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Krüppel-like factors (KLFs) are deoxyribonucleic acid–binding transcriptional factors that regulate various pathways that

control metabolism and other cellular mechanisms. Various KLF isoforms have been associated with cellular, organ, or

systemic metabolism. Altered expression or activation of KLFs has been linked to metabolic abnormalities, such as

obesity and diabetes, as well as with heart failure. This review article summarizes the metabolic functions of KLFs, as well

as the networks of different KLF isoforms that jointly regulate metabolism in health and disease. (J Am Coll Cardiol Basic Trans

Science 2018;3:132–56)©2018 TheAuthors. Published by Elsevier on behalf of the American College of Cardiology Foundation.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
KRÜPPEL-LIKE FACTOR BIOLOGY

Krüppel-like factors (KLFs) are zinc finger proteins
with the ability to bind CACCC or GT box deoxy-
ribonucleic acid (DNA) elements and act as either
transcriptional activators or repressors. The regions
of KLFs that do not participate in DNA binding are
highly divergent and participate in protein–protein
interactions. The name “Krüppel-like factor” was
derived from the homologous Drosophila protein
Krüppel, which means “cripple” and is associated
with development. The founding member of the
mammalian KLF family was discovered in red blood
cell lineage and plays a major role in b-globin
expression and erythrocyte development. The KLF
family has 18 members thus far, with a broad range of
expression profile among several tissues. KLF iso-
forms have been associated with regulation of meta-
bolic pathways and energetic homeostasis in various
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as their role in the pathophysiology of metabolic
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KLFs have 3 conserved zinc finger motifs at the
C-terminal domain of 23-25 amino acids, which bind
on GC-rich sequences with a preference for the
CACCC sequence (1). The zinc finger domains also
contain nuclear localization signals (2–6). Although
the C-terminal domain of the KLFs contains primarily
nuclear localization signals and the DNA-binding
region, the N-terminal domain bears regions that
interact with other proteins.

Post-translational modifications of KLFs, as well
as the proteins that KLFs interact with, alter their
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AB BR E V I A T I O N S

AND ACRONYM S

APOE = apolipoprotein E

ATP = adenosine triphosphate

BAT = brown adipose tissue

BCAA = branched chain amino

acid

C/EBP = CCAAT/enhancer-

binding protein

CBP = cAMP response element

binding protein binding protein

CREB = cAMP response

element binding protein

CtBP = C-terminal binding

protein

DIO = diet-induced obesity

Dlk1 = delta-like noncanonical

notch ligand 1

DNA = deoxyribonucleic acid

FA = fatty acid

FGF = fibroblast growth factor

GLUT4 = glucose transporter

type 4

HDAC = histone deacetylases

KLF = Krüppel-like factor

MODY = maturity-onset

diabetes of the young

PEPCK =

phosphoenolpyruvate

carboxykinase

PGC = PPARg coactivator 1

PPAR = peroxisome

proliferator-activated receptor

RNA = ribonucleic acid

SCD1 = stearoyl–coenzyme A

desaturase 1

SK1 = sphingosine kinase-1

SREBP-1c = sterol regulatory

element-binding protein-1c

SUMO = small ubiquitin-like

modifier

T2DM = type 2 diabetes

mellitus

TG = triglyceride

TGF = transforming growth

factor

WAT = white adipose tissue
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transcriptional activity or subcellular localization.
KLFs with structural homology, particularly in the
N-terminal domains, share functional similarity.
Depending on their structural features and tran-
scriptional roles, KLFs have been divided into 3 major
groups (Figure 1) (1). Group 1 includes KLF3, KLF8,
and KLF12, which interact with transcriptional re-
pressors. Group 2 comprises KLF1, KLF2, KLF4, KLF5,
KLF6, and KLF7, which function primarily as tran-
scriptional activators although interaction with tran-
scriptional repressors has also been reported. Finally,
group 3 includes KLF9, KLF10, KLF11, KLF13, KLF14,
and KLF16, which have mostly been described as
transcriptional repressors. KLF15 and KLF17 have not
been categorized in any of these groups because little
is known about their protein interaction motifs.
Various KLF members of group 2, such as KLF1, KLF2,
KLF4, KLF5, and KLF6, as well as KLF13 from group 3,
bind to acetyl-transferases, such as cAMP response
element-binding protein (CREB) binding protein
(CBP), p300, and p300/CBP-associated factor (7–11).
This interaction leads to acetylation of KLFs that
stimulates their transcriptional activity (12,13) or
acetylation of histones followed by chromatin
remodeling that ignites transcription in regions that
are targeted by KLFs (14–17). Accordingly, binding of
KLFs, such as KLF1, KLF4, KLF5, and KLF11, with
histone deacetylases (HDACs) suppresses transcrip-
tional activity due to deacetylation of either KLFs
(18,19) or histones (20,21). Another mechanism of
transcriptional repression by KLFs involves interac-
tion with the transcriptional repressors Sin3A (22), C-
terminal binding protein (CtBP)1, and CtBP2 (23–25),
which in turn recruit HDACs (26), methyltransferases
(27), and other silencing complexes such as polycomb
proteins (28) and Ikaros (29).

Post-translational modifications of KLFs alter their
subcellular localization, interactions with other pro-
teins, and transcriptional activity. Histone acetyl-
transferases mediate acetylation of KLFs, which
generally promotes binding of KLFs on DNA and
transcriptional activation (7–12). Phosphorylation also
modulates transcriptional activity by regulating pro-
tein–protein interaction of KLFs with other tran-
scriptional regulators, including either activators
(14,30–36) or repressors (37). The stability of KLFs is
regulated by ubiquitination that is mediated by
ubiquitin ligases, such as WWP1, Itch, and FBXO22,
which eventually activate the proteasome pathway
(38–46). KLFs undergo modification by the small
ubiquitin-like modifier (SUMO) peptide. SUMOylation
may either promote (47–49) or suppress (50,51) KLF
transcriptional activity by promoting nuclear trans-
location (47), degradation (50), or interaction with
transcriptional corepressors (51). Thus, KLFs
may either activate or suppress gene tran-
scription depending on post-translational
modifications that affect stability of the
protein or interaction with transcriptional
coregulators.

KLF BIOLOGY IN ORGANS

OF METABOLIC INTEREST

HEART. The heart is a major regulator of sys-
temic metabolism; it consumes a large
amount of lipids and glucose to produce the 5
to 6 kg of adenosine triphosphate (ATP) that is
needed for pumping approximately 7,000 l of
blood per day. To meet this energetic de-
mand, the heart relies primarily on fatty acid
(FA) b-oxidation, which supplies approxi-
mately 70% of the heart’s ATP (52). Therefore,
a robust regulatory network is in place to co-
ordinate cardiac and systemic metabolism.
Disruption of this network results in altered
uptake, transport, and use of FAs in the heart
and systemic metabolic changes. To illustrate
the consequences of disrupting the network,
deletion of the triglyceride (TG) hydrolytic
enzyme lipoprotein lipase in cardiomyocytes
reduces uptake of circulating TG, leading to
hypertriglyceridemia (53). Similarly, expres-
sion of lipoprotein lipase only in the heart
normalizes TG levels in mice with lipoprotein
lipase deletion in skeletal muscle and adipose
(54). As such, changes in the energy demands
of the heart affect cardiac function and may
also influence the systemic metabolic
balance.

Various members of the KLF family
interact with critical regulators of cardiac
mitochondrial function and FA oxidation and
are therefore necessary for maintaining the
metabolic function of the heart (Figure 2).
Mitochondrial biogenesis is regulated in
large part by the coactivator peroxisome
proliferator-activated receptor (PPAR)g
coactivator 1 (PGC-1), which interacts with
nuclear receptors, including estrogen-related
receptor, PPARa, and nuclear respiratory

factor, to regulate genes critical to mitochondrial
function (55). KLF4 forms a transcriptional complex
with estrogen-related receptor and PGC-1, in which
KLF4 is required for optimal activity of the estrogen-
related receptor–PGC-1 complex (56). Concordantly,
cardiac-specific Klf4–/– mice develop heart dysfunc-
tion with aging or pressure overload associated with



TABLE 1 Animal Models With Genetic Variations of KLFs

Animal Model Phenotype (Ref. #)

KLF1 Klf1–/– Lethal E14, deficit in b-globin expression and erythropoiesis, severe anemia (135,136)

Klf1–/– and Rbþ/-;Klf1þ/– Cell cycle perturbation via control of E2f2 (S-phase entry) (130,131)

Klf1–/– and Klf1þ/– Transcriptional regulation of macrophage-expressed Dnase2a gene (red blood cell maturation)
(138)

KLF2 Tea-TCR-Klf2 Tg Restrainment of CD4þ cell differentiation T follicular helper (217)

Klf2–/– Lethal E12.5–14.5, defective blood vessel, severe bleeding (218)

Splenic and lymph node T cells, abnormal cell surface phenotype (219)

Embryonic globin genes expression affected but not adult globin genes (144)

Splenomegaly, increased splenic B-cell subsets (220)

Altered B-cell tissue distribution and expression of trafficking molecules (221)

Endothelial-Klf2–/– Cardiac failure, vascular abnormalities (222)

Cerebral cavernous malformations, vascular lesions, enlarged capillaries, irregular structure (223)

Glomerular endothelial cell injury, diabetic nephropathy (215)

Hematopoietic Klf2–/– Restriction of chemokine receptor expression patterns, regulation of T-cell migration (224)

T-cell-Klf2–/– Unrestrained cytokine production, bystander chemokine receptor upregulation (225)

