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Summary Non-insulin-dependent diabetes mellitus
(NIDDM) is commonly associated with hypertrigly-
ceridaemia, low serum HDIL-cholesterol concentra-
tions, hypertension, obesity and accelerated athero-
sclerosis (metabolic syndrome X). Since a similar
dyslipidaemia occurs with the acute-phase response,
we investigated whether elevated acute-phase/stress
reactants (the innate immune system’s response to
environmental stress) and their major cytokine med-
iator (interleukin-6, IL-6) are associated with
NIDDM and syndrome X, and may thus provide a
unifying pathophysiological mechanism for these
conditions. Two groups of Caucasian subjects with
NIDDM were studied. Those with any 4 or 5 features
of syndrome X (n = 19) were compared with a group
with 0 or 1 feature of syndrome X (n = 25) but similar
age, sex distribution, diahetes duration, glycaemic
control and diabetes treatment. Healthy non-diabetic
subjects of comparable age and sex acted as controls.
Overnight urinary albumin excretion rate, a risk fac-
tor for cardiovascular disease, was also assayed in
subjects to assess its relationship to the acute-phase
response. Serum sialic acid was confirmed as a mar-
ker of the acute-phase response since serum concen-
trations were significantly related to established

acute-phase proteins such as o-1 acid glycoprotein
(r=0.82, p <0.0001). There was a significant graded
increase of serum sialic acid, a-1 acid glycoprotein,
IL-6 and urinary albumin excretion rate amongst the
three groups, with the lowest levels in non-diabetic
subjects, intermediate levels in NIDDM patients
without syndrome X and highest levels in NIDDM
patients with syndrome X. C-reactive protein and
cortisol levels were also higher in syndrome X-posi-
tive compared to -negative patients and serum amy-
loid A was higher in both diabetic groups than in the
control group. We conclude that NIDDM is associ-
ated with an elevated acute-phase response, particu-
larly in those with features of syndrome X. Abnorm-
alities of the innate immune system may be a contri-
butor to the hypertriglyceridaemia, low HDL choles-
terol, hypertension, glucose intolerance, insulin resis-
tance and accelerated atherosclerosis of NIDDM.
Microalbuminuria may be a component of the acute-
phase response. [Diabetologia (1997) 40: 1286-1292]
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Although both pancreatic islet beta-cell dysfunction
and resistance to the action of insulin are central ab-
normalities in non-insulin-dependent diabetes melli-
tus (NIDDM), in most cases the underlying aetiology
is unclear. A number of clinical and biochemical fea-
tures often occur together in subjects with NIDDM,
especially hypertension, obesity (particularly central
or abdominal obesity), accelerated atherosclerosis,
and a dyslipidaemia characterised by elevated serum
total and very low-density lipoprotein (VLDL)
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triglyceride and reduced high-density lipoprotein
(HDL) cholesterol concentrations [1, 2]. This has
been called the metabolic ‘syndrome X’ [2]. Other
abnormalities may also be associated with the syn-
drome, such as high circulating concentrations of
plasminogen activator inhibitor-1 (PAI-1) [3]. A
pathological mechanism which helps to explain the
link between these factors may aid in understanding
the cause or causes of NIDDM and lead to improved
management. Insulin resistance has been proposed
as one such underlying mechanism [4, 5], though its
molecular basis is not known.

