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Introduction

Systemic inflammation is a characteristic feature of
metabolic syndrome and cardiovascular (CV) disease. One
common marker used to define systemic inflammation is
the plasma level of C-reactive protein (CRP) [1]. Studies
by Ridker et al. have shown that subjects with elevated
plasma CRP levels have an increased risk for CV death
[2,3]. More recent studies have shown that an elevated CRP
level may also increase the risk for CV events in patients
with chronic kidney disease (CKD) [4]. Furthermore, an
elevation in CRP also increases the risk for progression
of kidney disease in subjects with CKD [5]. In addition,
a number of therapeutic agents such as aspirin [6], statins
[7,8], angiotensin converting enzyme (ACE) inhibitors [9]
and antioxidants [10] have been reported to both reduce
CRP levels and improve CV outcomes, thereby suggesting
that reducing inflammation may provide a novel means for
treating kidney disease. Therefore, understanding the mech-
anisms driving the inflammatory response, how it may me-
diate renal disease progression and how to prevent or treat
this response is of great interest.

Mechanisms responsible for the systemic
inflammatory response in subjects with metabolic
syndrome

One of the primary precursors for diabetes, hypertension
and CV disease is the metabolic syndrome. The metabolic
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syndrome refers to a condition associated with insulin re-
sistance in which three of five signs must be present, in-
cluding abdominal obesity, impaired fasting glucose, ele-
vated blood pressure, hypertriglyceridaemia and low HDL
cholesterol [11]. In addition to the classic five signs men-
tioned above, the metabolic syndrome is associated with
a number of other conditions, including microalbuminuria
[12], fatty liver [13], endothelial dysfunction [14], hyper-
uricaemia [15] and systemic inflammation [16]. While not
all of these signs are necessarily present, they frequently
coexist and appear to be the primary harbinger for the de-
velopment of type 2 diabetes and CV disease [16,17]. In
addition, the presence of metabolic syndrome has recently
been recognized as a risk factor for CKD [18,19].

The aetiology of insulin resistance and the metabolic
syndrome involves both environmental and genetic factors.
The observation that the metabolic syndrome has been as-
sociated with the introduction of Western life style to var-
ious indigenous populations [20] coupled with its rapid
rise suggests the possibility that the introduction of West-
ern diet could be involved in its pathogenesis. In this re-
gard, fructose is a simple sugar that is a component of
table sugar (sucrose) as well as of high fructose corn syrup
(HFCS), which is a sweetener used primarily in the USA.
Fructose consumption has increased markedly worldwide
over the last two centuries and its acceleration in intake
during the last several decades correlates closely with the
rise in obesity and metabolic syndrome [21]. Perhaps most
concerning is the fact that the administration of fructose can
induce most of the features of metabolic syndrome in both
animals and humans [22,23]. This suggests that fructose
intake could have a role in the development of metabolic
syndrome.

Fructose as a means for inducing systemic
inflammation and renal damage progression

Several studies have also documented that fructose can in-
duce inflammation in experimental animals. For example,
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we recently have reported that fructose can induce the ex-
pression of the leukocyte adhesion protein, ICAM-1, in
human aortic endothelial cells [24]. Unlike glucose, fruc-
tose rapidly induced both ICAM-1 mRNA and protein ex-
pression, and this occurred with concentrations of fructose
(1 mM) that are readily achieved in humans following in-
gestion of a large fructose-based meal [21]. The mechanism
was shown to be associated with a reduction in eNOS and
endothelial NO production and could be partially prevented
by administration of an NO donor. Additional evidence of
the relevance of the finding was the demonstration that a
diet in which 20% of the energy was provided as fruc-
tose could increase circulating ICAM-1 levels and induce
ICAM-1 expression in glomerular and peritubular capil-
laries in the rat kidney [24]. This is clinically relevant as
some studies have reported that the adolescents can easily
ingest 15–20% of their energy intake as fructose [25]. Con-
sistent with the studies in experimental animals, Stanhope
et al. have recently reported that the administration of a high
fructose, but not high glucose-based diet to overweight hu-
mans, resulted in an 8% increase in circulating ICAM-1
levels [26].

Fructose can also induce the expression of the
chemokine, monocyte chemoattractant protein-1 (MCP-1),
in several cell types, including human proximal tubular ep-
ithelial cells [27] and human aortic endothelial cells [24].
MCP-1 is recognized as one of the key chemokines in
atherosclerosis and is also considered one of the most im-
portant chemokines mediating the inflammatory response
in CKD. For example, our group recently reported that
rats with remnant kidneys develop progressive CKD in
association with local MCP-1 expression and intrarenal
macrophages accumulation, and that systemic overexpres-
sion of IL-10 can block the MCP-1 response and slow renal
progression [28]. Similarly, in the same rat model, we have
recently slowed the progression of kidney damage by over-
expressing angiostatin, a mediator able to block MCP-1
production and its inflammatory response [29].

The possibility that fructose may accelerate renal dam-
age through its proinflammatory effects was recently inves-
tigated. We pair-fed rats with remnant kidneys a high fruc-
tose, a high glucose (starch) or a control diet for 8 weeks.
Interestingly, the high glucose diet was similar to the con-
trol diet whereas the administration of a high fructose diet
caused rapid worsening of proteinuria, renal function and
more severe glomerulosclerosis [27]. We also documented
a marked increase in intrarenal MCP-1 expression associ-
ated with intrarenal macrophage accumulation [27].