Fetal liver Klf2–/– chimeras Regulation of thymocyte and T-cell migration (226)

Klf2–/–; APOE–/– Increased atherosclerosis (161)

Klf2/–/; Ldlr–/– Increased atherosclerosis (162)

KLF3 Klf3–/– Reduced adipocyte size and less white adipose tissue (87)

Resistance to diet-induced obesity and glucose intolerance, increased adipolin (90)

Impaired silencing of embryonic globin expression during development (139)

KLF3-H275R Homozygotes: Lethal E14.5–16.5, severe cardiac defects
Heterozygotes: Perinatal death, thick myocardial wall, enlarged chambers (227)

KLF4 Klf4–/– Death shortly after birth, dehydration due to skin barrier permeability (228,229)

Cardiomyocyte-Klf4–/– Mild increase of cardiac mass (153), aging-related cardiomyopathy, pressure overload cardiac
hypertrophy (56)

Smooth muscle-Klf4–/– Reduced atherosclerosis lesion size, increased plaque stability and cap thickness (165)

Endothelial-Klf4Tg; APOE-/– Reduced atherosclerosis (163)

Endothelial-Klf4–/–; APOE–/– Increased atherosclerosis (163)

KLF5 Klf5–/– Homozygotes: Lethal E8.5
Heterozygotes: Decreased arteria wall thickening, angiogenesis, cardiac hypertrophy,

interstitial fibrosis (230)

Cardiac fibroblast Klf5–/– Resistance in pressure overload–mediated cardiac hypertrophy (154)

Lung-Klf5–/– Impaired surfactant protein and lipid production, lung structural abnormalities (231)

Intestine-Klf5–/– Altered crypt architecture and intestine morphology (232)

Hematopoetic-Klf5–/– Splenomegaly, increased peripheral white blood cells (233)

Cardiomyocyte-Klf5–/– Dilated cardiomyopathy associated with energetic deficiency (59)

Klf5þ/– Lower white adipose tissue mass after birth that is abrogated later (83)

Resistance to diet-induced obesity despite increased food intake (51)

KLF6 Klf6–/– Lethal E12.5, hematopoiesis defects (234)

Klf6þ/– Reduced fibrosis in response to Ang II overload (158)

Cardiomyocyte-Klf6–/– Reduced fibrosis in response to Ang II overload (158)

Cardiac fibroblast-Klf6–/– Lack of protection to Ang II–induced fibrosis (158)

Hepatocyte-Klf6–/– Reduced glucokinase and insulin sensitivity (117)

Reduced hepatic PPARa protein (187)

KLF7 Klf7 –/– Lethal within the first 3 days of life, low respiratory rate, cyanosis, defects of the olfactory and
optic nerves, impaired axon growth and abnormal dendrite organization (235)

Neuronal Klf7 chimera Increased neuronal regeneration capacity after axon injury (236)

KLF8 Klf8–/– Viable but reduced lifespan (139)

KLF9 Klf9–/– Reduces activity in rotarod and contextual fear–conditioning tests (237)

KLF10 Klf10–/– Hyperglycemia, increased hepatic glucose production, increased plasma triglycerides, loss of
circadian expression of hepatic lipid and carbohydrate metabolism genes (105)

Impaired insulin secretion (pancreas) (119)

KLF11 Klf11–/– Decreased circulating insulin, increased peripheral insulin sensitivity, dysregulation of genes
involved in lipid metabolism, resistance to diet-induced obesity (126)

KLF12 — —

KLF13 Klf13–/– Splenomegaly and reduced number of circulating erythrocytes (86)

KLF14 Liver-Klf14–/– Lower plasma HDL level (169)

Continued on the next page
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TABLE 1 Continued

Animal Model Phenotype (Ref. #)

KLF15 Klf15–/– Fasting hypoglycemia, reduced expression of hepatic and skeletal muscle catabolism genes, loss
of circadian expression of hepatic metabolism genes, loss of bile acid synthetic enzymes
(67,114,119,197)

Protection against hepatic insulin resistance and fatty liver under high-fat feeding (196)

Fatigue after endurance exercise, reduced skeletal muscle fatty acid oxidation gene expression
(66)

Cardiac lipid oxidation deficit, susceptibility to pressure overload–induced cardiac hypertrophy
(60,155)

Adipose-KLF15 Tg Insulin resistance and protection from weight gain, improved glucose tolerance due to increased
insulin synthesis by pancreas (171)

KLF16 — —

KLF17 — —

KLF18 — —

Double k/o Klf3–/–; Klf8–/– Lethal E14.5 (139)

Ang ¼ angiotensin; APOE ¼ apolipoprotein E; CD ¼ cluster of differentiation; E ¼ embryonic day; HDL ¼ high-density lipoprotein; KLF ¼ Krüppel-like factor; k/o ¼ knockout;
PPAR ¼ peroxisome proliferator activated receptor; Tg ¼ transgenic.
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reduced ATP production, increased reactive oxygen
species production, and mitochondrial dysfunction.
Furthermore, embryonic deletion of cardiac KLF4
results in increased mortality likely resulting from
impaired mitochondrial biogenesis. In smooth muscle
cells, AMPK, a well-described energy-sensing kinase
and regulator of PGC-1a, directly activates KLF4
expression (57). The extent that the AMPK–KLF4 axis
functions in cardiomyocyte energy homeostasis is to
be determined.

Genes necessary for FA oxidation are regulated
by the nuclear receptor PPARa, which activates
expression of genes involved in lipid uptake, lipid
transport, and b-oxidation (58). Three members of
the KLF family promote FA oxidation in the heart
through their interaction with PPARa. KLF4 activates
expression of PPARa through direct interaction
with the Ppara promoter. Consistently, KLF4 over-
expression results in increased expression of FA
oxidation gene expression, whereas KLF4 knock-
down disrupts the effects of PPARa agonist WY16463
(56). Likewise, cardiomyocyte KLF5 was recently
implicated as a regulator of cardiac metabolism,
where it promotes FA oxidation by directly acti-
vating transcription of PPARa (59). Cardiac Ppara
and its target genes are markedly downregulated in
the hearts of cardiomyocyte-specific Klf5–/– mice,
resulting in reduced cardiac FA oxidation, reduced
ATP production, and triglyceride accumulation.
These mice develop cardiac dysfunction around
8 months of age, eventually progressing to dilated
cardiomyopathy, likely resulting from the metabolic
deficit.

KLF15 induces expression of genes necessary for
lipid metabolism, which are reduced in Klf15–/– hearts
(60). KLF15 interacts physically with PPARa, which
may account for the lipid oxidation deficits observed
in Klf15–/– hearts (61). Importantly, regulation of
PPARa target genes requires KLF15 because silencing
Klf15 reduces the cardiomyocyte response to PPARa
agonists. Circadian expression of cardiac KLF15 is
implicated in physiological metabolic adaptations of
mouse hearts to the sleep–wake cycle by regulating
the circadian expression of catabolic genes (62). By
oscillating expression of metabolic genes, KLF15 al-
lows the heart to meet metabolic demands during the
day and repair damages resulting from cellular
metabolism at night.

SKELETAL MUSCLE. As in the heart, skeletal muscle
requires a large amount of ATP to facilitate contrac-
tion. Substrates of skeletal muscle metabolism are
numerous and include creatine phosphate, glycogen
stores, circulating glucose, and free FAs, which are
differentially used during rest, strenuous exercise, or
exercise of long duration (63). Furthermore, skeletal
muscle cells are subclassified as type 1, or slow-twitch,
and type 2, or fast-twitch, fibers, with type 1 muscle
fibers using primarily oxidative phosphorylation and
type 2 fibers requiring anaerobic glucose metabolism
(64). FA oxidation is the preferred source of energy for
skeletal muscle during endurance exercise. PPARd is a
key regulator of FA oxidation–related gene expression
in skeletal muscle and acts as a mediator of muscle fi-
ber type and adaptation to endurance exercise (65).
Association of PPARd function with skeletal muscle
KLF5 is important for its function (Figure 3). Under
basal conditions, SUMOylated KLF5 forms a complex
with PPARd and corepressors, and inhibits genes
involved in FA oxidation and energy uncoupling,
including Cpt1b, uncoupling protein (Ucp)2, and
Ucp3 expression (51). Treatment with PPARd agonist



FIGURE 1 Transcriptional Coregulators of KLF Isoforms

KLF isoforms can be divided into 3 groups based on their interaction motifs for transcriptional co-activators and co-repressors. Group 1

includes KLFs which contain the CtBP binding motif. Group 2 includes KLFs which contain the Sin3A interaction domain. Group 3 includes

KLFs which interact with acetyl-transferases. KLF ¼ Krüppel-like factor; CBP ¼ cAMP response element binding protein; CtBP ¼ C-terminal

binding protein; HDAC ¼ deacetylases; NF-kB ¼ nuclear factor–kB; P/CAF ¼ p300/CBP-associated factor; PGC-1 ¼ PPARg coactivator 1.
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results in deSUMOylation of KLF5 and association
with transcriptional activation complexes, thereby
promoting FA oxidation.

KLF15 also regulates lipid use in skeletal muscle
during prolonged exercise (66). Klf15 expression is
increased after endurance exercise (Figure 3), and
Klf15–/– mice fatigue more rapidly when subjected to
treadmill running, likely resulting from impaired
lipid oxidation in type 1 fibers. After KLF15 knock-
down in cultured myotubules, expression of genes
required for lipid use is acutely decreased. Interest-
ingly, these changes occur despite a 3-fold induction
of Ppargc1a expression and without changes in PPARa
or PPARd expression. It is therefore likely that KLF15
is a critical component of the PGC-1–PPAR complex in
skeletal muscle, as has previously been described in
the heart (61).