We are investigating an alternative hypothesis
which may link the various features of NIDDM: that
NIDDM and syndrome X are partly a manifestation
of an ongoing acute-phase response, i. €. a component
of the innate immune system’s adaptive reaction to
threatened homeostasis. This might provide a
mechanism for most of the features of syndrome X,
and some other biochemical abnormalities which
have been noted in NIDDM such as hyperfibrinogen-
aemia [6], low plasma testosterone levels in men with
NIDDM [7], as well as elevated circulating PAI-1 lev-
els [3]. In previous studies [8, 9], we found that serum
sialic acid concentrations are elevated in NIDDM but
not in subjects with uncomplicated insulin-dependent
diabetes mellitus of comparable age, sex, diabetes
duration and glycaemic control (serum sialic acid is
essentially protein-bound and has been proposed as
a marker of the overall acute-phase response [10]
since many acute-phase proteins such as a-1 acid gly-
coprotein and fibrinogen are sialylated at the termi-
nus of the oligosaccharide chain of the glycoprotein
[11]). The serum sialic acid concentration was also a
highly significant univariate correlate of coronary
heart disease (CHD) in a cross-sectional study of
male NIDDM patients [12]. Others have reported
that experimental induction of an acute-phase re-
sponse in animals [13] and illnesses in humans likely
to be associated with an acute-phase response, such
as malignancy [14, 15] and infection [16], are charac-
terised by serum lipid and lipoprotein changes identi-
cal to those of NIDDM and syndrome X (high serum
VLDL triglyceride, low HDL cholesterol, unchanged
LDL cholesterol). Moreover, several plasma proteins
elevated in NIDDM, e.g. fibrinogen and PAI-1, are
known to be acute-phase proteins [17, 18].

To test this hypothesis, we investigated whether
markers of the acute-phase or stress response (serum
sialic acid, C-reactive protein, serum amyloid A, a-1
acid glycoprotein and cortisol) and a major cytokine
mediator of the acute-phase response, interleukin-6
(IL-6), are elevated in a group of NIDDM patients
selected for having the features of syndrome X, in
comparison with an NIDDM group selected for being
syndrome X-negative but matched for age, sex, dura-
tion of diabetes and quality of glycaemic control.
Healthy non-diabetic subjects of comparable age
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and sex distribution served as controls. We also mea-
sured urinary albumin excretion rate in the subjects,
since sub-clinical proteinuria (microalbuminuria) is
an established risk factor for CHD in NIDDM [19,
20] and is associated with insulin resistance [21]. We
therefore tested whether albumin excretion rate seg-
regates with syndrome X and may also be associated
with the acute-phase response.

Patients and methods

Subjects and study design. NIDDM patients were selected
from those taking part in the Lewisham Hospital Survey of
NIDDM [22]. This is a prospective study in which all NIDDM
patients aged 35-64 years attending a diabetic clinic at least
once in 1984 are being examined at 3—4 yearly intervals for
CHD status and cardiovascular risk factors. From those at-
tending a follow-up clinic in 1994-1995, we studied the 132
of white European origin and from these selected two groups
of diabetic patients. Those with 4 or 5 of the following were
considered to have syndrome X (n = 19): hypertriglyceridae-
mia (VLDL triglyceride > 1.5 mmol/l), low serum HDL cho-
lesterol (< 1.1 mmol/l), hypertension (systolic blood pres-
sure >160 and/or diastolic pressure > 95 mm Hg and/or receiv-
ing anti-hypertensive drug treatment), CHD (either electro-
cardiogram evidence or scoring positive on a cardiovascular
questionnaire — see below) and obesity (body mass index
[BMI] > 30 kg/m?). Those with 0 or any 1 of these features
were designated as syndrome X-negative subjects and 25
were selected as being of similar age, sex distribution, dia-
betes duration and level of glycaemic control (glycated hae-
moglobin and plasma glucose) to those who were syndro-
me X-positive. Those with substantive clinical proteinuria
(defined here as a urinary albumin excretion rate > 300 pg/
min) were excluded. The diabetes treatment of the two
NIDDM groups was also similar: 0 % diet alone, 28 % insulin
and 72 % oral hypoglycaemic agents for syndrome X-negative
subjects, and 5 % diet alone, 32 % insulin and 63 % oral hypo-
glycaemic agents in syndrome X-positive subjects. Healthy
non-diabetic subjects (n = 25) of comparabie age and sex dis-
tribution acted as controls, and were Caucasian volunteers
from the staff of Guy’s Hospital. The study was reviewed
and approved by the institution’s ethics committee.

