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Abstract

Aims/hypothesis. To describe a unifying hypothesis of
the relation between insulin resistance and inflamma-
tory response in the development of diabetes.
Methods. Review of the literature and authors’ re-
search.

Results. Infection and injury activate the immune sys-
tem and bring about widespread metabolic changes
which disavantatge and destroy the invading organ-
ism and facilitate repair of damaged tissue. Tumour
necrosis factor-a is involved in inflammatory events
and fight against infection. No study has extensively
investigated its numerous metabolic effects. From in-
duction of hyperlipidaemia to regulation of intracel-
lular insulin signalling, TNF-a has been even associ-
ated with nutrient-sensing pathways. Certain TNF-a
gene polymorphisms (linked to a high transcription
rate of TNF-a), and the plasma concentrations of
the TNF-a soluble receptor are simultaneously asso-
ciated with insulin resistance, body fat, and with mor-
tality after chronic infections. Thus, the TNF system
seems to be designed for an effective fight against in-

fection and for providing survival advantages during
periods of food shortage. By inducing muscle insulin
resistance, the energetic substrates are safeguarded
for brain metabolism.

Conclusion/interpretation. In the presence of an insu-
lin resistance genotype and westernisation (high car-
bohydrate diet, increased saturated fat, low fibre and
sedentary habit), a high cytokine responder genotype
would be prone to deterioration of insulin resistance
and, finally, to Type II (non-insulin-dependent) dia-
betes mellitus and atherosclerosis. For our ancestors,
the advantages of a high cytokine responder (eradica-
tion of injury) or moderate insulin resistance (protec-
tion against starvation) overcame the possible incon-
veniences of atherosclerosis. We propose that the lat-
ter are good adaptations to the environment or “mal-
adaptations” of actual lifestyle to our genome. [Dia-
betologia (1999) 42: 1367-1374]
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Overview

Some authors believe there has been little change in
the human gene pool since the appearance of Homo
sapiens sapiens about 30 000 years ago [1, 2]. Modern
humans are still genetically adapted to a pre-agricul-
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tural hunter-gatherer lifestyle. This lifestyle involved
a great deal of physical activity, coupled with a diet
high in protein and low in fat. There were probably
frequent periods of famine [3]. Thus, it is likely that
many metabolic features of modern humans original-
ly evolved as an adaptation to such a lifestyle. Re-
cently it has been speculated that impaired glucose
tolerance and Type II (non-insulin-dependent) diabe-
tes mellitus constitute maladaptations of the normal
innate immune system response to environmental
threats [4]. According to this hypothesis, some people
would be genetically or innately imbued with an in-
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creased stress response and would be prone to devel-
op Type II diabetes [4]. The “disease of the innate im-
mune system” might have alternative explanations.
Our hypothesis is that inflammation could be intrin-
sic to insulin resistance and Type II diabetes mellitus
and that environmental conditions determine the
beneficial or adverse effects of this “proinflammato-

ry” genotype.

The prolonged acute phase response as a consequence
of insulin resistance

Infection and injury activate the immune system and
bring about widespread metabolic changes which
disavantage and destroy the invading organism and
facilitate repair of damaged tissue. The production
of cytokines and oxidant molecules is part of a highly
effective mechanism for creating a hostile environ-
ment for pathogens within the body [5]. The poor
prognosis and the poor wound healing of malnour-
ished patients who have a reduced ability to produce
cytokines indicate the essential nature of cytokines
in recovery from infection and trauma [6].

