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Abstract The recent major increase in the global incidence
of type 2 diabetes suggests that most cases of this disease
are caused by changes in environment and lifestyle. All
major risk factors for type 2 diabetes (overnutrition, low
dietary fibre, sedentary lifestyle, sleep deprivation and
depression) have been found to induce local or systemic
low-grade inflammation that is usually transient or milder
in individuals not at risk for type 2 diabetes. By contrast,
inflammatory responses to lifestyle factors are more
pronounced and prolonged in individuals at risk of type 2
diabetes and appear to occur also in the pancreatic islets.
Chronic low-grade inflammation will eventually lead to
overt diabetes if counter-regulatory circuits to inflammation
and metabolic stress are compromised because of a genetic
and/or epigenetic predisposition. Hence, it is not the
lifestyle change per se but a deficient counter-regulatory
response in predisposed individuals which is crucial to
disease pathogenesis. Novel approaches of intervention
may target these deficient defence mechanisms.
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Abbreviations
AP-1 Transcription factor activator protein-1
CRP C-reactive protein
IκB Inhibitor of κB
IL-1RA IL-1 receptor antagonist
JNK Jun N-terminal kinase
LPS Lipopolysaccharide
NFκB Nuclear factor κB
PPAR Peroxisome proliferator-activated receptor
TLR Toll-like receptor

Introduction

According to estimates of the World Health Organization
and the International Diabetes Federation, the prevalence of
diabetes has increased from 100–135 million affected adults
worldwide in 1994–1995 to approximately 246 million in
2007, with more than 95% of cases considered to be type 2
diabetes. Longer periods of observation are available from
single countries such as Germany, where the diabetes
prevalence (types 1 and 2) has risen more than tenfold
from 0.6% in 1960 to 6.9% in 2005 [1].

Since the changes in the incidence of type 2 diabetes
have occurred too rapidly to reflect genetic causes, the vast
majority of new cases of type 2 diabetes are likely to be
caused by changes in lifestyle and/or environment during
the last decades. Candidate epigenetic factors are the
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consumption of excess energy, in particular from increases in
the intake of saturated fatty acids, sugar-sweetened beverages
and starchy food, and the consumption of less fibre, in
conjunction with a more sedentary lifestyle, i.e. less muscle
work—all factors promoting obesity. Psychosocial factors may
also have contributed to the steep increase in the prevalence
type 2 diabetes, in particular increases in the prevalence of
short duration of sleep and depressive mood [2, 3]. A general
diabetes risk factor with increasing prevalence is age. Other
known risk factors for diabetes, such as smoking and
infections, may have contributed little, because of only small
changes in exposure in many areas of the world.

In this review we expand the concept of an immune or
inflammatory origin of type 2 diabetes that has been discussed
previously [4]. We discuss whether the changes of lifestyle in
past decades have promoted inflammatory processes, thereby
causing increased insulin demands and beta cell death.

Lifestyle factors conferring risk for type 2 diabetes may
elicit many different cellular responses, e.g. endoplasmic

reticulum stress, mitochondrial dysfunction, excess and
ectopic fat storage, innate immune-receptor activation and
insulin resistance. Considered from a higher organisa-
tional level, the key tissues affected are the vessels, the
immune system, adipose tissue, skeletal muscle, liver,
brain, gut with microbiota, and the pancreatic islets.
Cellular responses in any of these organs have been
suggested in the past to play a primary role in the
pathogenesis of type 2 diabetes because they may lead to
an imbalance between insulin need and insulin production.
We will argue that a local and/or systemic inflammatory
reaction occurs in response to virtually all diabetes-
promoting lifestyle factors which have been analysed in
that regard. We propose that a critical feature in the
development of type 2 diabetes is the inability to
sufficiently contain such usually transient inflammatory
reactions by regulatory feedback mechanisms, and that
this is an important determinant of whether lifestyle
factors promote type 2 diabetes development.