Venous blood was taken from all subjects after an overnight
fast and the serum stored at either 4°C for no longer than
1 week for lipoprotein analysis, or at — 40°C for measurement
of other analytes, as detailed below. Subjects also supplied a
timed overnight urine sample collected into containers with
0.5 ml 1% (weight/volume) sodium merthiolate as preserva-
tive; their height and weight were recorded in indoor clothing
without shoes, and the BMI calculated as weight (kg)/height
(m)?2. For assessment of CHD status, the subjects completed
the World Health Organisation cardiovascular questionnaire
[23] and were scored positive for angina or previous myocar-
dial infarction. A resting 12-lead electrocardiogram was also
performed and analysed by the Minnesota code [23]. CHD
was considered present for probable ischaemia (code 1-1, 1-2
and 7-1) and possible ischaemia (1-3, 5-1, 5-2 and 5-3). Arterial
blood pressure was measured as the mean of two readings on
the right arm taken with the subject in the sitting position, after
at least 10 min rest.

Assays. Serum sialic acid concentration was measured by a
coupled enzymatic method (Boehringer Mannheim, Lewes,
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Table 1. Clinical and biochemical features of subjects
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NIDDM NIDDM Non-diabetic
Syndrome X-positive Syndrome X-negative
n 19 25 25
Age (years) 61.9+6.7 61.7+8.8 56.9+7.6
Sex (M/F) 9/10 15/10 21/23
Diabetes duration (years) 12.6£4.0 11.9+4.6 -
BMI (kg/m?) 3244520 27045 24025
Glycated Hb (%) 89+21 86t17 52102
Glucose (mmol/l) 121+3.9 9.7+43 47%03
Total triglyceride (mmol/l) 3.3(1.5-7.9) 1.0 (0.6-2.7) 1.3 (0.6-3.0)
VLDL triglyceride (mmol/l) 2.3 (0.8-6.2) 0.5(0.1-2.2) 0.5 (0.1-2.7)
Total cholesterol (mmol/l) 65+1.14 59409 63107
LDL cholesterol (mmol/l) 3.7+08 36108 3.8£0.7
HDL cholesterol (mmol/l) 0.9+0.2° 1404 1.6£06
Apolipoprotein Al (mg/dl) 1.11£0.13¢ 1.24 £0.20° 1.47£0.30
Apolipoprotein B (mg/dl) 1.17 £ 0.25° 0.99 +0.17* 1.12+0.23
Hypertensive (%) 89 36 0
CHD (%) 100 0 0

Syndrome X-positive vs negative: ? p < 0.001;° p < 0.01;°p < 0.02; 9 p < 0.05

Syndrome X-negative vs non-diabetic subjects: ¢ p < 0.01; {p < 0.02

Data are mean + SD, or median (range) for values with skewed distributions

Sussex, UK), adapted by us for use on microtitre plates [24]
(inter-assay coefficient of variation [CV] of 6 %). Serum amy-
loid A was measured by enzyme immunoassay (Biosource; Ser-
otec, Oxford, UK) and had an inter-assay CV of 7.6 %. C-react-
ive protein was also measured by enzyme immunoassay (Med-
ix Biochemica, IDS, Tyne and Wear, UK), the method adapted
by us by using a fourfold reduction in sample dilution, thereby
decreasing the detection limit to 0.05 mg/l (inter-assay CV
3.4% at 12 mg/l and 7.8% at 1 mg/l). The standard was the
First International Standard (85/506) for C-reactive protein
(NIBSC, South Mimms, Herts, UK). a — 1 Acid glycoprotein
was measured by immunoturbidometry (Binding Site, Bir-
mingham, UK), using a Cobas-Fara analyser (Roche, Welwyn
Garden City, Herts, UK) and had an inter-assay CV of 6 %.
Cortisol was measured by radioimmunoassay (DPC, Llanberis,
Gwynedd, UK) with an inter-assay CV of 5 %. IL-6 was mea-
sured by enzyme immunoassay (Cytoscreen US, Serotec; mini-
mum detection limit 104 fg/ml, interassay CV 7 %). Urine al-
bumin concentration was measured by radioimmunoassay (in-
ter-assay CV of 8 %) [25]. Lipoproteins were separated by ul-
tracentrifugation [26]: VLDL density < 1.006 g/ml, LDL densi-
ty 1.006-1.063 and HDL density > 1.063. Apolipoproteins Al
and B were measured by immunoturbimetric methods (Immu-
no, Sevenoaks, Kent, UK) using a Cobas-Bio analyser (inter-
assay CV 6 and 9 %, respectively). Total and lipoprotein frac-
tion cholesterol and triglyceride were assayed by enzymatic
methods (Boehringer). Plasma glucose was assayed by an
automated hexokinase method (Roche) and glycated haemo-
globin by electroendosmosis after removal of the labile adduct
(Ciba Corning, Halstead, Essex, UK).