A tendency towards increased secretion of cyto-
kines could be beneficial in some situations such as
acute infection and trauma. We must remember that
the rate of endemic infectious disease (especially par-
asitism) and the prevalence of post-traumatic disabili-
ty were all far higher 25 000 years ago than they are
now and constituted the chief causes of mortality
from the Paeleolithic era until the 20th century [3].
On the other hand, the intake of the Stone Age hunt-
er-gatherers could sometimes have equalled that of
modern humans but at other times of the year it
would have been minimal. We still carry their inheri-
tance genes selected for their way of life. Thus, in the
presence of intermittent intakes, it would be benefi-
cial to select those genes that imply the best defence
against infection and trauma with minimal caloric in-
take. Monocytes taken from obese patients, that re-
ceived 420 kJ/day for 6 days, have shown a threefold
increase in the ability to produce TNF-a in response
to phytohaemagglutinin or endotoxin stimulation in
vitro compared with the response before diet restric-
tion [7]. Another indirect piece of evidence that sug-
gests that our genome is designed to fight against in-
fection with minimal food intakes is that enhanced
mortalities have been noted in malnourished, infected
populations once nutritional supplementation is com-
menced [8]. In this respect, cytokine-induced anorex-
ia of severe trauma and infection could be an attempt
to selectively avoid nutrients that might disadvantage
the response of the host to pathogens [9].

Insulin resistance is the main condition associated
with many of the features of Type II diabetes and
the insulin resistance syndrome, including dyslip-
idaemia, hypertension, abdominal obesity, hypergly-

caemia and atherosclerosis [10]. We propose that in-
sulin resistance is pivotal in the cytokine-associated,
acute-phase reaction of Type Il diabetes. Serum sialic
acid concentration, an acute-phase marker, is raised
in Type II diabetes but is not changed in uncomplicat-
ed Type I (insulin-dependent) diabetes mellitus of
similar age and glycaemic control [11, 12]. This was
interpreted as liver insulin resistance being much
more prominent in Type Il diabetes or insulin having
a relatively minor role in the regulation of the re-
sponse [4]. We do not agree with the last part of this
interpretation. Insulin inhibits acute-phase protein
synthesis in animal and human hepatoma cell lines
[13]. The liver is the principal target of systemic in-
flammatory mediators and is also the organ responsi-
ble for determining the level of essential metabolites
provided to the organism during the critical stages of
stress. We (in collaboration with Dr Pugeat’s group)
have recently shown that insulin might regulate the
synthesis of a liver protein closely involved in inflam-
matory events, cortisol binding globulin (CBG) [14].

Liver cells respond to many of the factors through
their cell-surface receptors. According to one argu-
ment [15], the inflammatory mediators fall into four
major categories: (1) interleukin (IL)-6 type cyto-
kines, of which IL-6 is the major representative; (2)
IL-1 type cytokines (including IL-1a, IL-143, tumour
necrosis factor (TNF)-a and TNF-£); (3) glucocorti-
coids; and [4] growth factors (including insulin). The
cytokines would act as primary stimulators of acute-
phase protein (APP) gene expression, whereas the
glucocorticoids and growth factors function more as
modulators of cytokine action. Insulin attenuates IL-
1-type and IL-6-type cytokine stimulation of most
APP genes in human hepatoma cells [13]. Thus, the
lack of sufficient insulin action, as found in Type II di-
abetes, or unsubstituted insulin deficiency would not
be able to block TNF, IL-1 and IL-6 actions, leading
to prolonged acute-phase reaction.

The “disease of the innate immune system” might
thus be viewed as a consequence of insulin resistance
and intracellular glucopenia. In different situations
of insulin resistance, cytokines are up regulated.
Firstly, note the influence of obesity itself on innate
and adaptative immunity. In one study of 116 obese
subjects (BMI 33.2 + 0.6 kg/m?) it was found that obe-
sity is related to increased leucocyte and lymphocyte
subset counts and higher monocyte and granulocyte
phagocytosis and oxidative burst activity [16]. Diet
restriction (an actual equivalent to periods of famine
of our ancestors) is a well-known inducer of insulin
resistance [17]. On the other hand, prenatal exposure
to protein restriction seems to programme insulin re-
sistance in later adult life [18-19].