Overview of lifestyle-associated diabetes risk factors and physiological targets

Lifestyle factor Cellular response Tissue responding
Nutrition 

Glucose/starch Endoplasmic Vasculature 
Saturated fatty acids reticulum stress Immune system 
Lack of fibre Mitochondrial dysfunction Adipose tissue 
Excess nutrition Oxidative stress Skeletal muscle 

Physical activity Excess/ectopic fat storage Liver 
Little muscle work Innate immune receptor Brain 

Psychosocial factors activation Gut with microbiota 
Sleep deprivation Adaptive immune response Islets 
Depression Insulin resistance 

General Amyloid formation 
Increasing age 

Glucose/starch

There is ample evidence that in vitro exposure of
endothelial or mononuclear cells to high glucose concen-
trations (usually ≥10 mmol/l) induces the expression of
inflammation-associated genes, such as those coding for
IL-6, IL-8, monocyte chemoattractant protein-1 and
several adhesion molecules [5]. One straightforward
mechanistic explanation is that there is more substrate
for mitochondrial activity as a consequence of increased

glucose influx, and that increased respiratory activity
gives rise to enhanced release of superoxide anions [6].
However, other studies suggest that glucose-induced
superoxide formation stems from glucose-6-phosphate
dehydrogenase and phosphokinase C-dependent activation
of NAD(P)H oxidase [7]. Subsequently, the production of
pro-inflammatory immune mediators occurs via the acti-
vation of mitogen-activated kinases p38 and Jun
N-terminal kinase (JNK), other tyrosine kinases, transcrip-
tion factors such as transcription factor activator protein-1
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(AP-1) and nuclear factor κB (NFκB), and/or poly(ADP-
ribose) polymerase [8, 9].

In keeping with these in vitro observations, a dietary
pattern with high consumption of sugar-sweetened bev-
erages, sweets and white bread is associated with
increased levels of circulating pro-inflammatory markers
such as C-reactive protein (CRP) [10]. The concomitant
low intake of cereal fibre, fruit and vegetables may be
involved, along with other diet-associated lifestyle factors.
In general, intervention trials report results similar to those
from observational studies, i.e. a diet low in sugar and
starch but high in fruit and vegetables leads to lower than
average levels of C-reactive protein [11]. Unfortunately,
such trials cannot provide information on effects of single
nutrients.

The acute effects of glucose or starch consumption are
seen during a 1–4 h period following consumption.
Challenge with 75 g glucose was found to more than
double spontaneous oxygen radical production from leuco-
cytes 2–3 h later [12]. Increased activation of NFκB was
found in response to glucose or a bread meal [13], and there
was an increase in circulating levels of IL-6 and TNF-α
during a hyperglycaemic clamp [14]. In some studies,
glucose consumption led to lower levels of IL-6 or TNF-α
[15]. It is noteworthy that patients with impaired glucose
tolerance or type 2 diabetes appear to exhibit a more
pronounced pro-inflammatory response to dietary glucose
at the level of circulating IL-6 and TNF-α [14], or at the
level of IL6 and TNFα (also known as TNF) gene
expression in leucocytes, both in vivo and in vitro [16].
This suggests that early in the progression towards type 2
diabetes the ability to contain pro-inflammatory responses
to glucose or starchy meals is compromised. In this regard,
type 1 diabetes may be different, because a pattern of
systemic inflammatory markers similar to that in type 2
diabetes is not observed, at least in the absence of chronic
complications. However, the immune disease process per se
is associated with systemic upregulation of several cytokines
and chemokines, and residual beta cell function appears
positively associated with levels of anti-inflammatory
mediators [17].

There is increasing evidence that the induction of
immune mediators is an important component of glucose-
induced beta cell apoptosis. High glucose upregulates the
production of apoptosis-stimulating fragment in human beta
cells, with concomitant expression of IL1 mRNA and
production of protein. Indeed, glucose-induced human beta
cell apoptosis could be blocked by the IL-1 receptor
antagonist (IL-1RA) [18].