Statistical analysis. Statistical differences in variables between
the three groups were initially tested using analysis of variance,
or the Kruskall Wallis test for skewed data. When significant
differences at the 5 % level were detected, comparisons were
made between two groups using Student’s unpaired ¢-test or
the Mann Whitney U test for skewed data. Comparison of the
frequency of hypertension in those with and without designat-
ed syndrome X was by the chi-squared test. Correlation be-
tween variables was tested using either Pearson’s method, or
Spearman’s test for skewed data.

Results

Features of NIDDM patients and the control subjects.
Table 1 shows the clinical and biochemical character-
istics of the three groups studied. NIDDM patients
who had the most features of syndrome X were, by
selection, obese and had higher VLDL triglyceride,
and lower HDL cholesterol compared to the syndro-
me X-negative NIDDM subjects. They also had high-
er serum total triglyceride and lower apolipoprotein
Al levels than the syndrome X-negative patients.
The LDL-cholesterol concentrations were similar in
the diabetic groups and non-diabetic controls. Total
serum cholesterol and apolipoprotein B concentra-
tions were slightly but significantly higher in those
diabetic subjects with syndrome X compared to those
without syndrome X.

Serum sialic acid as a marker of the acute-phase re-
sponse. There was a highly significant correlation
(r=0.82, p <0.0001) between serum a-1 acid glyco-
protein and sialic acid concentrations in the whole
group of NIDDM subjects. There were also signifi-
cant correlations between the serum sialic acid con-
centration and the other acute phase proteins mea-
sured, C-reactive protein (r=0.71, p <0.0001) and
serum amyloid A (r = 0.56, p < 0.001), thus confirm-
ing that serum sialic acid is a marker of the acute-
phase response in these groups. The correlation be-
tween serum sialic acid and cortisol concentration
was, however, less marked (r = 0.27, p = 0.07).

Acute-phase responses in subjects. Figure 1 a—d shows
the concentrations of the acute-phase markers serum
sialic acid, a-1 acid glycoprotein, C-reactive protein
and serum amyloid A in the diabetic and control
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Fig.1a-f. Serum sialic acid (a), a-1 acid glycoprotein (b), C-
reactive protein (c), serum amyloid A (d) and cortisol concen-
trations (e), and urinary albumin excretion rate (f), in non-dia-
betic subjects (left column) and NIDDM patients with (right
column) and without syndrome X (middle column). Columns
are mean + SD except for C-reactive protein, serum amyloid A
and albumin excretion (median * interquartile range)

groups. There were clear graded increases in serum
sialic acid and o-1 acid glycoprotein concentrations,
with the lowest levels in non-diabetic persons, inter-
mediate levels in syndrome X-negative NIDDM sub-
jects and highest levels in syndrome X-positive
NIDDM subjects. C-reactive protein concentrations
were also higher in syndrome X-positive compared
to X-negative patients (though similar in the latter

1289
p<0.001

c P " p<003 001
- D < U, < U
D 1.2 = — P 1
= T
D
-§ 1.0
&
o 08
©
2 06
3]
©
T 04
©
=
a
@ 0.2
E
2
g 0O
w

d p<0.01

100 p<0.01 NS
. L

= —
[=)
E
< 1
=
=]
2 ol [
<
@
=
I~
@
w

1

f p<0.01
< 100 p<0.01  p<0.01
o
E
c
o
©
o
x 10 _J_
£ 1
E 1B
=
2o
©
@
£
o 1

Non- NIDDM NIDDM
diabetic syndrome X syndrome X
negative positive

group and controls). Serum amyloid A concentra-
tions, though not differing between diabetic groups,
were higher than in the non-diabetic controls.

Figure 1e shows that serum cortisol concentra-
tions were higher in NIDDM subjects with syndro-
me X compared to those without these features and
non-diabetic control subjects. Urinary albumin excre-
tion rate also showed a graded increase (Fig. 1f) with
the highest levels in those NIDDM patients with syn-
drome X, intermediate levels in those without syn-
drome X and lowest levels in non-diabetic subjects.

