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Role of NF-�B in the pathogenesis of diabetes
and its associated complications
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Abstract:

The nuclear factor-�B (NF-�B) family is comprised of DNA-binding protein factors that are required for the transcription of most
proinflammatory molecules, including adhesion molecules, enzymes, cytokines, and chemokines. Studies performed in a variety of
cell and animal based experimental systems suggest that NF-�B activation is a key event early in the pathobiology of diabetes. The
purpose of this review is to summarize the current knowledge about the molecular biology of NF-�B and to review evidence that im-
plicates NF-�B in the pathogenesis of diabetes and its associated complications.
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Abbreviations: AGEs – advanced glycation end products,
Ang II – angiotensin II, BCR – B-cell receptor, DN – diabetic
nephropathy, IFN – interferon, IKB – inhibitory subunit of
NF-�B, IKK – IkB kinase, IL – interleukin, IL-1R – interleukin-1
receptor, iNOS – inducible nitric oxide synthase, IR – ischemia
reperfusion, IRS – insulin receptor substrate, LDL – low den-
sity lipoprotein, LTbR – lymphotoxin-B receptor, MCP-I –
monocyte chemotactic protein-I, MHC – myosin heavy chain,
mI�B� – mutant I�B�, MnSOD – manganese superoxide dis-
mutase, NEMO – NF-�B essential modulator OR IKK�,
NF-�B – nuclear factor-kappa B, NIK – NF-�B inducing
kinase, NLS – nuclear localization sequence, NO – nitric
oxide, NOD – non-obese diabetic, PARP – poly(ADP-Ribose)
polymerase, PBMCs – peripheral blood mononuclear cells,
PDR – proliferative diabetic retinopathy, Pdx-1 – pancreatic
duodenal homolox-1, PKC – protein kinase C, PPAR� – per-
oxisome proliferator activated factor – gamma, RAGE – recep-
tor for advanced glycation end products, ROS- reactive oxygen
species, TCR – T-cell receptor, TNF – tumor necrosis factor,
TNFR – receptor for tumor necrosis factor, VCAM – vascular
cell adhesion molecule, VSMC – vascular smooth muscle cell

Biology of NF-�B

NF-�B, or nuclear factor-�B, is a nuclear transcrip-
tion factor found in all cell types, and is involved in
cellular responses to stimuli such as stress, cytokines,
free radicals, ultraviolet irradiation, and bacterial or
viral antigens. NF-�B was first discovered due to its
interaction with an 11-base pair sequence in the im-
munoglobulin light-chain enhancer in B cells, but has
subsequently been found in many different cell types.
NF-�B represents a group of structurally related and
evolutionarily conserved proteins that belong to the
Rel family and that are regulated via shuttling from
the cytoplasm to the nucleus in response to cell stimu-
lation [7]. The proteins consist of homo- or hetero-
dimers assembled from a set of at least five subunits
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including p65 (RelA), c-Rel and RelB, which contain
transcriptional activation domains, and p50 (NF-�B1)
and p52 (NF-�B2), which do not contain transcrip-
tional activation domains. An interesting feature of
NF-�B1 and NF-�B2 is that they are synthesized as
large precursors, called p105 and p100, which un-
dergo processing to generate the second subfamily of
NF-�B subunits, p50 and p52, respectively [22]. The
processing of p105 and p100 is mediated by the ubiq-
uitin/proteasome pathway and involves selective deg-
radation of their C-terminal regions containing anky-
rin repeats. While the generation of p52 from p100 is

a tightly regulated process, p50 is produced from con-
stitutive processing of p105 [32, 56]. Unlike RelA,
RelB and c-Rel, p50 and p52 do not contain transacti-
vation domains in their C-termini. Nevertheless, these
two NF-�B members play critical roles in modulating
the specificity of NF-�B function. Although homo-
dimers of p50 and p52 are repressors of NF-�B tran-
scription, both p50 and p52 participate in target gene
transactivation by forming heterodimers with RelA,
RelB or c-Rel [43]. Additionally, the p50 and p52 ho-
modimers also bind to the nuclear protein Bcl-3,
forming potent transcriptional activators [20, 21].