Insulin-dependent glucose uptake, which is
important for type 2 muscle fibers, results from
translocation of preformed glucose transporter type 4
(GLUT4)-containing vesicles to the cell membrane.
Upon insulin stimulation, these vesicles fuse with the
plasma membrane, and GLUT4 transporters are
exposed to the outer surface of the cells, which fa-
cilitates uptake of glucose. Skeletal muscle KLF15
physically interacts with MEF2A and directly pro-
motes expression of GLUT4 (Figure 3) (63). Disruption
of the KLF15-binding site within the Glut4 promoter
prevents MEF2A-mediated induction of GLUT4, sug-
gesting that protein–protein interaction between
these proteins is a critical event for their synergistic
coordination for binding on the Glut4 promoter. The
relevance of GLUT4 regulation by KLF15 in regulating
insulin sensitivity or to the progression of metabolic
disease has not been investigated.

Increased expression of KLF15 is an important
event for the skeletal muscle response to fasting
(Figure 3) (66–68). In the fasted state, KLF15 increases
expression of acetyl–coenzyme A synthetase 2, which
is a mitochondrial matrix enzyme responsible for
producing acetyl–coenzyme A from acetate and co-
enzyme A (68) that is then channeled to the Krebs
cycle. KLF15 also mediates protein catabolism in the
skeletal muscle, which is required for providing
amino acids that are used for gluconeogenesis in the
liver in a process known as the alanine cycle (67,69).
In the fasted state, circulating levels of alanine are
increased, resulting from catabolism of branched
chain amino acids (BCAAs) in the skeletal muscle.
Circulating alanine can be converted to pyruvate and



FIGURE 2 KLF Isoforms Associated With Cardiac Lipid Metabolism

Summary of KLF isoforms and metabolic pathways involved in cardiomyocyte biology. A detailed description of the pathways involved in

included in the text. Figure was produced using Servier Medical Art (http://www.servier.com/). BCAA ¼ branched chain amino acid; ERR ¼
estrogen-related receptor; KLF ¼ Krüppel-like factor; PPAR ¼ peroxisome proliferator-activated receptor; other abbreviations as in Figure 1.
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used for gluconeogenesis in the liver (70,71). Consis-
tently, fasted Klf15–/– mice exhibit profound hypo-
glycemia and reduced expression of skeletal muscle
protein catabolic gene expression, including the
mitochondrial enzyme branched chain aminotrans-
ferase 2 (67,69).

ADIPOSE TISSUE. Adipose tissue is critical for energy
homeostasis and in general fulfills 3 different tasks.
First, it is involved in TG synthesis and storage. Sec-
ond, during fasting or increased energy demands,
FIGURE 3 KLF Isoforms That Control Metabolism in Skeletal Muscle

Summary of KLF isoforms and metabolic pathways involved in skeletal

included in the text. Figure was produced using Servier Medical Art (htt

abbreviations as in Figures 1 and 2.
adipose TGs are hydrolyzed, and FAs are released into
circulation. Third, it functions as an endocrine organ
producing adipokines, such as leptin, adiponectin,
resistin, visfatin, and many others. Adipokines are
responsible for the regulation of lipid and carbohy-
drate metabolism, appetite, and energy expenditure
(72,73). Consequently, dysfunction of these processes
is tightly linked to metabolic disorders, including the
metabolic syndrome and obesity. In mammals, there
are 2 major types of adipose tissue that differ in
anatomy and function: white adipose tissue (WAT)
s

muscle biology. A detailed description of the pathways involved in

p://www.servier.com/). GLUT4 ¼ glucose transporter type 4; other

http://www.servier.com/
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FIGURE 4 KLF Isoforms That Control Adipocyte Differentiation

Summary of KLF isoforms and metabolic pathways involved in adipocyte biology. A detailed description of the pathways involved in included

in the text. Figure was produced using Servier Medical Art (http://www.servier.com/). C/EBP ¼ CCAAT/enhancer-binding protein; Dlk1 ¼
delta-like noncanonical notch ligand 1; other abbreviations as in Figures 1 and 2.
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and brown adipose tissue (BAT) (74). The main
function of adipocytes from WAT is the storage of TGs
during energy intake and the release of FAs when
energy is required. The major function of adipocytes
from BAT is dissipating energy via heat production
(thermogenesis), which is mediated by UCP1 that
uncouples the electron transport from ATP produc-
tion (74–76). The differentiation of pre-adipocytes
into mature insulin-sensitive adipocytes is stimu-
lated by members of 2 transcription factor families,
the CCAAT/enhancer binding proteins (C/EBPs) and
PPARs (77). Adipocyte differentiation in WAT is
driven by C/EBPa, C/EBPb, and C/EBPd that promote
PPARg expression, which is a master regulator of this
process. Various KLFs regulate adipocyte metabolism
and differentiation (Figure 4).

In WAT, adipocyte differentiation is promoted by
several members of the KLF family. KLF4 directly
activates the C/EBPb promoter, which at a later stage
stimulates PPARg expression (78). Interestingly,
activation of C/EBPb transcription is more robust if
KLF4 interacts with the transcription factor Krox20,
which itself can transactivate C/EBPb transcription
(78,79). In addition to KLF4, KLF9 also induces the
C/EBPb promoter, and small interfering ribonucleic
acid (RNA)–mediated knockdown reduces C/EBPb
expression, effectively suppressing adipocyte differ-
entiation, but does not influence C/EBPd expression
(80). KLF9 physically interacts with C/EBPa (81), and
KLF8 directly induces expression C/EBPa (82).
Consistently, addition of KLF8 small interfering
RNA in 3T3-L1 pre-adipocytes inhibits adipocyte dif-
ferentiation, whereas KLF8 overexpression has the
opposite effect. Protein–protein interactions occur
between KLF5 and C/EBPb as well as C/EBPd (83).
Thus, in WAT, KLF4, KLF5, KLF8, and KLF9 promote
adipogenesis via stimulating C/EBPs.

A downstream target of C/EBPs, PPARg, is also
regulated by KLFs. KLF5 (83), KLF8 (82), KLF9 (81),
KLF13 (84), and KLF15 (85) induce PPARg expression.
It has been shown that KLF5 regulates differentiation
of embryonic fibroblasts to adipocytes by binding and
activating the endogenous Pparg2 promoter (83).
Adipocytes infected with retroviral vectors harboring
a dominant-negative Klf5 construct exhibited
reduced lipid accumulation compared with Klf5
overexpressing cells. White, but not brown, adipose
tissue mass is reduced in Klf5þ/– mice 3 days after
birth, but that difference is no longer apparent in
4-week-old mice. Thus, although adipocyte KLF5
seems to drive adipose development, other KLF5-
independent pathways that may be induced by the
lipid-rich diet (milk) in the newborns may
drive adipose development. KLF8 functions as a
pro-adipogenic factor and directly induces expression
of Pparg (82). KLF9 activates Pparg2 promoter (81). In
addition, KLF15, which is markedly upregulated
during differentiation of 3T3-L1 pre-adipocytes into
mature adipocytes, also induces PPARg expression
(85).
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The same PPARg-inducing effect is conferred by
Klf13, the expression of which is elevated early during
porcine subcutaneous stromal vascular cell adipocyte
differentiation (84). Knockdown of KLF13 results
in decreased lipid accumulation and lower
expression of adipogenesis-related genes, including
Pparg. However, KLF13 does not seem to have the
same role in mouse adipocyte differentiation. Klf13–/–

mice do not have defective adipogenesis (86) and
neither overexpression nor knockdown of KLF13 in
the mouse 3T3-L1 pre-adipocyte cell line affected the
expression of PPARg and the adipocyte differentiation
gene expression program (84). Thus, the role of KLF13
in causing adipose-specific changes in mice remains to
be investigated, and a definite pro-adipogenic role for
this family member has yet to be proven.

In WAT, KLF2 (78), KLF3 (87), and KLF7 (88) inhibit
adipocyte differentiation. Mechanistically, KLF2
directly inhibits Pparg promoter, and adenovirus-
mediated ectopic KLF2 expression inhibits Pparg
expression, sterol regulatory element binding
protein-1c (SREBP-1c), and C/EBPa, resulting in
decreased intracellular lipid accumulation (89).
However, KLF2 overexpression does not affect
C/EBPb or C/EBPd expression. KLF3 directly represses
the C/EBPa promoter inhibiting 3T3-L1 pre-adipocyte
differentiation (87,90). Similarly, KLF7 over-
expression in pre-adipocytes inhibits adipocyte dif-
ferentiation; however, the mechanism has not yet
been studied (88).

KLF6 is another member of the KLF family that also
affects adipogenesis but not in a C/EBP- or PPARg-
dependent manner. Silencing of KLF6 in pre-
adipocytes markedly suppresses adipogenesis
(91,92). Mechanistically, lower Klf6 levels are associ-
ated with elevated expression of delta-like nonca-
nonical notch ligand 1 (Dlk1), a transmembrane
protein that inhibits differentiation of adipocytes.
Accordingly, KLF6 overexpression inhibits Dlk1
expression in pre-adipocytes and 3T3 cells. The
repressive effect of KLF6 on Dlk1 involves protein–
protein interaction with HDAC3.

In BAT, KLF16 has been identified as a transcrip-
tion factor inhibiting brown adipocyte differentia-
tion. KLF16 expression is decreased during
differentiation of primary murine brown pre-
adipocytes into mature adipocytes. KLF16 directly
represses Pparg expression. Consistently, over-
expression of KLF16 inhibits adipogenesis in 3T3-L1
cells and in primary brown pre-adipocytes (93).