As described above for the systemic response to glucose
challenge, there seems to be an impaired anti-inflammatory

feedback circuit in islets, i.e. deficient production of
antagonistic IL-1RA in type 2 diabetic islets was found
[19]. Concomitantly, there is increased IL-1ß production in
such islets [20].

Refined sugar/starch-induced glycaemic excursions
cause: 
• acute (1–4 h) upregulation of pro-inflammatory

immune mediator production 
• IL-1-dependent beta cell damage 

Feedback inhibition of pro-inflammatory responses  is
deficient, both systemically and in islets, in persons at
risk for or with type 2 diabetes 

Saturated fatty acids

At concentrations around postprandial peak plasma levels,
palmitate (200–500 µmol/l) induced oxygen radical pro-
duction and the release of pro-inflammatory cytokines from
several cell types after 1 or more days in vitro [21, 22]. The
molecular pathways involved include: mitochondrial super-
oxide formation; protein kinase C activation, with subse-
quent induction of NAD(P)H oxidase; induction of
diacylglycerol synthesis; and the induction of endoplasmic
reticulum stress [21, 23, 24]. All of these pathways may
directly cause deficient insulin signalling, but they also lead
to the activation of pro-inflammatory gene transcription
through the activation of NFκB, AP-1 or cAMP response
element binding protein [22, 24].

A sizeable pro-inflammatory response is also seen in the
hours following a meal rich in saturated fat, and includes
increases in: the levels of markers of oxidative stress; the
production of superoxide, IL-1, IL-6, IL-18, adhesion
molecules and NAD(P)H oxidase; the numbers of leuco-
cytes; and activation of NFκB [25, 26]. Infusion of a
triacylglycerol solution for 4 h similarly caused NFκB
activation, oxygen radical formation from blood cells and
increased levels of circulating macrophage-migration in-
hibitory factor, a potent pro-inflammatory cytokine. These
responses occurred in parallel with a rise of non-esterified
fatty acid concentrations in plasma [27]. After lipid
infusion, the concentration of ceramides also increases in
plasma, causing activation of NFκB [28].

Co-ingestion of oils rich in mono- or polyunsaturated
fatty acids dampened postmeal inflammatory responses
[29]. Postmeal inflammation was more pronounced or
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prolonged in persons with obesity, metabolic syndrome or
type 2 diabetes, or was only observed in such persons
compared with lean and healthy individuals [30–32].

As yet not understood is the variation in results from
studies into the types and kinetics of postmeal production
of cytokines. Some studies found transient decreases in
serum cytokine levels, others a lack of a protective effect
of unsaturated fatty acids [33]. This may be due in part to
the opposing effects of n-3 and n-6 polyunsaturated fatty
acids. [34], but the evidence in favour of this concept is
limited.

An additional pathway promoting low-grade inflamma-
tion is the leakage of endotoxin from the colon upon
ingestion of a high-fat meal, which appears to be relevant
for the induction of hepatic insulin resistance [35].

Currently, the strongest evidence in favour of a patho-
genic role of the pro-inflammatory response to dietary fat
comes from animal models. Here, interaction of non-
esterified saturated fatty acids with the lipopolysaccharide
(LPS) receptor Toll-like receptor (TLR)4 and subsequent
activation of NFκB appears to be the major signalling
pathway in the induction of a pro-inflammatory response and
concomitant insulin resistance [36, 37]. Of particular
importance is the finding that TLR4 dysfunction prevents
dietary-fat-induced insulin resistance in adipose tissue,
muscle and liver, and often there is less adiposity and
slowed hepatic steatosis despite adipocyte hypertrophy
[37, 38]. Suppression of the canonical activation of NFκB
by disruption of the gene encoding inhibitor of κB (IκB)
kinase beta also prevented high-fat-diet-induced insulin
resistance; a lack of this enzyme in myeloid cells is
sufficient for this effect to occur [39]. Conversely,
constitutively active IκB kinase beta in hepatocytes causes
profound hepatic and moderate systemic insulin resistance
[40].