NF-�B is expressed in the cytoplasm of virtually
all cell types, where its activity is controlled by a fam-
ily of regulatory proteins, called inhibitors of NF-�B
(I�B) [26]. I�B�, I�B�, I�B�, and Bcl-3, members of
the I�B family, commonly possess 6 to 7 ankyrin re-
peats, which are 33 amino acid sequences that medi-
ate binding to NF-�B dimers. The unprocessed
NF-�B1/p105 and NF-�B2/p100 proteins also contain
ankyrin repeats at their C-termini, which account for
their inclusion in this inhibitory family. I�B proteins
were originally thought to retain NF-�B dimers in the
cytoplasm by masking their nuclear localization se-
quences (NLSs). Recent observations, however, have
indicated that both I�B� and I�B� shuttle between the
nucleus and cytoplasm within NF-�B-I�B complexes;
these complexes are capable of displacing NF-�B
from target DNA sites and transporting it back to the
cytoplasm [7]. The expression of I�B proteins is regu-
lated by NF-�B and this feedback regulation is be-
lieved to contribute to the rapid shut down of NF-�B
signaling. NF-�B activation is tightly regulated by
signals that degrade I�B. There are two major signal-
ing pathways that lead to the activation of NF-�B – the
classical and alternative pathways (Fig. 1).

Role of NF-�B in the pathogenesis

of Type 1 diabetes

In type 1 diabetes mellitus, pancreatic �-cells are the
target of an autoimmune attack that is mediated in
part by cytokines, such as interleukin-1 and inter-
feron. There is no detectable NF-�B activity in resting
�-cells, however upon exposure to IL-1, NF-�B is ac-
tivated and translocates to the nucleus [12]. These cy-
tokines modify the expression of hundreds of genes,
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leading to �-cell dysfunction and death by apoptosis.
Several of these cytokine-induced genes are regulated
by the activation of NF-�B. One study has revealed
that more than 66 genes are modified in the �-cell
upon exposure to these cytokines [12]. Importantly,
several of these genes are putative targets for NF-�B
[12, 40]. Among these are genes that encode for
iNOS, pro-apoptotic cell surface Fas, the chemokine
MCP-1, and MnSOD, which may participate in �-cell
defense [12]. The activation of NF-�B can trigger
pro- or anti-apoptotic cascades [5], but in �-cells the
action is predominantly pro-apoptotic [12, 16]. Vari-
ous experiments have offered evidence supporting the
apoptotic role of NF-�B. Inhibition of cytokine-
induced NF-�B activation – either by a recombinant
adenovirus (AdI�B(SA)2) containing a nondegradable
mutant form of I�B� (S32A, S36A), or by stable
transfection with a dominant negative inhibitor of
NF-�B – prevents cytokine-induced cell death in hu-
man islet cells [23] and purified rat �-cells [27], re-
spectively, as well as in mouse insulin producing
MIN6 cells [4]. In addition, intravenous administration
of a NF-�B “decoy” inhibits alloxan-induced �-cell
death and diabetes mellitus in mice [50]. Mice defi-
cient in NF-�B1 (p50) showed resistance to streptozo-
tocin-induced diabetes [44]. Furthermore, inhibition
of the NF-�B pathway protects pancreatic �-cells
from cytokine-induced apoptosis in vitro and in vivo

from multiple low-dose streptozotocin (STZ)-induced
diabetes. Inhibition of this process could potentially
be an effective strategy for protecting �-cells [17].
Thus, it seems that NF-�B activation has mostly pro-
apoptotic effects in pancreatic �-cells. Additionally,
hyperglycemia induces NF-�B activation in ex vivo-
isolated peripheral blood mononuclear cells (PBMCs)
of patients with type 1 diabetes [29].