Secondly, strenuous exercise is another situation of
insulin resistance [20] and a model of the acute-phase
response. The cytokine response to strenous exercise
can be viewed as a model of the cytokine response to
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sepsis and trauma [21]. The influence of carbohydrate
ingestion on immune function after prolonged and in-
tensive exertion has been evaluated in a recent study.
Carbohydrate relative to placebo ingestion was asso-
ciated with higher plasma concentrations of glucose
and insulin, lower plasma cortisol and a diminished
perturbation in blood immune cell counts, lower nat-
ural killer-cell activity and lower IL-6 [22]. These
data suggest that carbohydrate ingestion, possibly by
improving intracellular glucopenia during prolonged
endurance exercise, can help to lessen the stress on
the immune system and attenuate cytokine concen-
trations in the inflammatory cascade. In relation
with these events, we have shown lower cortisol con-
centrations after oral glucose in subjects with abdom-
inal obesity and insulin resistance in a basal, non-
stressed environment [23].

Thirdly, ageing is usually associated with increased
insulin resistance [24]. The production of circulating
acute-phase proteins [25], the secretion of cytokines
from monocyte and macrophages [26] and the soluble
fraction of TNF-a receptor 2 [27] are all increased
with age.

The role of TNF

There is evidence that TNF-a has a key role in medi-
ating insulin resistance as a result of obesity [28-34].
In obese humans [32-34] and numerous rodent mod-
els [28-31] of obesity-diabetes syndromes, TNF-a is
overexpressed in the adipose and muscle tissues com-
pared with tissues from lean individuals. Tumour ne-
crosis factor-a blocks the action of insulin in cultured
cells and whole animals [28-30]. The induction of in-
sulin resistance is mediated through its ability to pro-
duce serine phosphorylation of insulin-receptor-sub-
strate-1 (IRS-1), decreasing the tyrosine kinase activ-
ity of the insulin receptor [30]. Neutralisation of
TNF-a in obese fa/fa rats, by intravenous injection
of a soluble TNF receptor-immunoglobulin G chime-
ric protein, substantially improved insulin sensitivity
and restored the tyrosine kinase activity in fat and
muscle [28, 30]. It also reverted the insulin-induced
phosphorylation of IRS-1 to that observed in lean an-
imals [30]. In contrast, treatment of Type II diabetic
human subjects with an antibody specific for TNF
had no effect on insulin sensitivity [35]. In this study,
however, a single dose of antibody was given to adults
with established diabetes. Probably, this approach
does not affect the autocrine and paracrine effect of
TNF-a. Recent studies showed that mice lacking ex-
pression of TNF ligand, with a targeted zero mutation
in the gene encoding TNF-a, were spared from obesi-
ty-induced deficiencies in insulin-receptor signalling
in fat and muscle tissues [36, 37].

In humans there is evidence that cytokines can
modulate or be modulated by body composition and

insulin resistance. Firstly, we have observed that
those subjects that are homozygotes for the absence
of the restriction site, resulting from a guanine to ade-
nine substitution, at position —308 of the TNF-a pro-
moter, showed increased per cent fat mass and leptin
concentrations and a decreased insulin sensitivity in-
dex [38]. This substitution leads to higher constitutive
and inducible concentrations of transcription of the
TNF-o gene than the wild-type allele [39]. Subjects
with this mutation also showed increased body mass
index on an epidemiological basis [40]. Note, this
polymorphism (7NF2) is also associated with mor-
bidity and mortality after cerebral malaria in a Gam-
bian cohort [41], thus suggesting that a common fac-
tor is involved in metabolism and immune functions.
In The Gambia, the TNF2 allele exists at a gene fre-
quency 0.16, implying that the TNF2 allele is main-
tained because heterozygotes possess an optimal
TNF-o response against a broad range of infections.
Mutations within regulatory elements of the TNF-a
gene were not associated with an increase in the prev-
alence of non-insulin-dependent diabetes mellitus in
one study [42]. In that report, insulin resistance was,
however, not evaluated.

The differences in body composition and insulin
resistance seem to be restricted to the TNF-a gene
because polymorphisms of the TNF-f gene are not
associated with these phenotypical characteristics
[43].