Postmeal lipaemia may directly affect beta cell
survival, a phenomenon termed lipotoxicity. Fatty acids
potentiate IL-1-mediated beta cell toxicity [41]. Fatty
acids, but not high glucose, markedly reduce human islet
peroxisome proliferator-activated receptor (PPAR)γ pro-
duction [42], and since PPARγ agonists have anti-
inflammatory properties and protect islets from cytokine
toxicity [43], fatty acids may reduce beta cell anti-
inflammatory defence mechanisms. Of note, fatty acids
have not been reported to activate intra-islet innate
immunity. Both inflammatory cytokines and saturated fatty
acids cause beta cell apoptosis via the intrinsic pathway,
whereas saturated fatty acids also activate an NFκB- and
nitric-oxide-independent endoplasmic reticulum stress
death pathway [43–45].

NEFA and ceramides derived from dietary saturated
fat cause: 
• acute (1–4 h) upregulation of pro-inflammatory

immune mediator production, with 
possible involvement of Toll-like receptor
signalling, leading to impaired insulin signalling

• in islets, potentiation of IL-1 toxicity and
weakening of beta cell defences by decreasing 
islet PPARγ production (fatty acids only) 

There is a more pronounced and prolonged pro-
inflammatory response in persons at risk for or with
 type 2 diabetes

Dietary fibre and other food components

In the Finnish Diabetes Prevention Study increased fibre
intake was one of two independent factors predicting
decreases in circulating levels of CRP and IL-6 [46]. A
recent review of dietary intervention trials reported that in
six out of seven trials, daily consumption of 3–8 g fibre per
megajoule led to significant decrements in plasma CRP
concentrations of 25–54% [47].

As with saturated fat, information on the pathophysio-
logical relevance of the immunomodulatory property of
dietary fibre is only available from animal models. Feeding
oligofructose to leptin-deficient (ob/ob) mice decreased
intestinal permeability and systemic levels of pro-
inflammatory cytokines as well as visceral and subcutane-
ous adiposity, and increased portal plasma levels of
glucagon-like peptide-2 [48].

Taken together, the limited data available are consistent
with a role of dampened inflammation as a mechanism of
action of fibre as a factor for diabetes protection.

Other food components

There is a multitude of other food components which
are known to modulate immune reactivity and have
been suggested to promote the development of type 2
diabetes. Prominent examples are adducts of glucose to
protein or lipids as a consequence of thermal processing
of food [49]. Deficiencies of vitamin D and calcium have
also been linked with type 2 diabetes [50]. It is not
known whether exposure to these risk factors has
increased along with the global rise in diabetes incidence
during the last decades.
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Other food components with potent effects on innate
immune activation are: 

• plant fibres and vitamin D, both causing
downregulation of systemic pro-inflammatory
immune mediators  

• advanced glycation endproducts, which elicit pro-
inflammatory responses from innate immune cells  

Excess nutrients/obesity

Obesity is a key risk factor for type 2 diabetes. A prominent
characteristic of diabetes-promoting lifestyle change is weight
gain. Since the first reports of local inflammation in obese
adipose tissue in 2003 [51, 52] it has become clear that fat
tissue with hypertrophic adipocytes often gives rise to the
influx and activation of immune cells, mostly macrophages
but also of T cells [53]. This is more pronounced in visceral,
hepatic and epicardial than in subcutaneous fat [54].
Concomitantly, there is death of single adipocytes and
secretion of pro-inflammatory cytokines, chemokines and
other adipokines from immune cells and/or adipocytes [55]
that contributes to further recruitment of macrophages and
adipositis. Other associated changes are ectopic fat deposi-
tion in several organs, including beta cells, endoplasmic
reticulum stress, compromised fatty acid oxidation, increased
levels of circulating non-esterified fatty acids and other lipids
[24] and as observed in mice, dysfunction of neural
regulatory systems such as leptin resistance, again closely
linked with local inflammation [56]. The intimate relationship
between visceral obesity and inflammation is underscored by
findings that weight reduction causes downregulation of
inflammation in visceral fat as well as in the circulation [57,
58]. Despite differences in visceral obesity among sex and
race, visceral fat remains associated with systemic markers of
inflammation among the populations studied [59]. However,
the degree of inflammation may differ with ethnicity [60].