In contrast with the reported apoptotic role of
NF-�B in �-cell death, some studies also suggest
a protective role for activated NF-�B. A transgenic
mouse model in which NF-�B was inhibited in islet
cells was generated by expressing the I�B super-
repressor under the control of the Pdx-1/Ipf1 (insulin
promoter factor 1) promoter [48]. The adult mice
were hyperglycemic and displayed altered glucose-
stimulated insulin secretion, suggesting that the pro-
longed blockade of NF-�B throughout pancreatic de-
velopment both reduced the expression of key genes
in the insulin-secretion pathway and reduced the total
number of endocrine cells in the adult pancreas. Kim
et al. [34] produced RIP-mI�B�/NOD mice (rat insu-

lin promoter/mutant I�B�) in which the �-cells were
more susceptible to killing by TNF-� plus IFN-� but
more resistant to IL-1 plus IFN-� than normal islet
cells. Similar results were obtained with islet cells
lacking I�B kinase �, a protein kinase required for
NF-�B activation. Interestingly, providing resistance to
NF-�B activation decreased the time course for the devel-
opment of diabetes. This suggests that NF-�B may play
an anti-apoptotic role in the �-cells of NOD mice and
could potentially prevent the development of diabetes. It
is clear that critical control of gene expression by NF-�B
is physiologically important. Before considering inhibi-
tion of NF-�B as a strategy to prevent type 1 diabetes
mellitus, we must understand the mechanisms regulating
the NF-�B controlled gene expression in �-cells.

Role of NF-�B in the pathogenesis of

type 2 diabetes

Type 2 diabetes and insulin resistance are accompa-
nied by varying degrees of hyperinsulinemia. Before
the discovery of NF-�B, it was discovered that high
doses of salicylates ameliorate hyperglycemia in type
2 diabetes [57, 66]. NF-�B first became a chief sus-
pect in the development of insulin resistance and type
2 diabetes after the milestone discovery that the anti-
inflammatory agent, aspirin inhibits NF-�B and pre-
vents degradation of the NF-�B inhibitor, I�B [35, 65].

Previous studies indicated that IKK� was key to
the development of insulin resistance [3], while many
others have highlighted the role of NF-�B in the
pathogenesis of insulin resistance and type 2 diabetes
[3, 11, 66]. However, it was unknown whether IKK�

itself, or its downstream target, NF-�B, played the
primary role in insulin resistance. Two independent
studies – one using the selective transgenic expression
and the other using IKK� knockout in the liver [3, 11]
– offer evidence to support the notion that NF-�B is,
in fact, the major factor in insulin resistance. Overex-
pression of IKK� in the liver, which causes sustained
activation of NF-�B as seen in chronic liver inflam-
mation, mimics high fat diet or obesity-induced insu-
lin resistance. Conversely, attenuation of NF-�B acti-
vation by co-expression of I�B� in the liver not only
diminishes the expression of NF-�B dependent genes,
but reverses the phenotypes of type 2 diabetes as well.
Systemic neutralization of IL-6 exhibited a significant
improvement in insulin resistance in the mice with
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transgenic liver expression of IKK� [11]. Similarly,
administration of a specific inhibitor of IL-1 signaling
ameliorated the inflammation-induced hyperglycemia
[3]. These results clearly suggest that NF-�B and its
target genes, such as TNF�, IL-1, and IL-6, are criti-
cal in the development of insulin resistance.

Several studies have highlighted the activation of
NF-�B by hyperglycemia. For example, in bone marrow-
derived mesenchymal cells, activation of NF-�B antago-
nizes the function of PPAR� [58], a prototypical nuclear
receptor that regulates lipid and glucose homeostasis.
Tumor necrosis factor-� (TNF�), which is an NF-�B-
regulated product as well as a potent activator of NF-�B,
induces insulin resistance predominantly through the serine
phosphorylation of insulin receptor substrate-1 (IRS1).
Furthermore, there is evidence that TNF� is highly in-
duced in the adipose tissues of obese animals and human
subjects, while neutralization of TNF� increases insulin
sensitivity in experimental animals [30].

The state of the current research unequivocally
implicates NF-�B in the development of insulin
resistance. Sustained activation of NF-�B has been
observed in the mononuclear cells from the patients
with type 1 diabetes [29], while no such observation
was made in patients with type 2 diabetes. Given its
important role in insulin regulation, it is essential to
examine the beneficial effects of NF-�B in insulin sensiti-
vity. It is possible that NF-�B may be involved in
a compensatory mechanism that develops in �-cells during
the loss of insulin sensitivity. NF-�B has been shown to be
important for the expression of GLUT2, which contributes
to glucose-stimulated insulin secretion by �-cells [48].
Inhibition of this transcription factor, therefore, may have
deleterious effects leading to the development of insulin
resistance and type 2 diabetes. Although there is a wealth
of evidence surrounding the role NF-�B in insulin
regulation, its specific contribution to the pathogenesis of
human type 2 diabetes remains to be examined.