Serum IL-6 concentrations. Figure 2 shows that there
was also a highly significant graded increase in serum
IL-6 concentrations, with low levels in non-diabetic
subjects, intermediate levels in syndrome X-negative
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Fig.2. Serum interleukin-6 concentrations in non-diabetic
subjects, and NIDDM patients with and without syndrome X.
Columns are median * interquartile range

patients and highest levels in syndrome X-positive
patients.

Discussion

This study provides evidence that NIDDM is associ-
ated with increased serum levels of*markers of, and
the major inducer of, the acute-phase response, i.e.
the wide range of molecular, cellular, physiological
and behavioural changes that are initiated in re-
sponse to stressful stimuli such as infection, inflam-
mation, neoplasm, and physical and chemical tissue
injury [17, 18]. These changes are adaptive mechan-
isms designed to restore homeostasis during and after
external threats. We found that those patients with
NIDDM and the cluster of biochemical and clinical
features known as syndrome X had the highest con-
centrations of most acute-phase markers; those with
NIDDM but few features of syndrome X had an in-
termediate-level acute-phase response, but still high-
er than non-diabetic control subjects. Increases in cir-
culating acute-phase proteins have been recorded be-
fore in diabetes [27, 28] but the particular associa-
tions with NIDDM and syndrome X have not been
noted.

The changes in acute-phase reactants that we
found are small compared with those associated with
an acute infection, but their impact is of significance
because the changes are likely to be chronic. In sup-
port of the importance of even low-grade stimulation
of the acute-phase response, Feingold et al. [29]
found that the dose of endotoxin needed to induce
hyperlipidaemia in rats (by stimulating hepatic trigly-
ceride secretion) was orders of magnitude lower than
that necessary to induce shock. An augmented acute-
phase response may thus be one unifying mechanism
to explain many of the characteristics of NIDDM.
For example, an increased secretion of VLDL, and
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reduced serum HDL but relatively unchanged LDL
cholesterol, the dyslipidaemia of NIDDM and syn-
drome X, are known acute-phase responses in ani-
mals [13] and humans [14-16]. The acute-phase pro-
tein, serum amyloid A, which we found to be elevat-
ed in NIDDM, is an apolipoprotein which associates
with HDL,, displacing apolipoprotein Al and acting
as a signal to redirect HDL cholesterol from the liver
to the macrophage for use in repairing injured tissue
[18, 30]. Sustained elevated concentrations of serum
amyloid A may thus be a factor in the accelerated
atherosclerosis of NIDDM.

We also found that I1.-6, which with IL-1 and tu-
mour necrosis factor a (TNF-0) is one of the main cy-
tokine mediators of augmented hepatic acute-phase
protein synthesis [31], is elevated in NIDDM pa-
tients, particularly those with syndrome X. These cy-
tokines stimulate the release of the diabetogenic hor-
mones growth hormone and ACTH from the anterior
pituitary gland, and increase production of hypotha-
lamic corticotrophin-releasing hormone (CRH) [32-
34]. CRH is known to inhibit gonadotrophin secre-
tion [35], perhaps accounting for the low testosterone
concentrations seen in men with NIDDM [7]. Hyper-
cortisolism, as well as contributing to the insulin resis-
tance, glucose intolerance and hypertension of
NIDDM, produces central obesity (for example in
Cushing’s syndrome), and elevates non-esterified fat-
ty acid concentrations and VLDL secretion. A possi-
ble role for glucocorticoid excess as a result of a ‘hy-
pothalamic arousal syndrome’ in obesity has been
discussed by others [36-38], particularly drawing on
evidence from animal studies. By showing in this
study that acute-phase proteins and IL-6 are in-
creased in NIDDM, we extend this concept to include
a possible wide-ranging pathophysiological role for
these proteins and their cytokine inducers in NIDDM
and its biochemical and clinical complications.