WAT contains thermogenic fat cells, the so-called
inducible brown, brown-in-white, beige, or “brite”
adipocytes, which are highly metabolically active and
consume fat and carbohydrates via nonshivering
thermogenesis (94,95). The accumulation of beige
adipocytes in WAT is referred to as browning of WAT.
Due to the high metabolic activity of BAT, browning
of WAT has been suggested as a therapeutic inter-
vention for obesity in humans aiming to consume
stored FAs by converting them to heat (96). KLF11 (97)
and KLF15 (98) influence the browning of WAT, which
is promoted by PPARg and the glucocorticoid recep-
tor. KLF11 is directly induced by PPARg and serves as
a PPARg coregulator responsible for enhancing its
effects (99). This interaction is required for the
browning of human adipose tissue induced by the
PPARg agonist rosiglitazone, which is characterized
by a stable gene program involved in increased
oxidative capacity (97). Previously, KLF11 was iden-
tified as a direct activator of UCP1 expression, which
is a central event in adipose tissue browning (98).
Accordingly, knockdown of KLF11 results in reduced
rosiglitazone-mediated UCP1 and beige-associated
gene expression (97).

In another study, KLF15 was found to activate UCP1
synergistically with KLF11 during brown adipocyte
differentiation through direct interaction with the
Ucp1 promoter. KLF15, however, is not as essential as
KLF11 for transcriptional activation of the Ucp1 gene
and brown adipocyte differentiation (98). KLF15 me-
diates the “beiging effect” of PPARg via the gluco-
corticoid receptor (100). Glucocorticoids are widely
used as in vitro inducers of adipogenesis, exerting
their effects through the glucocorticoid receptor (101).
KLF15 is directly induced by the glucocorticoid re-
ceptor, and glucocorticoid response element sites
have been located within the first intron of the Klf15
gene (100). c-Jun interrupts the glucocorticoid-
mediated induction of KLF15 by occupying an
intronic region near the glucocorticoid response
element site of the Klf15 gene (102). Thus, the
browning of WAT is promoted by KLF11 and KLF15.

LIVER. The liver is a metabolically active and highly
aerobic organ that is responsible for the synthesis and
degradation of carbohydrates, proteins, and lipids. It
sorts small molecules of digestion products and nu-
trients for further metabolism, storage, or distribu-
tion to extrahepatic tissues. The liver provides energy
to other tissues mainly by exporting substrates that
are critical for oxidization in peripheral tissues (i.e.,
FAs, glucose, ketone bodies).

Hepatic glucose metabolism plays a crucial role in
maintaining normal concentrations of blood glucose.
During food deprivation, when insulin levels are low
and glucagon levels are high, the liver provides
glucose, both by gluconeogenesis and glycogen
breakdown. Gluconeogenesis is one of the most



FIGURE 5 KLF Isoforms That Control Hepatic Metabolism
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important functions of the liver. Maintaining normal
plasma glucose concentrations is essential for energy
homeostasis because glucose represents the primary
energy source for many tissues, including the brain.
Another pathway to deliver glucose to the circulation
is by glycogenolysis, which involves hydrolysis of
glycogen stores. After food intake, when insulin
levels are high and glucagon levels are low, the liver
removes glucose from the portal vein, where glucose
is catabolized to pyruvate or used for glycogen syn-
thesis in hepatocytes. Various cellular mechanisms
that affect hepatic and systemic metabolism are
regulated by KLFs (Figure 5).

In hepatic gluconeogenesis, the enzyme phospho-
enolpyruvate carboxykinase (PEPCK) catalyzes the
rate-limiting step. Changes in the level of Pepck
messenger RNA or its activity are associated with the
control of hepatic glucose output. Liver-specific
Pepck knockout in mice inhibits gluconeogenesis
(103), and total body Pepck knockout leads to severe
hypoglycemia and death (104). KLF10 (105) and
KLF11 (106) act as inhibitors of gluconeogenesis.
KLF10 directly inhibits the Pepck gene (105). Tran-
scriptome profiling in Klf10–/– mouse liver tissue
revealed downregulation of glycolytic proteins
and upregulation of gluconeogenic and lipogenic
proteins. Compared with wild-type mice, Klf10–/–

mice display a postprandial elevation of blood
glucose in male mice and a postprandial elevation of
blood TG levels in female mice. Interestingly, hepatic
Klf10 displays a rhythmic expression pattern that is
dependent on the clock protein, BMAL1 (105). Tran-
scription of Klf10 is directly induced by the
carbohydrate-responsive element-binding protein
and is therefore increased by high glucose levels
(107). KLF10 is further capable of inhibiting expres-
sion of Chrebp and its target genes in rat hepatocytes.
Taken together, these data suggest a negative feed-
back loop between carbohydrate-responsive element-
binding protein and KLF10 involved in the circadian
regulation of hepatic gluconeogenesis. KLF11
regulates gluconeogenesis by directly inhibiting
expression of Pepck (106). Adenovirus-mediated
overexpression of KLF11 reduces PEPCK expression,
lowers hepatic glucose output, and protects against
hyperglycemia. In general, hepatic KLF11 is decreased
after fasting of short duration but elevated after 24 h
of fasting.

In contrast to KLF10 and KLF11, hepatic KLF15 acts
as a nutritionally responsive positive regulator of
gluconeogenesis, in part by directly inducing Pepck
(108). KLF15 expression is greatest in the liver among
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various tissues (109). KLF15 expression follows the
expression pattern of PEPCK and is elevated after
food deprivation, or decreased in the fed state or after
euglycemic insulin administration (67,108).

Hepatic FA and lipid metabolism is also regulated
by the same KLF family members affecting glucose
metabolism: KLF10 (110), KLF11 (111), and KLF15 (112).
During fasting, FAs are released from adipose tissue
into circulation. When the flux of FAs toward the liver
exceeds b-oxidation capacity or lipid export via lipo-
protein secretion, TGs accumulate in the liver. FAs in
the liver are continuously re-esterified into TGs. TGs
from this pool can be used for hepatic very-low-
density-lipoprotein–TG synthesis and secretion. Most
of the plasma very-low-density-lipoprotein–TG pool
is derived from plasma FA, re-esterified by the liver,
and secreted into the plasma, whereas only a very
small fraction of plasma very-low-density-lipopro-
tein–TG is derived from de novo FA synthesis in the
liver (113).

Hepatic Klf10 expression is induced in primary
mouse hepatocytes after treatment with a PPARa
agonist, which promotes FA oxidation (110). Although
a direct interaction between PPARa and the Klf10
promoter has not been established, coordinated ac-
tion of these 2 transcription factors could be involved
in the regulation of hepatic lipid metabolism. KLF11
activates PPARa and downstream lipid oxidation
genes shown by adenovirus-mediated overexpression
of KLF11, and it improves fatty liver phenotype in
mice with diet-induced obesity (DIO) (111).
Conversely, silencing of KLF11 in wild-type mice in-
creases TG levels, caused by decreased FA oxidation,
which can be accounted for by inhibition of PPARa
expression. Furthermore, overexpression of hepatic
KLF15 reduces expression of SREBP-1c leading to a
decrease in plasma TG levels (112). KLF15 facilitates
the switch from lipogenesis to gluconeogenesis dur-
ing fasting by inhibiting expression of Srebp1c.

Another major role of the liver is to take up, and
metabolize, dietary amino acids that are absorbed by
the gastrointestinal tract and transported to the liver
via the portal vein. Hepatic amino acid metabolism is
influenced by KLF15. Klf15–/– mice demonstrate se-
vere hypoglycemia after an overnight fast (67). Sur-
prisingly, no decrease in Pepck expression is observed
in Klf15/– mice; however, these mice exhibit reduced
expression of amino acid–degrading enzymes in the
liver and skeletal muscle after overnight fasting (67).
Klf15 acts as a clock-controlled gene, and rhythmic
expression of amino acid–metabolizing and urea cycle
enzymes is driven by KLF15 in the liver and skeletal
muscle (114). Therefore, KLF15 promotes protein
catabolism in the liver and skeletal muscle, and co-
ordinates these processes with nitrogen excretion.

The liver is an insulin-sensitive organ, and defec-
tive insulin signaling as well as development of
insulin resistance in the liver can have major conse-
quences on energy balance and metabolism. Hepatic
insulin sensitivity is increased in the liver by KLF14,
and overexpression of KLF14 in Hepa1-6 cells in-
creases Akt phosphorylation and insulin-stimulated
glucose uptake. KLF14 exhibits a synergistic effect
with insulin administration leading to increased
messenger RNA levels of sirtuin (SIRT)1, PGC-1a, and
hepatocyte nuclear factor–4a (115). Insulin sensitivity
improves with lower glucokinase levels, and hepato-
cyte Klf6 promotes glucokinase transcription that is
associated with insulin resistance (116,117).

Bile acid synthesis occurs exclusively in the liver
via a series of enzymatic reactions that convert hy-
drophobic cholesterol into more water-soluble
amphipathic compounds (118). Bile acids are potent
“digestive surfactants” that promote absorption of
lipids, including fat-soluble vitamins, by acting as
emulsifiers. Bile acid synthesis is affected by KLF15-
regulating factors produced by the ileum that are
responsible for the circadian regulation of hepatic bile
acid synthesis (119). Klf15–/– mice exhibit an inter-
ruption in the circadian expression of bile acid
synthesis enzymes, which is not present in
hepatic-specific Klf15–/– mice. KLF15 directly inhibits
expression of fibroblast growth factor (Fgf) 15 in a
circadian pattern, which is produced by the ileal
epithelial cells and inhibits expression of bile acid–
producing enzymes in the liver. Importantly, ileec-
tomy restores expression of bile acid synthesis genes
in Klf15–/– livers.