Hyperglycemia-induced activation of

NF-�B in vascular smooth muscle cells

Prolonged hyperglycemia is believed to be one of the
major causes of vascular complications associated
with diabetes [51]. NF-�B is a pleiotropic oxidant-
sensitive transcription factor and hyperglycemia-
induced oxidative stress may play a key role in the

pathogenesis of diabetic vascular disease. Prolonged
hyperglycemia can also lead to the formation of ad-
vanced glycation end products (AGEs), which act
through specific receptors on vascular cells, leading
to oxidant stress and cellular dysfunction in the pa-
thology of atherosclerosis and diabetic complications
[10, 54, 55, 62]. Indeed, studies have shown that AGEs
directly activate NF-�B in vascular smooth muscle
cells (VSMCs) [39]. Elucidation of the mechanisms
that regulate VSMC migration and proliferation is
crucial to gain an understanding of the increased risk
of cardiovascular disease in diabetes. Evidence sug-
gests that VSMCs display a constitutive NF-�B-like
activity that is essential for proliferation [6, 41].
VSMCs cultured under high glucose conditions have
significantly higher NF-�B activity in the basal state
and in response to cytokines than those cultured under
normoglycemic conditions. Increased NF-�B activa-
tion, both in the basal state and in response to TNF-�,
was observed at elevated glucose concentrations, thus
indicating the potential relevance to the observed dia-
betic complications. Antisense oligonucleotides to
p65 blocked human VSMC proliferation and adher-
ence while also inhibiting neointima formation in bal-
loon angioplasty-treated rat carotid arteries [64]. Fur-
thermore, activated NF-�B was detected in human
atherosclerotic lesions in VSMCs, macrophages, and
endothelial cells using an antibody that recognizes the
nuclear localization signal on p65 [9]. Activation of
the reduction-oxidation sensitive transcription factor
NF-�B can lead to the expression of genes for several
adhesion molecules including vascular cell adhesion
molecule-1 (VCAM-1) [31, 45], which mediates the re-
cruitment and retention of monocytes in the subendothe-
lial space – a key early step in the atherosclerotic process.
Thus, increased activation of NF-�B by growth factors
and cytokines under high glucose conditions suggests
a potential mechanism for the accelerated vascular dys-
function observed in diabetes, since enhanced NF-�B acti-
vation could lead to increased transactivation of key genes
involved in these pathological disorders.

Persistent hyperglycemia in vivo and in vitro can
lead to the activation of protein kinase C (PKC), which
has been associated with diabetic complications [38].
PKC inhibitor calphostin C could significantly block
high glucose-induced NF-�B expression, suggesting
that increased PKC activity triggered by high glucose
levels may be a key mechanism for the increase in
NF-�B expression under these conditions [64].
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Diabetic cardiomyopathy

The leading cause of death in diabetic patients is char-
acterized by both systolic and diastolic dysfunction
resulting from reduced contractility, prolonged relaxa-
tion, and decreased compliance. The development of
diabetic cardiomyopathy is multifactorial. Putative
mechanisms include metabolic disturbances, small
vessel disease, autonomic dysfunction, insulin resis-
tance, and myocardial fibrosis. Diabetes induces oxi-
dative imbalance, increases AGE levels, up-regulates
both RAGE and galectin-3 levels, and increases TNF-�
and TNF�-R1 levels, which suggests that these oxida-
tive-dependent events might impair the level of car-
diac-specific transcription factors, thereby also im-
pairing the expression of the myosin heavy chain
genes in the rat left ventricle. This interaction in-
volves the activation of transcription factors, such as
NF-�B, which is a major target of ROS [2]. Activa-
tion of NF-�B-dependent genes triggers several path-
ways via the production of proinflammatory cyokines,
such as TNF-�, which is mainly involved in heart
damage. TNF-�, in turn, activates NF-�B and induces
the RAGE gene, thus amplifying its detrimental ef-
fects on the diabetic heart [18, 28, 59]. Furthermore,
NF-�B activation triggers a signaling cascade that ul-
timately leads to a switch in the cardiac myosin heavy-
chain (MHC) gene expression from the �-MHC iso-
form to the �-MHC isoform [2]. Studies also show
that dehydroepiandrosterone (DHEA) treatment,
which prevents the activation of the oxidative path-
ways induced by hyperglycemia, counteracts the en-
hanced AGE receptor activation in the heart of STZ-
diabetic rats and genetic diabetic fatty (ZDF) rats.
Thus, DHEA treatment prevents the early stages of dia-
betic cardiomyopathy including the impairment of cardiac
myogenic factors, heart autonomic nervous system and
neural crest derivatives and myogenic enhancer factor-2, as
well as the switch in MHC gene expression [2].