Acute-phase proteins which are known to be in-
creased in NIDDM include fibrinogen [6], comple-
ment components [39] and PAI-1 [3]. As well as af-
fecting hepatic protein synthesis, lipoprotein metabo-
lism [40] and the hypothalamic pituitary axis, TNFa,
IL-1 and -6 contribute to atherogenesis in several
other ways such as by inducing adhesion molecules,
stimulating smooth muscle proliferation and increas-

'ing endothelial permeability [41]. TNFo, a potent in-

hibitor of the tyrosine kinase activity of the insulin re-
ceptor, is being investigated as a mediator of insulin
resistance in obesity and NIDDM [42]. The inhibitory
effect of IL-1, IL-6 and TNFa on pancreatic beta-cell
function is recognised in the context of a possible role
in the aetiology of islet cell destruction in IDDM [43,
44]; the effect of any chronic hypersecretion of cyto-
kines on insulin secretion in NIDDM has yet to be
studied in detail.

Our finding that the urinary albumin excretion rate
was highest in syndrome X patients and segregated
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with the highest acute-phase response, is consistent
with the link between microalbuminuria and insulin
resistance [21]. The role of the acute-phase response
and related cytokines as a mechanism for increasing
glomerular capillary permeability therefore needs
further investigation.

With regard to the mechanism for the augmented
acute-phase response in NIDDM, several possibili-
ties may be envisaged. Firstly, it may be caused by
the NIDDM state, though apparently not by hyper-
glycaemia, since there is no correlation between ser-
um sialic acid concentrations and either glycated hae-
moglobin or plasma glucose levels [12]. Recently, we
showed in animal models of diabetes that insulin defi-
ciency is significantly related to elevated serum sialic
acid concentrations [45]; moreover, insulin is an inhi-
bitor of acute-phase protein synthesis in vitro [46,
47]. Insulin resistance may therefore be an inducer
of the response, perhaps with hypercortisolaemia
providing an additional stimulatory effect on hepatic
acute-phase protein synthesis [17].

Secondly, a localised inflammatory response asso-
ciated with atherosclerosis, with cytokine production
by all cells involved in the atherosclerotic plaque
[41], may induce a systemic acute-phase response. A
‘haematological stress syndrome’ in non-diabetic
subjects with atherosclerosis was recognised more
than a decade ago [48], and recent studies confirm
an association between acute-phase indices such as
C-reactive protein and sialic acid and CHD in the
normal population [49]. In the present study, how-
ever, even NIDDM patients without atherosclerosis
had greater resting serum levels of acute-phase mar-
kers than non-diabetic control subjects, suggesting
atherosclerosis exacerbates but does not initiate the
acute phase response. With regard to the role of com-
plications, it should be noted also that advanced gly-
cosylation end products stimulate cytokine release
from macrophages [50, 51] and these could act in con-
cert with insulin deficiency/resistance to induce an
acute-phase response in the diabetic patient with tis-
sue complications.

It may be supposed that, in the short term, a pro-
minent stress response with biochemical, hormonal
and behavioural alterations to counter injury, has sur-
vival value and certain individuals are genetically or
innately predisposed to have such a response, for ex-
ample by metabolic ‘programming’ during fetal or
early life [52]. However, chronic exposure in these
subjects to stressful stimuli, such as overnutrition,
physical inactivity and age, may produce disease
(e.g. NIDDM and atherosclerosis) instead of repair.
It is relevant that both the acute-phase response [53]
and the production of cytokines from macrophages
[54] increase with age, parallelling the association of
NIDDM with increasing age.

In conclusion, NIDDM is associated with an aug-
mented, acute-phase response which is particularly
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marked in, but not confined to, those with syndro-
me X. The stimulus for this response is unknown,
and it is not our contention that NIDDM is caused
by this mechanism, that it is the only causative factor
in insulin resistance and the other features of the syn-
drome associated with it, or that it is of relevance in
all NIDDM subjects. However, we believe that ab-
normalities of the innate immune system deserve fur-
ther investigation as contributors to the pathophy-
siology of NIDDM and as factors which at least ex-
acerbate its important features, including glucose in-
tolerance, insulin resistance, central obesity, hyper-
tension, accelerated atherosclerosis, hypertriglyceri-
daemia, hyperfibrinogenaemia, low blood HDL cho-
lesterol, high PAI-1 and low testosterone concentra-
tions in diabetic men.
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