In the presence of central obesity the increase in serum
concentration of immune mediators is usually less than
twofold, whereas during infection it is tenfold or more. Such
a modest increase may not be sufficient to be of pathological
relevance, particularly when considering that the spread of
serum concentrations between individuals is usually 10- to
100-fold [61]. A different situation emerges when paracrine
effects of immune mediators are being considered. Paracrine
concentrations of immune mediators are usually close to or
reach the nanomolar range for activated macrophages [62]
and this is sufficient to induce insulin resistance. Indeed,

co-culture of adipocytes with macrophages causes impair-
ment of insulin signalling [63]. In addition to paracrine
effects it is conceivable that the functions of liver cells are
affected by immune mediators released from visceral adipose
tissue because of the vicinity of the circulating blood. In
favour of a preferentially paracrine effect of locally produced
immune mediators is the observation in mice that blockade
of pro-inflammatory signalling via IκB kinase beta in
hepatocytes only prevented high-fat-diet-induced insulin
resistance in the liver, and not systemically [39].

The different pathways of immune-mediator-induced
insulin resistance have been reviewed in detail previously
and will not be reviewed again here. In essence, there may
be direct action in the target cell interfering with insulin
signalling, mostly by causing the phosphorylation of insulin
receptor substrate 1 at serine residues, and there may be
indirect action by modulating the secretion of mediators
from fat tissue, liver and other organs that have an impact
on insulin resistance, such as adiponectin [64].

Overnutrition and obesity increase insulin requirements,
impose metabolic stress on beta cells and promote cellular
exhaustion, but the mechanisms of action are poorly under-
stood. Beta cell insulin resistance impairs trophic, proliferative
and survival signals, e.g. the phosphatidylinositol-3 kinase–
phosphokinase B pathway, and promotes early beta cell failure
in an animal model [65]. Increased beta cell secretory activity
sensitises beta cells to the pro-apoptotic action of inflamma-
tory mediators, mainly when increasing substrate metabolism
[66], but these effects are difficult to isolate from the effects of
substrate-induced islet innate immunity [67]. It appears that
such detrimental consequences are only clinically relevant if
beta cell function and/or defences are compromised a priori,
genetically, because of unfavourable conditions during organ
development [68].

Overnutrition promotes adipose tissue inflammation
and beta cell stress: 
• via pro-inflammatory signals from hypertrophic/

hypoxic adipocytes, which attract and activate
macrophages and T cells and impair insulin 
signalling  

• via increased secretory activity, which weakens the
defence of beta cells against toxic immune
mediators (in addition to the effects of high glucose
and fatty acids)  

Beta cell damage results if there is a genetically and
epigenetically determined deficiency in the ability to
cope with metabolic and inflammatory stress 
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Muscle work

The contracting skeletal muscle secretes a number of immune
mediators, such as IL-6, IL-8 and IL-15, and this can also be
demonstrated in human skeletal muscle cells after mechanical
strain in vitro [69]. The IL-6 serum concentrations increase
up to 100-fold so that systemic effects are possible, e.g. the
promotion of insulin resistance and lipolysis, whereas in
skeletal muscle insulin action is augmented [70]. It seems
difficult to reconcile this systemic pro-inflammatory effect of
intense muscle work with the observed anti-inflammatory
effect of regular exercise [46, 71]. One probable explanation
is that the acute pro-inflammatory bout following intense
physical exercise is followed by the increase in systemic
levels of the anti-inflammatory cytokine IL-10 [72]. At least
some of the IL-10 may come from the muscle itself, and
indeed mice lacking IL-10 exhibit exaggerated production of
IL-6 in skeletal muscle [73].