PANCREAS. The pancreas plays multiple roles in
systemic metabolism, including production of hor-
mones responsible for regulating metabolic pro-
cesses, and the production of enzymes necessary for
the absorption of nutrients within the gastrointes-
tinal tract. The pancreas may be separated into the
exocrine and the endocrine pancreas. The exocrine
pancreas consists of the pancreatic acini and ductal
system, which secretes digestive enzymes and bicar-
bonate into the gastrointestinal tract. Alternatively,
the endocrine pancreas is derived from the pancreatic
islets of Langerhans, which contain multiple
hormone-producing cell types that secrete their
products into the circulation and regulate metabolism
at distant tissues. These cell types include alpha cells
that produce glucagon, beta cells that produce insu-
lin, delta cells that produce somatostatin, PP cells
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that produce pancreatic polypeptide, and epsilon
cells that produce ghrelin (120).

Because of the importance of the pancreas in the
regulation of nutrient absorption and use, processes
that disrupt pancreatic development often result in
metabolic phenotypes. KLF10 regulates islet cell
development by directly activating transcription of
SEI-1, which is capable of inducing cell cycle inhibitor
p21 (121). Klf10–/– mice surprisingly display reduced
number of islets of Langerhans with reduction in the
overall islet mass and area. These changes are asso-
ciated with impaired glucose tolerance and impaired
insulin secretion. The exact mechanism by which
KLF10 regulates islets of Langerhans development
and b-cell mass, as well as whether KLF10 participates
in the production of pancreas-derived hormones, re-
mains to be investigated.

Pancreatic b cells play a significant role in systemic
metabolism and glucose homeostasis by synthesizing
and secreting insulin in response to increases in
blood glucose concentration. KLF11 is predominantly
expressed within the pancreas, where it regulates
b-cell function in response to glucose (122). KLF11
coordinates with coactivator p300 and promotes
expression of the insulin (INS) gene (122,123) and of
the pancreatic and duodenal homeobox (Pdx)-1 gene
(124), a master regulator of pancreatic development
and b-cell function (125). Phenotypic characterization
of Klf11–/– mice revealed defects in glucose homeo-
stasis, resulting in part from b-cell dysfunction.
These mice demonstrate impaired insulin production
but surprisingly maintain lower blood glucose levels
resulting from increased peripheral insulin sensitivity
(123,126).

KLF7 seems to oppose KLF11 in regulating insulin
production. In the insulin-secreting HIT-T15 cell line,
overexpression of KLF7 impairs glucose-stimulated
insulin secretion that is accompanied by reduced
expression of PDX-1 (127). The in vivo effects of KLF7
on pancreatic development and b-cell function, and
potential interactions between KLF7 and KLF11 on
the Insulin and Pdx-1 promoters, remain to be
investigated.
ERYTHROCYTES. An important component of meta-
bolism is the sufficient delivery of oxygen to tissues,
which serves as the terminal electron acceptor for
oxidative phosphorylation and ATP synthesis in
mitochondria. Erythrocytes carrying hemoglobin, the
iron-containing molecular carrier for oxygen, have a
central role in oxygen delivery. Although KLFs are
not known to have a functional role in mature adult
erythrocytes, which lack nuclei, multiple KLFs have
a critical role in regulating erythrocyte progenitor
cells.
In adults, erythropoiesis (i.e., the process of
generating new erythrocytes from progenitor cells)
occurs primarily in the bone marrow in response to
erythropoietin, which is produced during hypoxia
within the kidney. KLF1, also known as erythroid
KLF, is a master regulator of human erythroid cell
production. Klf1 is expressed in bone marrow and the
spleen (128), where it controls the final transition
from fetal g-globin to adult b-globin expression (129)
and cell cycle progression during erythroid differen-
tiation (130,131). Furthermore, KLF1 coordinates the
gene expression of transmembrane proteins, cyto-
skeletal proteins, red blood cell antigens, and pro-
teins involved in cell division, heme production, and
iron procurement (132). In humans, monoallelic Klf1
mutations result in the persistence of fetal hemoglo-
bin and a mild phenotype of beta-thalassemia (133),
and homozygous loss of KLF1 results in severe non-
spherocytic hemolytic anemia and very high levels of
fetal hemoglobin into childhood (132).

In contrast to adult erythropoiesis, which occurs in
the bone marrow, embryonic erythropoiesis occurs in
the yolk sac, and fetal erythropoiesis in the spleen
and liver (134). Although Klf1–/– mice are normal
during the embryonic stage of erythrocyte develop-
ment, these mice die around embryonic day 14 due to
severe anemia and defective erythropoiesis in the
liver (135–137). KLF1 directly activates transcription of
the macrophage-expressed DNase II-alpha (Dnase2a)
gene, an essential player in the digestion of extruded
nuclei during erythrocyte maturation (138). Residual
blood cells retain their nuclei and contain reduced
hemoglobin. This phenotype likely results from
reduced Dnase2a activity in macrophages (138) and
defective b-globin synthesis in erythrocyte precursors
(135).

KLF3, along with KLF8, silences embryonic globin
expression during development (139). The expression
pattern of KLF3 in bone marrow and the spleen
overlaps with Kfl1 (128), and KLF1 and KLF3 bind
similar DNA sequences (140). KLF1 typically activates
and KLF3 represses transcription, suggesting
opposing roles for these 2 KLF family members (141).
Consistent with this observation, KLF3 represses the
expression of a subset of KLF1 target genes that are
crucial for normal erythroid maturation (142). In this
network, Klf3 and Klf8 are activated by KLF1, and
KLF3 feeds back as a repressor for Klf8 (141,143).
Importantly, Klf3/Klf8 double knockout mice die in
utero and are characterized by de-repression of fetal
globin expression, which cannot be accounted for by
lack of KLF3 or KLF8 alone (139).

KLF2 is an important regulator of embryonic, but
not adult, erythrocyte development. Klf2-/- mice die
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in utero, resulting from intraembryonic hemorrhage
and anemia, and display significant reductions in
embryonic globin levels (144). KLF2 regulates the
embryonic ε-globin gene but not the adult b-globin
gene, suggesting that KLF2 primarily exerts its ef-
fects on embryonic erythrocyte generation. KLF2
also seems to affect the stability and morphology of
primitive erythroid cells, suggesting that KLF2 reg-
ulates embryonic erythrocyte function similarly to
how KLF1 regulates adult erythrocyte development.

ROLE OF KLFs IN DISEASES

THAT ARE ASSOCIATED WITH

METABOLIC ABNORMALITIES

HEART FAILURE. Heart failure is a clinical syndrome
in which the heart is unable to effectively pump
enough blood to meet the metabolic requirements of
the organism. As the end stage of many diseases of
the cardiovascular system, including acute coronary
syndrome, various cardiomyopathies, and hyperten-
sion, the prevalence of heart failure has been
increasing in the developing world as a result of the
aging population and increased survival after
myocardial infarction (145). Therefore, strategies
aimed at the primary prevention of heart failure, as
well as management of existing heart failure, are
highly sought.

Metabolic dysfunction is a characteristic of
advanced heart failure that occurs due to ischemia,
pathological hypertrophy, and various forms of
dilated cardiomyopathy (55,146–148). These defects
include reduced capacity for respiration, reduced FA
oxidation, and increased carbohydrate oxidation.
Modulation of cardiac FA oxidation has been pro-
posed as a potential therapeutic strategy to improve
cardiac function in patients with heart failure.
Changes in metabolic function and substrate use
likely contribute to cardiac disease progression as
evidenced by animal models of cardiac disease (58).
For example, cardiomyocyte-specific deletion of
PPARa aggravates pressure overload hypertrophy
(149). Alternatively, treatment with PPARa agonist
protects against pressure overload hypertrophy
(150,151) and post–myocardial infarction remodeling
(152).

Multiple members of the KLF family protect
against heart failure progression in part by regulating
metabolic gene expression. Cardiomyocyte KLF4
is induced in cultured cardiomyocytes after hyper-
trophic stimuli and seems to protect against patho-
logic hypertrophy (Figure 6) (153). Alternatively,
cardiomyocyte-specific Klf4–/– mice cope significantly
worse with introduced pressure overload, resulting in
75% mortality 2 weeks’ post-operatively. The protec-
tive effect of KLF4 is related to the interaction be-
tween KLF4 and the PGC-1a axis (Figure 2), as Klf4–/–

mice have defects in the electron transport chain,
associated with a lower mitochondrial respiration
rate (56).

Because KLF5 is a positive regulator of PPARa and
FA oxidation–related gene expression (59), one could
anticipate a protective role for KLF5 against pressure
overload hypertrophy. Surprisingly, KLF5 hap-
loinsufficiency seems to be protective (154). Tissue-
specific animal models found that the protective
effect of KLF5 haploinsufficiency results from
reduced expression of fibroblast KLF5 but not
cardiomyocyte-specific KLF5 ablation. Changes in
cardiomyocyte KLF5 in rodent models of heart failure
remain to be investigated, and cardiomyocyte KLF5
activation may represent an approach to increase FA
oxidation–related gene expression and to improve
function of the diseased heart.