The mechanism by which fructose causes MCP-1 ex-
pression has been studied. Fructose is unique among sug-
ars in that it is taken up in cells by specific transporters
(Glut 5) and then metabolized initially by fructokinase
(KHK) to fructose-1-phosphate. Since the first report in
1968 [30], it is well known that the phosphorylation of fruc-
tose by KHK rapidly depletes liver ATP and inorganic phos-
phates (Pi) and this is a consequence of the sequestration of
phosphates in the phosphorylated intermediary metabolites
such as fructose 1-P and glyceraldehyde-3-phosphate. This
makes Pi unavailable for the oxidative phosphorylation of
ADP to ATP, so that ATP cannot be restored. Moreover,
unlike in glycolysis, where glucokinase and phosphofruc-

tokinase are inhibited by their products and ATP, KHK is
not regulated by negative feedback and so ATP depletion
cannot be prevented. ATP and Pi are important inhibitors
of 5′nucleotidase and AMP-deaminase, the key enzymes
involved in the degradation of AMP to uric acid [30]; in
ATP and Pi depleted conditions, the inhibition of these en-
zymes is removed and their activity is enhanced resulting
in increased degradation of AMP to hypoxanthine, with
subsequent transformation of the latter to uric acid by xan-
thine oxidoreductase (XOR) which catalyses the final step
of purine catabolism [31].

As mentioned above, fructose increases intracellular con-
centration of uric acid, which is subsequently released into
the extracellular environment. Indeed, the administration
of fructose to humans result in an increase in serum uric
acid [32,33]. Fructose intake correlates with serum uric
acid levels and in turn uric acid levels both predict [34]
and are associated with [35] metabolic syndrome. As dis-
cussed below, there is increasing evidence that the rise
in uric acid associated with fructose, and observed in the
metabolic syndrome, may have an important role in driv-
ing systemic inflammation and the progression of renal
damage.

Uric acid, MCP-1 expression, and renal
progression

Uric acid has historically been considered an antioxidant
and as a result has been thought by many to be potentially
beneficial in CV disease [36]. Uric acid can scavenge per-
oxynitrite and iron-based radicals [37]. Indeed, Ames et al.
suggested that uric acid may function as a key antioxidant
molecule that protects against the oxidative stress associ-
ated with ageing and cancer [36].

Nevertheless, when soluble uric acid was added to cul-
tured rat vascular smooth muscle cells, a marked increase in
MCP-1 mRNA and protein was observed [38]. The mech-
anism was shown to involve uptake of uric acid via an
organic anion transport system with stimulation of both
mitogen activated protein (MAP) kinases and stimulation
of the nuclear transcription factors NF-Kappa B and AP-
1 [38,39]. An upregulation of the proinflammatory COX-2
was also shown, as well as of various growth factors includ-
ing PDGF [38]. More recently uric acid was also shown to
stimulate the local renin–angiotensin system and to induce
oxidative stress as noted by a rise in hydrogen peroxide and
8-isoprostane in vascular smooth muscle cells [40]. Interest-
ingly, blocking oxidative stress with N-acetylcysteine was
found to block uric acid stimulated MCP-1 production [38].
How uric acid is stimulating oxidative stress in these cells
remains unclear. However, it may be via the stimulation of
NADPH oxidase, as we have demonstrated that uric acid
can stimulate NADPH oxidase in murine adipocytes [41].

We also examined whether uric acid induced MCP-1
production might occur in the kidney. We found that uric
acid potently induced MCP-1 expression in human prox-
imal tubular epithelial cells [42]. In rats with acute renal
failure experimentally induced with cisplatin, we found that
an acute raising of uric acid concentration could induce a
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Fig. 1. Potential role of inflammatory molecules in fructose/uric acid-related events.

significant increase of renal injury [43]. Indeed, hyperuri-
caemic animals had a worse renal inflammation and greater
intrarenal MCP-1 expression [43]. We also examined the
effect of hyperuricaemia in rats with remnant kidneys [44].
Hyperuricaemic rats also showed markedly worse renal
function and glomerulosclerosis, and this was also asso-
ciated with a greater increase of intrarenal inflammation.
While we did not examine the expression of MCP-1 in the
kidneys of these rats, we did retrospectively find an eleva-
tion in serum MCP-1 that was prevented with allopurinol
treatment [44].

Additional evidence for the proinflammatory effects of
uric acid was demonstrated in human vascular smooth mus-
cle and endothelial cells [45,46]. In these cells we found that
uric acid, at concentrations observed in humans, can induce
CRP mRNA and protein expression and reduce local nitric
oxide generation [46].

Summary

In conclusion, there is increasing evidence that systemic
inflammation may increase the risk for CV outcomes and
the progression of renal disease. One of the key driving
forces for the systemic inflammatory response appears to
be the presence of the metabolic syndrome. In turn, re-
cent studies suggest that excessive intake of fructose may
have a key role in inducing the metabolic syndrome and
that it may be due to the unique role of this sugar to in-
duce ATP depletion and uric acid generation. Furthermore,
it appears that the fructose- and uric acid-mediated effects

may involve the induction of leukocyte adhesion proteins
(ICAM-1) and chemokines (MCP-1) that act in combina-
tion with oxidative stress and endothelial dysfunction to
accelerate the renal lesion. This may theoretically be im-
portant not simply in CKD, but also in acute kidney injury.
It may also represent an important mechanism by which
fructose or uric acid may cause microvascular inflamma-
tion, metabolic syndrome and insulin resistance (Figure 1).
Thus, these studies suggest that we may be able to prevent
and to slow the progression of renal disease by a variety
of novel strategies, including dietary reduction of fructose,
lowering of uric acid or treating downstream events in-
cluding inflammatory proteins (MCP-1, ICAM-1) or the
signalling pathways driving their response.
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