Psychosocial factors

Psychosocial lifestyle changes in past decades probably
include sleep curtailment, because of voluntary bedtime
restriction in modern societies. Sleep loss is a risk factor for
insulin resistance and diabetes, and experimental studies in
healthy volunteers have shown that sleep restriction causes
decreased insulin sensitivity and glucose tolerance [2]. This
may be due to the concomitant upregulation of systemic
inflammation, as demonstrated by increased circulating
concentrations of CRP or pro-inflammatory cytokines [74].
Pro-inflammatory changes were observed in peripheral blood
mononuclear cells, such as activation of NFκB [75].

Another psychosocial factor that contributes to recent
lifestyle changes is depression. Although major depres-
sion may not be a clearly defined entity, depressive
symptoms have been found to be associated with type 2
diabetes in a bidirectional manner. A meta-analysis of
nine trials concluded that depressed adults have a 37%
higher risk of developing type 2 diabetes [3]. Further-
more, adults with diabetes exhibit a higher risk of
depression [76], as do children with metabolic syndrome

[77]. Depression has also been found to be strongly
associated with increased levels of the circulating pro-
inflammatory markers CRP, IL-6 and IL-1 [78]. Depres-
sive symptoms and deterioration of insulin sensitivity are
known to occur in response to treating chronic hepatitis C
with interferon γ and the former appears to be due to the
activation of an inflammatory response in the brain that
interacts with serotonin metabolism [79]. The cytokines
IL-1, IL-6 and TNF-α appear to cause general effects on
cognitive function by impairing synaptic plasticity,
neurogenesis and neuromodulation [80]. Twin studies
found common genetic control of depressive symptoms
and inflammatory markers [81]. Pharmacological anti-
depressive treatment with selective serotonin-reuptake
inhibitors or tricyclic antidepressants was found to lower
levels of TNF-α and CRP [82].

Psychosocial factors may confer diabetes risk via
promoting low-grade inflammation 
•  Acute and chronic sleep deprivation causes an

increase in the concentration of pro-inflammatory
mediators in the circulation  

•  Elevated levels of cytokines are pathogenic factors
for depression, and anti-depressive therapy
downregulates TNF-α and CRP production 

Lessons from immune intervention trials

The concept of an inflammatory cause of type 2 diabetes has
led to attempts to halt disease progression by anti-
inflammatory intervention. In a placebo-controlled study 70
patients with long-standing type 2 diabetes and poor metabolic
control self-administered recombinant interleukin-1 receptor
antagonist by daily subcutaneous injection for 13 weeks [83].
There was a reduction of fasting glucose levels within 1 week
and significant reductions in HbA1c after 4 and 13 weeks
(from 8.69% to 8.37% vs 8.23% to 8.37% in the control
group), improved beta cell function and reduction in
inflammatory markers but no change in insulin sensitivity,
NEFA or glucose oxidation, adipokines or muscle gene
expression [83, 84]. The effects on beta cell function and
inflammatory markers were sustained after 39 weeks [85].
Interestingly, the baseline endogenous circulating IL-1RA
level was markedly lower in patients responding to IL-1RA
therapy, and this difference was stable at 52 weeks of follow-
up. Subsequent analysis demonstrated that a common
polymorphism (allelic frequency in the general population
of 43%) of the gene encoding IL-1RA (IL1RN) accounted for
the deficiency in circulating IL-1RA. In this respect this

Muscle work causes the release of large amounts of
immune mediators into circulation:
• Pro-inflammatory mediators dominate during the

early hours 
• Anti-inflammatory cytokines such as IL-10 are

later secreted 
• Regular muscle work has been found to dampen

systemic inflammation
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polymorphism, which occurs in a significant proportion of
type 2 diabetic patients, is part of a group of diseases of IL-
1RA deficiency that also includes rare mutations in IL1RN
that lead to severe multisystem inflammatory syndromes that
are highly responsive to IL-1RA treatment [86].