Human hearts with advanced heart failure exhibit
decreased expression of Klf15 (60), which likely re-
duces expression of FA oxidation–related genes
through impaired PPARa-mediated transcriptional
regulation. Consistently, Klf15–/– mice that are sub-
jected to pressure overload develop eccentric cardiac
hypertrophy, whereas Klf15 overexpression protects
against cardiac remodeling (155). Cardiac KLF15 also
regulates the catabolism of BCAAs, which is postu-
lated to protect against pressure overload–induced
heart failure (156) and ischemia-reperfusion injury
(157). Mechanistically, elevated levels of BCAAs
inhibit glucose metabolism by suppressing glucose
uptake and inhibiting mitochondrial respiration
(156,157). Importantly, KLF15 is a key inducer of BCAA
catabolic genes, including BCAT, the BCKD complex
subunits, and PP2Cm, which are reduced in KLF15
knockout hearts (156). Taken together, these obser-
vations suggest that reduced KLF15 may not only be
involved in the fetal metabolic profile of failing hearts
but also in BCAA catabolic deficiency, which con-
tributes to mitochondrial dysfunction. Therefore,
restoring expression of KLF15 in heart failure may be
the target of future therapies designed to manage
cardiac function in advanced heart failure.

KLF6 exacerbates cardiac fibrosis as demonstrated
by reduced fibrosis and preserved cardiac function in
Klf6þ/– mice after angiotensin II infusion (158). This
outcome seems to result from cardiomyocyte
KLF6 because cardiomyocyte-specific, but not
fibroblast-specific, Klf6–/– mice display the same pro-
tection from fibrosis. Cardiomyocyte KLF6 is induced
in cardiomyocytes early after angiotensin stimulation
and suppresses expression of thrombospondin 4,



FIGURE 6 KLF Isoforms Associated With the Development of Cardiac Hypertrophy and Dilated Cardiomyopathy and Fibrosis
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which is secreted by cardiomyocytes to regulate
fibroblast activity (158). Therefore, cardiomyocyte
KLF6 regulates factors responsible for intercellular
communication, fibroblast activation, and fibrosis.

ATHEROSCLEROSIS. Atherosclerosis, or hardening
of the blood vessels, is a leading cause of death in the
developed world that results from coronary artery
disease and stroke. There are numerous risk factors
for atherosclerosis, including various factors of
metabolic origin, such as high blood glucose levels,
dyslipidemia, and diet (159). Atherosclerosis results
from a chronic inflammatory process of the vascular
system and involves dysregulation of many compo-
nents, including circulating lipoproteins, endothelial
cells, immune cells, and vascular smooth muscle
cells. Atherosclerotic lesions begin as a fatty streak on
the artery’s intimal layer resulting from early endo-
thelial dysfunction. Eventually, these lesions
progress through multiple stages involving lipopro-
tein infiltration and oxidation, foam cell formation,
plaque development, and smooth muscle cell migra-
tion to lead to mature atherosclerotic lesions (160).
Members of the KLF family have been shown to
interact with these components of atherosclerosis
pathogenesis to provide a protective or exacerbating
effect.

To clear cholesterol and TG-rich lipoprotein parti-
cles from the blood, both apolipoprotein E (APOE) and
low-density lipoprotein receptors are necessary.
APOE–/– and Ldlr–/– mice are widely used to study
atherosclerosis. Klf2þ/– mice crossed with APOE–/–

mice display augmented atherosclerotic lesion for-
mation due to a 40% enhanced lipid uptake in mac-
rophages. Overexpression of KLF2 in a mouse
macrophage cell line markedly inhibited lipid uptake
(161). Along the same lines, myeloid-specific Klf2–/–

mice crossed with Ldlr–/– mice exhibit a substantial
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increase in atherosclerosis (162). Thus, KLF2 acts as
an atheroprotective factor in experimental
atherosclerosis.

KLF4 affects the development of atherosclerosis
through its expression in endothelial cells, myeloid
cells, and vascular smooth muscle cells. Studies on
mice with endothelial-specific overexpression or
knockout of Klf4 on an APOE–/– background show that
KLF4 is a protective factor against atherosclerosis
(163). This outcome results from the antiadhesive
and antithrombotic effects of endothelial KLF4.
Mechanistically, endothelial KLF4 reduces athero-
sclerosis development by competing with nuclear
factor–kB for coactivator p300. Recently, endothelial
microRNA-103 was shown to reduce Klf4 expression
and promote atherosclerosis development (164).
Myeloid KLF4 also plays an important role in
atherosclerosis development and foam cell genera-
tion. In macrophages, KLF4 is significantly down-
regulated by pro-inflammatory cytokines and
oxidized lipids. Myeloid-specific Klf4–/– on an APOE–/–

background demonstrates increased susceptibility to
atherosclerotic lesion development likely resulting
from enhanced pro-inflammatory gene expression
(163). Therefore, both endothelial and myeloid KLF4
seem to protect against atherosclerosis development
in part by conferring anti-inflammatory effects.
Alternatively, vascular smooth muscle KLF4 pro-
motes atherosclerosis development in part by pro-
moting proinflammatory gene expression in smooth
muscle cells and reducing fibrous cap thickness.
Smooth muscle cell–specific conditional Klf4–/– mice
exhibit a 50% reduction in atherosclerotic lesion size
and increased plaque stability, suggesting that
smooth muscle cell KLF4 is critical to the develop-
ment of atherosclerotic lesions (165).

Klf14 is a ubiquitously expressed gene, demon-
strating monoallelic maternal expression in humans
and in mice (166). Genome-wide association studies
have correlated single-nucleotide polymorphisms
located near Klf14 to the development of atheroscle-
rosis. The single-nucleotide polymorphism rs4731702
was associated with increased levels of circulating
high-density lipoprotein and decreased risk of
atherosclerotic cardiovascular disease (167,168).
Importantly, these associations are only significant
when the variant is located on the maternally
inherited allele, suggesting that the observed disease
associations are driven by KLF14 (169). Mechanisti-
cally, KLF14 likely exerts its effect by regulating the
production of lipoproteins in the liver. Hepatic KLF14
directly activates apolipoprotein A-I, a major
component of the protective high-density lipopro-
tein. Overexpression of KLF14 in mice fed a high-fat
diet increased plasma high-density lipoprotein
cholesterol levels and cholesterol efflux (170). KLF14
was identified as a pharmacological agent to treat
atherosclerosis. Administration of perhexiline, which
was identified as an activator of endogenous KLF14,
increases high-density lipoprotein cholesterol
plasma levels and cholesterol efflux in vivo and pro-
tects against atherosclerosis development in APOE–/–

mice.

OBESITY. Increased weight and obesity are charac-
terized by an abnormal excessively high amount of
body fat in relation to lean body mass driven by en-
ergetic imbalance, in which caloric intake is greater
than the calories expended through the body’s
metabolic rate and physical activity. Several members
of the KLF family affect energy homeostasis by
affecting lipid and glucose metabolism, as well as
adipocyte differentiation, and hence play a role in
obesity development. KLF4 (78,79), KLF5 (83), KLF6
(91,92), KLF8 (82), KLF9 (80,81), KLF13 (84), and
KLF15 (85) promote adipocyte differentiation and
adipose tissue expansion, whereas KLF2 (89), KLF3
(87), KLF7 (88), and KLF16 (93) have the opposite
effect (Figure 4). Moreover, KLF3 (87), KLF11 (126),
KLF14 (115), and KLF15 (171,172) promote weight gain.

Despite KLF3 being a negative regulator of adipo-
cyte differentiation, Klf3–/– mice surprisingly exhibit
reduced white adipose tissue mass and adipocyte
size, and are resistant to DIO and glucose intolerance
(87). Differences in body weight in Klf3–/– mice do not
arise from altered food intake or energy expenditure
but may result from increased levels of the insulin-
sensitizing hormone adipolin (FAM132A/CTRP12/
C1qdc2) (90). Adipolin functions as an anti-
inflammatory adipokine that improves glucose
tolerance (173,174). Moreover, KLF3 represses the
expression of Lgals3, which encodes galectin-3, a
protein suggested to protect from obesity and other
metabolic disorders (175). Thus, increased galectin
levels in Klf3–/– mice might account for the lean
phenotype as galectin-3–/– mice demonstrate defec-
tive glucose metabolism, and age dependently in-
crease white adipose tissue mass (175,176). Thus,
although reduced KLF3 expression is clearly associ-
ated with less weight gain in mice, the underlying
mechanism and physiological relevance in humans
remain undetermined.

In mouse models of obesity, hepatic KLF11 is
decreased (111). In Klf11–/– mice fed a normal diet,
body weight and energy expenditure are not affected.
However, loss of Klf11 provides a protective effect
against high-fat DIO and hypercholesterolemia, and
also results in an increased metabolic rate in female
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mice only fed a high-fat diet (126). The observed
reduction of KLF11 in obesity may denote a negative
feedback loop that aims to block uncontrolled
expansion of adipose tissue.

Association studies conducted through MuTHER
(the Multiple Tissue Human Expression Resource
Consortium) have identified KLF14 as a master regu-
lator of gene expression in adipose tissue (177). KLF14
exerts its effect as a disease risk allele through the
transregulation of genes associated with metabolic
traits. Furthermore, KLF14 is decreased in the liver,
adipose, and muscle of mice fed a high-fat diet and in
diabetic db/db mice (115). More recently, a putative
transregulatory network for KLF14 has been identi-
fied, providing information about regulators of Klf14
expression and protein–protein interactions (178).
Taken together, these studies provide a basis for
mechanistic studies characterizing the role of KLF14
in metabolic disease.