Secondly, obese women express approximately
twofold more tumour necrosis factor receptor-2
(TNFR2) mRNA in fat tissue and approximately six-
fold more soluble TNFR2 (sTNFR2) in circulation
than lean control subjects [44]. Tumour necrosis fac-
tor signals through at least two known cell surface re-
ceptors (TNFRs): TNFR1 (p55) and TNFR2 (p75)
[45,46].The STNFR2 results from a proteolytic cleav-
age of the cell surface forms [47, 48] when TNF-a
binds to its receptor and its plasma concentrations
are believed to indicate previous TNF-a action [48].
Plasma sTNFR1 concentrations seem to be linked to
insulin secretion according to our recent findings
[49]. Conversely, plasma sTNFR2 concentration is
proportional to insulin action. Adipose tissue expres-
sion of TNFR?2 strongly correlates with BMI and the
degree of insulinaemia [44]. Recently, we have found
that plasma sTNFR2 concentrations were associated
with insulin resistance, independently of both BMI
and WHR [27], which is in line with data obtained
from patients with myotonic dystrophy [50].

Plasma sTNFR2 concentrations were found to be
proportional to markers of the muscle compartment
such as fat-free mass and mid-arm muscle circumfer-
ence [27]. As TNF-a is a strong inducer of TNFR2 ex-
pression in adipocytes [44] and other cell types [51],
we speculated that the association between the mus-
cle compartment and insulin resistance might be as-
cribed to increased production by the muscle of
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sTNFR?2, leading to stabilisation of TNF-a homotri-
mers, thus resulting in insulin resistance at the level
of adipocyte. These findings correlate to the thrifty
genotype hypothesis. To explain the presence of
Type 1I diabetes in all populations, it was postulated
that a thrifty genotype existed that had a selection ad-
vantage as hunter-gatherers fluctuated between feast
and famine [52]. The thrifty genotype in Type II dia-
betes could be (or contribute to) the insulin resis-
tance seen in muscle [53]. A selective insulin resis-
tance in muscle would have the effect of blunting the
hypoglycaemia that occurs during fasting but would
allow energy storage in fat and liver during feeding.
Both of these features could allow hunter-gatherers
to have survival advantages during periods of food
shortage [1, 2]. We suggest that both TNF-a and
sTNFR2, whose plasma concentrations increase dur-
ing exercise [21], are mediators of insulin resistance
at the level of the muscle. The induction of muscle in-
sulin resistance would allow a food-seeking behav-
iour and would prevent the wasting of glucose to
non-vital organs, protecting the brain and the immu-
nological system.

Thirdly, mice lacking the TNFR2 (p757") fed a
high-fat diet consistently gained less weight and had
reduced insulin concentrations, an expression of im-
proved insulin sensitivity, than wild-type mice in a re-
cent study [54]. The concentrations of circulating lep-
tin were modulated by TNF receptor genotype. Male
p757 mice fed chow had the lowest concentrations in
plasma leptin at 4 and 18 h of fasting. High-fat fed
p757 were the only mice in which leptin concentra-
tions decreased with increasing fasting time [54]. In
humans, we have identified a mutation in the TNF re-
ceptor 2 gene associated with higher BMI and leptin
concentrations in non-diabetic subjects and diet-
treated Type II diabetic patients (J.-M. Fernandez-
Real, J. Vendrell, W. Ricart, unpublished observa-
tions).

In this respect, one hypothesis that different cyto-
kine genotypes (TNF-a?, TNFR2?) possibly exist in
the population as a result of the selective pressure of
infectious diseases [39] is interesting. It could be that
specific cytokine genotypes are beneficial in the erad-
ication of infectious diseases but, by creating a “pro-
inflammatory” phenotype, they predispose to chronic
inflammatory diseases or to a more severe form of in-
flammatory disease with a worse clinical outcome, ir-
respective of whether the initial triggering event is
an infectious agent, autoimmunity or, indeed, any
cause sufficient to stimulate an inflammatory re-
sponse [39].