Diabetic retinopathy

Diabetic retinopathy is the leading cause of blindness
and visual impairment in adults in developed coun-
tries. Diabetic patients develop cataracts at an earlier
age, and are nearly twice as likely to develop glau-
coma as nondiabetic individuals. Retinal NF-�B is ac-
tivated early in diabetes and remains activated for up

to 14 months [36]. In diabetes, the accumulation of
AGE and its receptor, RAGE, is increased in the reti-
nal microvasculature. In the late stages of retinopathy,
AGEs are irreversibly formed and they accumulate
within retinal capillary cells. It is postulated that more
ROS are generated via the AGE pathway, leading to
the activation of NF-�B and causing further damage
to the cells [47]. Diabetic retinopathy shares similari-
ties with chronic inflammatory disease, and inflam-
mation may play a central role in the development and
progression of diabetic retinopathy. Activation of
NF-�B modulates the expression of several proin-
flammatory factors, including the cytokines, tumor
necrosis factor and inducible nitric oxide synthase.
This expression, in turn, can result in increased free
radical production. The levels of cytokines including
interleukins IL-1�, IL-6, and IL-8 are increased in the
vitreous fluid of patients with proliferative diabetic
retinopathy [67] and in the retina of diabetic rats and
mice [13]. The levels of IL-1� are also substantially
increased in retinal capillary cells incubated in high
glucose media [37]. Stimulation of IL-1 can lead to
the release of more ROS as well as NF-�B activation,
which could conceivably create a continuous feed-
back loop [60]. Intraocular concentrations of mono-
cyte chemotactic protein-1 (MCP-1) – which contains
an NF-�B binding site located in its gene promoter –
are increased in proliferative diabetic retinopathy
(PDR). Immunohistochemical analysis revealed that
MCP-1 co-localizes with the active form of NF-�B
p50. In vitro studies demonstrated that glycated albu-
min or high glucose concentrations induce NF-�B ac-
tivation followed by up-regulation of MCP-1 pro-
moter activity and protein production in glial cells.
These results suggest that MCP-1, under the regula-
tion of NF-�B, is involved in the pathogenesis of pro-
liferative diabetic retinopathy [25]. The activity of
poly(ADP-ribose) polymerase (PARP) was increased
in the whole retinas, endothelial cells, and pericytes of
diabetic rats. PARP activation plays an important role
in the diabetes-induced death of retinal capillary cells,
at least in part via its regulation of NF-�B [68].

Diabetic nephropathy

Diabetic nephropathy (DN) is the leading cause of end-
stage renal failure and a major risk factor for cardio-
vascular mortality in diabetic patients. Diabetic nephropa-
thy is the most common single cause of renal insuffi-
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ciency in the Western world. Recent reports have sug-
gested that inflammation may underlie the disease
progression of DN. Glomerular changes, such as capil-
lary basement membrane thickening, mesangial prolif-
eration, and nodular glomerulosclerosis, are pathoge-
nomic for DN. Bohle et al. [8] reported the presence of
monocytes, macrophages, T-cells, and fibroblasts associ-
ated with the tubulointerstitial changes seen in DN. The
activation of NF-�B-linked regulatory pathways gener-
ally underlies inflammatory processes, and an increase
in the nuclear translocation of NF-�B has been demon-
strated in human DN [15, 53]. Leukocytes in diabetic
patients may be activated by advanced glycation end
products or reactive oxygen species and cytokines. In
addition, activated leukocytes can release superoxide
radicals and proteases, all of which promote oxidative
stress. The latter can then activate the transcription of
NF-�B in peripheral mononuclear blood cells. Impor-
tantly, all of these pathways can lead to diabetic neph-
ropathy [29, 33]. High glucose generates ROS in
mesengial cells and they upregulate NF-�B. Oxidized
LDL activates NF-�B in endothelial and mesengial
cells via intermediary of ROS. NF-�B-dependent path-
ways play an important role in macrophage infiltration
and kidney injury. The activation of NF-�B, monocyte
chemoattractant protein-1 (MCP-1), and macrophage
infiltration in the diabetic kidney were explored, in
a temporal manner. The active subunit of NF-�B, p65,
was elevated in the diabetic animals in association with
increased MCP-1 gene expression and macrophage in-
filtration [14]. NF-�B is also regulated by angiotensin
II (AII), which regulates cell proliferation, apoptosis,
fibrosis, and the inflammatory response via NF-�B-
dependent pathways. In vivo and in vitro studies have
shown that Ang II activates NF-�B in the kidney, via