No clear effects on insulin sensitivity or beta cell function
were observed after administration of recombinant TNF-α
inhibitors despite a decrease in systemic levels of pro-
inflammatory immune mediators [87], except for some cases
of concomitant hypoglycaemia [88]. The doses of inhibitors
administered were effective in rheumatoid arthritis but
whether they were sufficient to suppress the paracrine effects
of IL-1 or TNF-α in fat or muscle tissue is not known.

Treatment modalities that aim at reversing many of the
lifestyle effects described above exert beneficial effects on
metabolic control, beta cell function (where measured) and
inflammatory markers in parallel. These include weight
reduction [58] and dietary changes plus increased physical
activity [46] or bariatric surgery [89].

The glucose-lowering potency of salicylates has been
known for more than a century and experimental studies
have suggested that this effect may be due to their anti-
inflammatory action, primarily via inhibition of IκB
kinase beta. The first clinical trials with high dose
(≥3 g) salsalate or the salicylate derivative trifusal indeed
showed that fasting glucose levels decreased in non-
diabetic, mostly obese, persons while insulin concentra-
tions increased in the context of reduced insulin clearance
[90–92]. In a pilot trial of 7 g aspirin/day for 2 weeks in
nine patients with type 2 diabetes, similar changes were
observed, with mean fasting plasma glucose levels falling
from 9.1 to 6.9 mmol/l [93].

Intervention trials targeting IL-1 via administration of
IL-1RA, or inflammation with high doses of salsalate
show improvements in beta cell function and
metabolic control  
Mimicking the effects of protective anti-inflammatory 
lifestyle factors by restriction of energy intake, 
exercise or bariatric surgery has profound beneficial 
consequences    

Synthesis and open questions/suggestions for studies

We suggest here that lifestyle factors confer risk for type 2
diabetes through essentially the same mechanism, i.e. by
inducing a chronic pro-inflammatory state in the innate
immune system at a systemic level, in pancreatic islets and
in obese adipose tissue. The pathways by which these

factors induce activation of innate immunity are diverse and
include increased production of superoxide from mitochon-
dria and NAD(P)H oxidase, endoplasmic reticulum stress,
release of LPS from the colon into the circulation, and
intracellular accumulation of pro-inflammatory lipid metab-
olites, all of which may result in the activation of protein
kinase C, mitogen-activated protein kinases or NFκB
signalling, as has been reviewed elsewhere [24, 35, 67, 94].

A most important finding in understanding the relation-
ship between innate immunity and diabetes development is
that persons with type 2 diabetes, metabolic syndrome or
obesity exhibit more pronounced and longer-lasting inflam-
matory responses to a challenge than metabolically normal
controls in most studies [14, 30–32]. Pro-inflammatory
reactions may even be observed in persons with metabolic
syndrome only [16]. This suggests that the inflammatory
response to diabetes-promoting lifestyle factors is usually
self-limiting. With increased exposure to pro-inflammatory
challenges, the counter-regulatory anti-inflammatory feed-
back inhibition mechanism may start to fail and chronic
inflammation ensue in those genetically predisposed
(Fig. 1). The resulting inflammatory stress and decreased
insulin sensitivity are expected to promote beta cell failure in
those individuals whose beta cell function and defence or
regeneration capacity is compromised. It is of interest that a
deficiency of counter-regulatory immune mechanism has
been described to be associated with ageing, a major diabetes
risk factor. Both innate and adaptive immunity are affected
and a key observation is prolonged activation state of NFκB.
The resulting chronic low-grade state of inflammation is
discussed as a mechanism underlying ageing [95].