Finally, it is possible that the nutrient-sensing and
metabolic pathways have evolved in parallel to sever-
al mechanisms involved in our fight against infection.
It has been hypothesised that TNF arose by diver-
gence from a primordial recognition molecule of the
innate immune system [55]. Adipocyte complement-

related protein or AdipoQ is an abundant serum pro-
tein, secreted exclusively from fat cells and implicat-
ed in energy homeostasis. It is a close homologue of
the complement protein C1q which is involved in
the recognition of microbial surfaces. Studies of the
structure of AdipoQ have found an unexpected ho-
mology to the tumour necrosis factor (TNF) family,
firmly establishing an evolutionary link between the
C1q and TNF families [55]. Thus, in an evolutionary
perspective, the same molecule (TNF) could have
served as a recognition molecule of microbial agents,
as a major factor in their eradication, as a regulator
involved in signalling between the cells of the im-
mune system and in modifying metabolism and nutri-
ent-sensing pathways. Regarding the last aspect, re-
cent works have suggested the existence of a TNF-a-
leptin axis, in which leptin and TNF-o would be in
mutual interrelation. Tumour necrosis factor-a stimu-
lates leptin secretion in cultured adipocytes and in
obese mice and, as a feedback loop, leptin treatment
in rats decreased TNF-a expression by 40 % [56-58].
Tumour necrosis factor-a treatment increases serum
leptin concentrations in humans [59] and plasma
sTNFR1 concentration circulates in proportion to
leptin [60]. The coordinated function of these two
systems might be involved in controlling satiety and
food intake. The TNF system might contribute to ex-
plain the large variation in circulating leptin concen-
trations at similar degrees of adiposity. In a recent
study we observed that circulating STNFRs concen-
trations were proportional to BMI and leptin in
young but not older subjects and mainly in women
(J.-M. Fernandez-Real, J. Vendrell, W. Ricart, un-
published observations). We speculated that, when
the leptin-TNF-a axis feedback works, the result is a
lower BMI and concomitant lower leptin concentra-
tions. In this hypothesis, subjects with a disrupted lep-
tin — TNF-a axis (older people) would be prone to
higher BMI and leptin, with disproportionally higher
sTNFR2 concentrations.

Other relations suggest the mutual influences
among nutritional factors, the immune system and in-
sulin resistance. In this sense, the production of TNF-
a by mice, in response to endotoxin, is suppressed by
desferrioxamine (an iron chelator) [61] showing the
interaction between iron status and immune function.
We have found that serum ferritin concentrations,
thought to be influenced by iron availability and
TNF-a [62], are directly correlated with insulin resis-
tance in humans [63]. That genetics influence these in-
teractions is indicated by mutations usually associated
with hereditary haemochromatosis being overrepre-
sented in our cohort of Type II diabetic patients [64].
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Insulin resistance and deregulation of the innate
immune system as a body’s response to chronic tissue

injury

Atherosclerosis has been viewed as a chronic inflam-
matory disease that develops in response to some
metabolic, physical, infectious and environmental
process. In the last years, it has become evident that
inflammation and atherosclerosis are closely associ-
ated and it is possible that acute ischaemic events re-
flect exacerbation of a chronic inflammatory state.
Human atherosclerotic lesions have been found to
contain IL-1 mRNA [65] and TNF [66, 67]. This is of
potential importance in understanding some of the
physiopathologic mechanisms of atherosclerosis be-
cause early accumulation of monocytes and lympho-
cytes in the aortic intima with cytokine release could
be essential in the development of the disease.

The accumulation of cholesteryl esters in macro-
phages exposed to LDL is associated with increased
synthesis and release of TNF-a [68-70]. Increased se-
cretion of TNF has been observed in hypercholeste-
rolaemic rabbits [68] and in LDL-receptor knockout
mice, in which plasma TNF-a concentrations are in-
creased in parallel with LDL-cholesterol [69].
Atherogenic diets enhance endotoxin-stimulated
TNF-a gene expression in rabbit aortae [70]. Further-
more, knockout mice for TNFRI gene show acceler-
ated atherosclerosis [71]. Notably, we have found
that plasma concentrations of the soluble fractions
of tumour necrosis factor receptor 1 and 2 (TNFR1
and TNFR?2) are proportional to total and LDL cho-
lesterol concentrations [72]. Those of TNFR2 were
inversely correlated with HDL-C concentration.