both AT1 and AT2 receptors [19, 52]. Treatment with
either the AII type 1 receptor antagonist valsartan, the
AII type 2 receptor antagonist PD123319, or with the
NF-�B inhibitor pyrrolidine dithiocarbamate, blocked
renal monocyte infiltration, NF-�B activation, and
upregulation of NF-�B-related proinflammatory genes.
These data illustrate that it is necessary to block both
AT1 and AT2 receptors in order to completely stop the
inflammatory process [19, 42].

Diabetic neuropathy

Neuronal dysfunction that leads to loss of pain per-
ception triggers a cascade of events that ultimately re-

sults in nonhealing diabetic ulcers, a major cause of
morbidity in patients with diabetes. Unfortunately,
however, the molecular events that result in loss of
pain perception in diabetic neuropathy are poorly un-
derstood. Hyperglycemia triggers a number of mecha-
nisms that are thought to underlie diabetic neuropathy.
Studies in a variety of experimental models have es-
tablished that neuronal dysfunction is closely associ-
ated with the activation of NF-�B and the expression
of proinflammatory cytokines, such as IL-6 and TNF-�
[46, 49, 61]. For example, �-lipoic acid, which sup-
presses activation of NF-�B in diabetic patients, at-
tenuates symptoms in somatic and autonomous neuro-
pathies as well as reduces blood flow in some but not
all clinical trials [1, 24, 69]. Recently, it has been re-
ported that ligand binding to the receptor for ad-
vanced glycation end products (RAGE) results in acti-
vation of NF-�B and subsequent expression of
NF-�B-regulated cytokines, which has been shown to
be a relevant pathomechanism in diabetic polyneuro-
pathies. Activation of NF-�B and NF-�B-dependent
gene expression was upregulated in the peripheral
nerves of diabetic mice, which was induced by ad-
vanced glycation end products, and prevented by
RAGE blockade. Further, Wang et al. [63] reported
that NF-�B expression in diabetic sciatic endothelial
cells and Schwann cells was significantly increased
over that of controls subjected to identical IR injury.
This study provides evidence for an enhanced inflam-
matory response in diabetic nerves subjected to IR in-
jury apparently via NF-�B activation. It is clear that
reperfusion following ischemia increases ischemic fi-
ber degeneration in diabetic nerves compared to con-
trol normoglycemic nerves. The mechanism of this
excessive susceptibility is unclear, since reperfusion
injury results in an inflammatory response.

Conclusion

In considering all of the available data, it is reason-
able to conclude that NF-�B is a logical target to pre-
vent or suppress the vascular-perturbing properties of
a range of injurious molecules linked to diabetes and
insulin resistance, ranging from oxidized lipoproteins
to AGEs as well as high levels of glucose or insulin.
Although results of future studies must be the final ar-
biter of this issue, it is highly likely that inhibition of
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NF-�B will be considered as a logical target for the
treatment of diabetes and its associated complica-
tions, at least in a global manner. It is possible, how-
ever, that both the exquisite regulation of activation of
NF-�B, as well as the extensive network of crosstalk
among the pathways, will reduce the feasibility of tar-
geting NF-�B. It is likely that the cell surface will
provide the most logical site to block the deleterious
effects of NF-�B that would otherwise trigger a cas-
cade of ongoing cellular activation and irreparable
damage, while simultaneously allowing beneficial, in-
nate host responses.
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