play a role in modulating human insulin sensi-
tivity and related clinical conditions. This gain-of-
function amino acid substitution affects insulin sig-
naling at the level of Akt activation and has been
associated with abnormal glucose homeostasis and
cardiovascular disease. Such epidemiological asso-
ciations deserve to be confirmed in additional and
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broader studies before being accepted as fully estab-
lished. In the meantime, iz vitro and in vivo studies
on the biological relevance of the TRIB3 R84 variant
have provided a better understanding of insulin sig-
naling and its part in modulating the physiology of
several typical and nontypical insulin target tissues.
These studies have also provided some clues as to
novel molecular mechanisms potentially involved in
the pathogenesis of highly prevalent diseases such as
cardiovascular disease and T2DM.

Besides unraveling new pathogenic mechanisms under-
lying metabolic and cardiovascular abnormalities, studies
on TRIB3 might turn out eventually to be relevant in the
clinical setting, for both diagnosis and treatment. In the
near future, evaluating TRIB3 expression level in target
tissues as well as genotyping TRIB3 Q84R polymorphism
may prove useful, in combination with other genetic and
nongenetic markers, as a way of identifying individuals at
high risk of metabolic disorders and atherosclerosis. In
addition, data so far available clearly point to the modu-
lation of TRIB3 activity (whether by inducing expression
changes or by affecting its function) as an appealing target
for treatments designed to reduce the burden of insulin
resistance and related metabolic alterations. Additional
studies addressing these issues would be both opportune
and welcome.

All in all, the studies on TRIB3 reviewed in this article
are part of a much broader scenario surrounding the role
of several other players in abnormal insulin signaling. It is
entirely possible that such studies might ultimately help
pave the way for improving care delivery to a large number
of people suffering from highly prevalent and costly ill-
nesses such as T2DM and cardiovascular disease.
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