Despite the prominent role of KLF15 in promoting
adipocyte differentiation, Klf15 expression is
decreased in WAT and BAT of wild-type mice fed a
high-fat diet, as well as in db/db mice (171). This
finding is consistent with reports of reduced Klf15
expression in the visceral adipose tissue of obese in-
dividuals (171,172). The relationship between reduced
KLF15 expression and increased adiposity remains to
be investigated. Screening for KLF15 targets in 3T3-L1
adipocytes by ChIP-chip integrated with expression
microarray data has revealed genes likely regulated
by KLF15. This study found that adrenomedullin,
which has been implicated in metabolic complica-
tions of obesity, is directly repressed by KLF15 (179).

In the gastrointestinal tract, KLF4 directly acti-
vates transcription of the human ghrelin promoter
and thereby increases appetite (180). Ghrelin, a pep-
tide hormone expressed predominantly in the stom-
ach, influences metabolic processes, including
adipogenesis, growth hormone secretion, food
intake, energy balance, and insulin secretion (181).
KLF4 expression is induced by butyrate, a short-chain
FA found in the gut, and promotes ghrelin expression
in cultured human gastric cancer cells (180). These
studies suggest that KLF4 may coordinate ghrelin
expression within the gut environment, and higher
expression levels are accompanied by increased
appetite.

Genome-wide association studies identified a
single-nucleotide polymorphism (rs7568369) in the
promoter of Klf7, which was associated with protec-
tion against obesity in the Danish population (182). In
this regard, increased expression of Klf7 together
with toll-like receptor 4 correlates with obesity-
induced inflammation in visceral adipose tissue
studied in Wistar rats fed a high-fat diet and also in
humans (183). Another study of East Asian subjects
identified a single-nucleotide polymorphism
(rs11142387) in the Klf9 locus that was associated
with increased body mass index, which is in accor-
dance with the pro-adipogenic role of KLF9 (184).
Notably, no association has been detected within the
European population. These association studies are
in alignment with the roles of KLF7 and KLF9 as
inhibitory and promoting factors in adipocyte
differentiation, respectively.

FATTY LIVER DISEASE. Obesity is frequently
accompanied by ectopic lipid accumulation, primarily
in the liver, skeletal muscle, and heart. Excess accu-
mulation of lipids in the hepatocytes leads to hepatic
steatosis, which may result from inhibition of
b-oxidation, impaired very-low-density-lipoprotein
secretion, and pathways involved in the synthesis of
FAs. Hepatic KLF2 (185), KLF5 (186), KLF6 (187–191),
and KLF9 (188) increase hepatic lipid accumulation.
Conversely, KLF10 (105), KLF11 (111), and KLF15 (112)
inhibit hepatic steatosis (Figure 5).

Hepatic KLF2 messenger RNA and protein levels
are significantly increased in wild-type mice fed a
high-fat diet and leptin-deficient B6.V-Lepob/J (ob/ob)
mice, which is a model of obesity and steatohepatitis.
Adenoviral KLF2 overexpression induces hepatic TG
accumulation in wild-type mice, whereas KLF2
silencing ameliorates hepatosteatosis in ob/ob mice.
Because PPARg promotes hepatic steatosis (192,193),
the KLF2-driven mechanism that mediates hepatic
lipid accumulation must be different from the adi-
pose tissue, where KLF2 inhibits PPARg expression
(77). The mechanism for hepatic lipid accumulation
may, at least in part, derive from KLF2 induction of
cluster of differentiation 36 (CD36), a membrane
protein that facilitates FA uptake (185,194). The KLF2-
mediated hepatosteatosis development is severely
diminished in cluster of differentiation 36–deficient
mice (185).

Although KLF2 has opposite roles in the liver and
the adipose tissue, KLF5 seems to have similar effects
in both organs. Hepatic KLF5 is a positive regulator of
Pparg2 expression and genes involved in FA uptake
and TG synthesis (186), and it promotes hepatic lipid
accumulation. The regulation of KLF5 activity in
the liver is controlled by a ubiquitin-dependent
degradation mechanism that is mediated by F box
and WD repeat domain containing 7 (FBW7).
Adenovirus-mediated knockdown of hepatic Fbw7
results in hepatosteatosis due to reduced KLF5
degradation, and increased expression of Pparg2 and
genes involved in FA uptake and TG synthesis.
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Thus, KLF5 is a positive regulator of TG accumulation
in the liver via activation of PPARg expression.

KLF6 is another regulator of hepatic PPARg and
promotes hepatic steatosis. Klf6þ/– and hepatocyte-
specific Klf6–/– mice are protected from diet-induced
steatohepatitis and exhibit improved insulin sensi-
tivity. Klf6-ablated hepatocytes show a reduction in
PPARa protein but not messenger RNA levels, sug-
gesting alternative pathways that reduce lipid uptake
or promote hepatic FA oxidation (187). One possibility
involves regulation of PPARg by KLF6. KLF6 directly
induces Pparg gene expression, which promotes TG
accumulation (188). In vitro experiments in palmitic
acid–treated HepG2 cells mimicking conditions
similar to that of a fatty liver showed increased KLF6
expression and TG accumulation. Contrary, silencing
of KLF6 represses Pparg levels and reduces TG accu-
mulation. KLF9 also drives the expression of PPARg
and leads to hepatic steatosis in mice with DIO.
Similarly, palmitic acid–treated HepG2 cells exhibit
increased KLF9 levels and augmented TG accumula-
tion. KLF9 directly regulates the Pparg promoter.
Silencing KLF9 represses Pparg expression and
reduces TG accumulation in vitro.

Opposite to KLF2, KLF5, KLF6, and KLF9, which
promote hepatic steatosis, KLF10 and KLF11 seem to
play a protective role. KLF10 is involved in the regu-
lation of hepatic glucose and lipid metabolism. High
glucose levels induce KLF10 expression in primary
hepatocytes (107), as does PPARa activation (110),
which promotes FA oxidation, implicating KLF10 as
an inhibitor of hepatic steatosis. Hepatocyte KLF10
inhibits the expression of Chrebp (107), which in-
creases lipogenesis (195), and Pepck (105), which cat-
alyzes gluconeogenesis. KLF11 activates lipid
oxidation genes via induction of PPARa and improves
fatty liver phenotype in DIO mice (111). KLF11 is also
important for the inhibition of gluconeogenesis as it
directly inhibits the expression of Pepck and protects
against hyperglycemia (106).

KLF15 regulates carbohydrate, lipid, and protein
homeostasis in the liver. KLF15 is a positive regulator
of gluconeogenesis by increasing Pepck expression
(108) and substrate availability (67). Activation of
KLF15 during fasting also prevents hepatic lipogen-
esis by inhibiting SREBP-1c (112) and leads to lower
plasma TG levels (112). Inhibition of KLF15 is protec-
tive against high-fat-diet–induced hepatic steatosis
via increased expression of FA oxidation genes (196).
Metformin, which inhibits hepatic gluconeogenesis
and is a pharmacological agent for type 2 diabetes
mellitus (T2DM), promotes degradation of KLF15
protein (197) and alleviates hepatic steatosis (198).
Hepatic chronic inflammation induces fibrosis,
which eventually progresses to cirrhosis and hepato-
cellular carcinoma. Members of the KLF family have
been implicated in liver fibrosis, an excessive accu-
mulation of scar tissue that results from inflammation
and liver cell death that occurs inmost types of chronic
liver diseases. KLF2 (199–201) ameliorates liver
fibrosis, whereas KLF6 (189,191) promotes it. Further-
more, KLF10 (202) is associated with liver disease.
Although KLF10 has a protective role in hepatic stea-
tosis, which might imply prevention of steatohepatitis
and liver fibrosis, its role in the progression or protec-
tion from fibrosis remains to be elucidated.

KLF2 modulates inflammation or collagen produc-
tion in the liver that may be accounted for by its
expression in nonhepatocytes. In cirrhotic livers of
Wistar rats, KLF2 expression is increased in hepatic
endothelial cells compared with healthy controls,
which is accompanied by the induction of vaso-
protective target genes. Hepatic KLF2 expression is
increased in rodents treated with simvastatin, a
cholesterol-lowering statin drug that has been pro-
posed to have antifibrotic effects due to KLF5 reduc-
tion of collagen production by hepatic stellate cells
(199). KLF2 upregulates the antioxidant transcrip-
tion factor nuclear factor erythroid 2-related factor 2
(200,201). Therefore, hepatic KLF2 upregulation in
cirrhosis ameliorates liver fibrosis, counteracts
endothelial dysfunction, and reduces oxidative
stress, improving portal hypertension (201).

In the spectrum of nonalcoholic fatty liver disease,
activation of fibrosis is a critical event for the pro-
gression from hepatic steatosis to nonalcoholic stea-
tohepatitis and cirrhosis. The fibrosis program is
primarily regulated by transforming growth factor beta
(TGFb). Increased hepatic KLF6 expression directly
activates the promoters ofTgfb1 and types I and IITGFb
receptors (189) and may play a crucial role in the pro-
gression from steatosis to steatohepatitis with pro-
gressive fibrosis (189,191). Thus, KLF6 activation may
constitute a significant risk factor for steatohepatitis
via progression of both lipid accumulation andfibrosis.
Accordingly, a functional polymorphism in the Klf6
gene is associated with advanced forms of nonalco-
holic fatty liver disease. KLF6-IVS1-27G>A promotes
alternative splicing of KLF6 and delays progression of
nonalcoholic fatty liver disease (190). In addition,
KLF10 is increased in the livers of mice with diet-
induced nonalcoholic steatohepatitis.

Increased KLF10 expression has been associated
with increased activity of TGFb signaling (202) that
accounts for the hepatic fibrosis which follows
nonalcoholic steatohepatitis. It remains unclear
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whether KLF10 is a component of an adaptive process
that aims to reduce hepatic glucose or lipid levels
when these are increased beyond physiological levels
or if it participates in maladaptive mechanisms that
lead to hepatic fibrosis.