Examples of this concept of deficient anti-inflammatory
feedback inhibition mechanisms are the intra-islet imbal-
ance in IL-1 agonism and antagonism detailed above, and
TLR4 involved in signalling pathways leading to inflam-
mation in response to diabetes-promoting factors. First,
TLR4 has been identified as one signalling receptor
mediating the pro-inflammatory effects of saturated fatty
acids; animals lacking functional TLR4 are resistant to fat-
induced insulin resistance [36]. Second, TLR4 is the
primary receptor on Kupffer cells for LPS leaking from
the gut into circulation, which occurs in response to a high-
fat diet [35]. Third, TLR4 has also been found to be critical
in the delivery of pro-inflammatory signals of high glucose
concentrations, although it is improbable that glucose
directly binds to TLR4 [96]. Direct binding of palmitate
to TLR4 could also not be demonstrated [97]. Thus, high
glucose or saturated fat stress probably gives rise to the
production of endogenous ligands for TLR4. Interestingly,
tissue damage in response to ischaemia–reperfusion also
requires intact TRL4, again indicating that endogenous
TLR4 ligands are produced during local stress [98]. We
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have previously identified heat shock protein 60 as one
such ‘danger antigen’ [99].

Without counter-regulatory feedback, stimulation of TLR4
might result in a sustained chronic inflammatory process. The
self-limiting circuit is evident from the kinetics of cytokine
production following exposure of macrophages to LPS.Within
a few hours there is a strong pro-inflammatory response with
massive secretion of numerous pro-inflammatory cytokines,
including TNF-α, IL-1ß, IL-6 and IL-8. However, this is
followed by the production of anti-inflammatory cytokines,
notably IL-10 and IL-1RA during the following hours. As a
consequence, macrophages become refractory to re-stimulation
by LPS for this period. This state of suppressed LPS
responsiveness is called LPS tolerance [62]. Hence, TLR4
induces pro-inflammatory and anti-inflammatory responses.
Another potent pathway of limiting inflammation is the
induction of anti-inflammatory mediators. These mechanisms
appear to fail in chronic inflammation conditions.

The above described alternative pro- and anti-inflammatory
states of macrophages have led to the concept of M1 and M2
macrophages. The anti-inflammatory state cannot only be
reached as a late response to pro-inflammatory stimuli but also
directly by anti-inflammatory stimuli, e.g. exposure to IL-4,
IL-13 or IL-10 [62]. Infusions of lipids in mice treated with
IL-10 did not induce insulin resistance [100].

We therefore propose that prodiabetic lifestyle factors
become pathogenic if anti-inflammatory counter-regulatory
mechanisms fail. Although this may be genetically con-
trolled, any genes involved are yet to be identified.
Examples of such regulatory circuits are the IL-1/IL-1RA
balance and those associated with TLR4 signalling. One
consequence would be a deficiency in LPS tolerance in
type 2 diabetes. However, as discussed, chronic low-grade
inflammation and concomitantly increased insulin needs
will not necessarily result in dysglycaemia unless beta cells
are limited in their capacity to cope with these conditions.

Further elucidation of the mechanism of anti-inflammatory
feedback inhibitory circuits and why they fail during the
development of type 2 diabetes seems warranted. A logical
approach for preventing type 2 diabetes in persons at risk
would be to aim at re-establishing mechanisms underlying the
self-limiting of inflammatory responses to prodiabetic life-
style factors.
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Lifestyle factors:
nutrients, fibre, physical activity, psychosocial factors

Potentially detrimental local/systemic concentrations of
glucose, fatty acids, neurotransmitters, lipopolysaccharides, etc.

Pro-inflammatory responses
in many organs

Adipocyte hypertrophy:
pro-inflammatory signals
for immune cell attraction

Defective counter-regulatory circuits result in 
sustained low-grade inflammatory response

(dominance of activation signals via NFκB, JNK, AP-1, CREB, etc.)

Beta cell inhibitory and apoptotic pathways

Insulin resistance,
other metabolic hormone 

disturbances
Beta cell failure

if beta cell functional and repair capacity 
compromised

Fig. 1 Lifestyle factors cause
insulin resistance and beta cell
failure via systemic and local
low-grade inflammation. In-
flammatory and metabolic stress
will only become detrimental to
the organism if there is a defi-
cient ability to cope with these
insults. CREB, cAMP-response-
element binding protein
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