The potential contribution of non-traditional risk
factors, such as infectious agents, has recently gath-
ered considerable interest [73-79]. It cannot be ex-
cluded that macrophage infiltration in response to a
chronic arterial infection might in some cases instigate
lesion formation [78]. Substantial seroepidemiologic
and some experimental evidence links Chlamydia
pneumoniae with the pathogenesis and natural history
of atherosclerosis [77]. Chlamydia has been found to
induce production of TNF-a, which inhibits the action
of lipoprotein lipase, leading to changed lipid metabo-
lism, accumulation of serum triglycerides and a de-
crease in serum high density lipoprotein cholesterol
(HDL-C). Lipopolysaccharide, a bacterial compo-
nent, binds in human serum to both HDL-C and low
density lipoprotein cholesterol (LDL-C) and makes
LDL-Cimmunogenic or toxic to endothelial cells. Lo-
cal infections with agents such as C. pneumoniae have
been suggested to potentiate the evolution of pre-ex-
isting atheroma, to which macrophages have already
been recruited by, e.g. hypercholesterolaemia [77,
78], finally leading to plaque instability and rupture.

Many subjects with a long-term stress response
have the insulin resistance syndrome [4]. Ischaemic
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heart disease and insulin resistance are thought to
share physiopathologic mechanisms [10]. Thus, the
association among C reactive protein, leucocyte
count, several other reactants and ischaemic heart
disease [80] might be interpreted as insulin resistance
being the body’s response to chronic tissue infection
and thus a by-product of an inflammatory cascade
triggered by environmental agents.

Conclusion

Our hypothesis is illustrated and summarized in Fig-
ure 1. An insulin resistance genotype or a cytokine
genotype adapted to the environment are beneficial
in the presence of a low saturated fat diet, with high
fibre and high protein, increased physical activity
and frequent periods of famine. Any accidental injury
is succesfully eradicated and the consequence is gene
transmission. In the absence of these ambient condi-
tions, a progressive insulin resistance can ensue.
With increased age and different injuries, the insulin
resistance progresses, leading, in a vicious cycle, to
amplification of the inflammatory cascade, finally re-
sulting in atherosclerosis. A low cytokine responder
will eradicate any injury less succesfully. Chronic in-
tracellular infections (Chlamydia?, Helicobacter?)
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will be more probable in this situation, eventually
leading to atherosclerosis if the eradication is not
complete. For our ancestors, the advantages of a
high cytokine responder or moderate insulin resis-
tance overcame the possible inconveniences of ath-
erosclerosis. With a life expectancy of 35 years, the
price to pay was very low. It cannot in the terms of
classic evolutionary science be named, “genetic mal-
adaptation”, because it does not affect differential
fertility. We think that, perhaps, these “maladapta-
tions” are “good adaptations” to the environment, in
our ancestral fight with infectious disease, injury and
wound repair or “maladaptations” of the actual life-
style to our genome.

More arguments

Differences in the frequency of diabetes between
populations are enormous. In Europe, the frequency
of Type II diabetes is one of the lowest in the world
despite increasing obesity. Very recently it has been
suggested that, because most diabetogenes are reces-
sive, the greater the genetic heterogeneity of a popu-
lation, the lower the chances of homozygosity, thus
explaining this “European paradox” [81]. In Europe-
an history there has been a much higher degree of in-
terbreeding than in almost any other area in the
world [81]. On the other hand, in the presence of nu-
merous infectious diseases, different alleles, protect-
ing against individual pathogens, could make het-
erozygosity advantageous overall [82]. Hence, genet-
ic diversity might have contributed, simultaneously,
to defence against infection and to the lower preva-
lence of Type II diabetes mellitus and its predisposing
condition, insulin resistance, among Europeans.
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