DIABETES MELLITUS. Diabetes is a metabolic disease
that involves dysfunction of several organs, and KLF
biology is altered in most of them during disease pro-
gression (Figure 7). Type 1 diabetesmellitus is a chronic
autoimmune disease, which is driven by the lack of
insulin production from the pancreas that leads to
hyperglycemia. T2DM is associated with obesity,
which is driven by excessive adipocyte differentiation
and adipose tissue expansion. Obesity accompanied
by ectopic lipid accumulation compromises intracel-
lular insulin signaling and aggravates insulin resis-
tance that leads to hyperglycemia. Diabetes is linked to
cardiovascular diseases, which represent the most
prevalent cause of mortality and morbidity in the
diabetic population (203). Patients with diabetes
commonly experience obesity, hypertension, and
dyslipidemia, which are cardiovascular risk factors
often seen in conjunction with an increased risk for
cardiac events such as coronary artery disease, stroke,
and diabetic cardiomyopathy. Several studies have
identified involvement of multiple KLF isoforms in the
regulation of metabolic pathways in cardiomyocytes
(Figure 2), skeletal muscle cells (Figure 3), adipocytes
(Figure 4), and hepatocytes (Figure 5). Here we discuss
KLFs that are directly involved in complications
associated with diabetes.

Maturity-onset diabetes of the young (MODY) is a
monogenic form of diabetes, inherited in an auto-
somal dominant mode and characterized by a defect
in the pancreatic b-cell function. Two KLF isoforms
have been linked to pancreatic function: KLF11 is a
positive regulator (122), and KLF7 acts as an inhibitor
of insulin production (127). KLF11 is expressed
ubiquitously but is enriched in the pancreas, where
it acts as a glucose-inducible positive regulator of
the INS gene (122). KLF11 loss-of-function mutations

http://www.servier.com/
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are associated with MODY7 and human neonatal
diabetes mellitus (124,204). The Q62R mutation is a
gain-of-function variant that represses activity of
KLF11 (122). Individuals with the Q62R variant
demonstrate decreased insulin levels after glucose
tolerance testing, and normoglycemic carriers have
increased insulin sensitivity. Alternatively, homo-
zygous mutation of the KLF11-binding site of the INS
promoter results in neonatal diabetes mellitus,
manifesting as intrauterine growth delay, impaired
insulin synthesis, and a requirement for insulin
supplementation at birth (123). Furthermore, hepatic
KLF11 is decreased in mouse models of diabetes
(111). Genome-wide expression profiling of liver tis-
sue from Klf11-ablated mice demonstrates enrich-
ment for dysregulated genes controlled by PPARg
(126). Pancreatic KLF11 also directly induces Pdx-1,
a master regulator of the development of the
pancreas (124).

T2DM, the most common form of diabetes (90% of
all cases), results from impaired insulin secretion,
insulin resistance, or a combination of both. T2DM is
linked to the epidemic of obesity. Thus, KLF family
members promoting adipogenesis (KLF4 [78,79],
KLF5 [83], KLF6 [91,92], KLF8 [82], KLF9 [80,81],
KLF13 [84], and KLF15 [85]), as well as inhibiting
(KLF2 [89], KLF3 [87], KLF7 [88], and KLF16 [93])
adipocyte differentiation, may influence T2DM
development. In addition, KLF7 overexpression
decreases levels of adiponectin and leptin,
adipocyte-derived hormones that regulate insulin
sensitivity and appetite, respectively (127). Interest-
ingly, a Klf7 single-nucleotide polymorphism
(rs2302870) detected in the Japanese population is
linked to T2DM susceptibility (88).

Increased hepatic gluconeogenesis is conferred a
primary role in T2DM. Maintenance of normal glucose
homeostasis in the liver is essential, and dysregula-
tion of hepatic gluconeogenic processes contributes
to imbalances linked to T2DM. High plasma glucose
levels may be corrected by inhibition of hepatic
glucose production and increased peripheral glucose
use. Antidiabetic drugs, such as biguanides (205) and
glucagon-like peptide-1 modulators (206), target
gluconeogenesis and lower hepatic glucose produc-
tion. Biguanides (e.g., metformin) repress hepatic
glucose production and consequently reduce fasting
plasma glucose levels and glycosylated hemoglobin A
(205). Metformin is the most commonly prescribed
antidiabetic medication worldwide (207). Hepatic
gluconeogenesis is affected by KLF10 (105) and KLF11
(106), both inhibiting Pepck, and KLF15 (108) inducing
Pepck. Liver-specific knockdown of KLF15 reduces
expression of gluconeogenesis and amino acid
metabolism–related genes, and treats hyperglycemia
in diabetic mice (197). Interestingly, there seems to be
a crossroad between metformin and KLF15, as met-
formin promotes ubiquitination and decreases KLF15
protein levels, as well as the expression of KLF15
targets in vitro and in db/db mice. This effect of
metformin is reversed by adenovirus-mediated KLF15
restoration. Klf15–/– mice are protected from hepatic
insulin resistance induced by a high-fat diet (196).
Although metformin administration has been shown
to improve hepatic steatosis (198), the contribution of
metformin-induced KLF15 degradation on hepatic
insulin sensitivity has not been evaluated.

Peripheral insulin sensitivity reflects the ability of
the body, particularly muscle and adipose tissue, to
absorb glucose. Insulin sensitivity in peripheral tis-
sues is affected by KLF11 (122), KLF14 (115), and KLF15
(171). In adipose and muscle tissue, KLF11 reduces in-
sulin sensitivity, and Klf11–/– mice maintain lower
blood glucose levels despite impaired insulin produc-
tion (123,126). KLF14 regulates glucose uptake in
skeletal muscle by increasing insulin sensitivity and
GLUT4 translocation. Accordingly, KLF14 expression
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is inhibited in the muscle of mice fed a high-fat diet
and in db/db mice, which is a model of T2DM (115).
KLF14 activates PI3K/Akt signaling cascade and in-
creases insulin sensitivity in the liver of models of
T2DM, such as mice fed a high-fat diet and the db/db
mice (115). In cultured endothelial cells, KLF14 acti-
vates sphingosine kinase-1 (SK1), which regulates
ceramide synthesis and signaling. Klf14 expression is
induced after FGF2 stimulation, and induction of Klf14
is required for FGF-mediated SK1 expression (209).
Because recent evidence has implicated SK1 in the
regulation of adipose inflammation and insulin resis-
tance, dysregulation of SK1 may account for some of
the KLF14-mediated metabolic phenotypes (208).
Adipocyte-specific overexpression of KLF15 induces
insulin resistance within the adipose tissue. Moreover,
those mice are protected against weight gain induced
by a high-fat diet (171). Adipose KLF15 directly re-
presses expression of stearoyl–coenzyme A desaturase
1 (SCD1). SCD1 is important for TG synthesis and lipid
accumulation (210). Thus, KLF15-mediated inhibition
of SCD1 may be responsible for the insulin-resistant
state of the transgenic mice (171). Despite insulin
resistance, mice overexpressing adipose KLF15 main-
tain tighter control of glucose levels after glucose
challenge tests, resulting from increased synthesis of
insulin by the pancreas. Importantly, double trans-
genic mice overexpressing adipose KLF15 and SCD1
normalize insulin production by the endocrine
pancreas, suggesting SCD1 downregulation is neces-
sary for adipose–pancreas crosstalk.

Diabetic cardiomyopathy defines the structural
and functional abnormalities of the myocardium of
patients with diabetes without coronary artery dis-
ease or hypertension. Diabetic cardiomyopathy is
associated with an early decrease followed by upre-
gulation in cardiac Ppara expression (211–213). In
diabetes mellitus, altered cardiac Klf5 expression
runs in parallel to changes of Ppara levels due to
direct binding of KLF5 to the Ppara promoter and
subsequent activation of PPARa expression (59).
Nevertheless, cardiomyocyte Ppara downregulation
may account for the lack of protection from hyper-
trophy in these mice, as shown by increased cardiac
hypertrophy in Ppara–/– mice that underwent chronic
pressure overload (149).

Kidney disease also occurs with diabetes and may
account for increased mortality due to cardiovascular
disease (214). KLF2 expression is reduced in glomer-
ular endothelial cells. In streptozotocin-induced dia-
betic nephropathy, endothelial cell–specific Klf2–/–

worsens glomerular endothelial cell injury (215).
Furthermore, decreased KLF4 expression in a human
podocyte cell line, and in mice with podocyte-specific
Klf4–/–, is connected to proteinuria, a sign of kidney
disease that can result from diabetes, high blood
pressure, and diseases that cause inflammation in the
kidney (216).

CONCLUSIONS

KLFs are transcriptional factors involved in the regu-
lation ofmetabolic pathways in various tissues (Central
Illustration). Altered expression or post-translational
modifications of KLFs modulate metabolism at the
cellular or systemic level. KLFs may therefore be
associated with several components of metabolism-
related diseases, such as the energetic balance, nutri-
ents handling, inflammation, and responses to extra-
cellular signals. The large variety of existing KLF
isoforms, the various effects that one isoform may
exert in different tissues, and the potential redun-
dancy in the DNA regions that different isoforms can
occupy set certain limitations that require careful
design in potential translational applications. How-
ever, the rapid expansion of chemical substances that
may act as either activators or inhibitors for KLFs
in combination with other tools that mediate
post-transcriptional or post-translational control
constitute a promising potential application for KLF-
mediated interventions in metabolic complications.
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