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Abstract
Despite the advances in the management of patients with diabetes, diabetic nephropathy (DN)
remains the most common cause of end stage renal disease (ESRD) in the US and worldwide.
Inflammation and endothelial dysfunction appear to play a central role in the onset and the
progression of DN. Recent evidence has emerged in the last decade to suggest uric acid is an
inflammatory factor and may play a role in endothelial dysfunction. This has lead our group and
others to explore the role of uric acid in the onset and progression of DN. In this review, we will
highlight some of the animal and human studies that implicate uric acid in DN. Based on the
evidence we review, we conclude the need for properly planned randomized controlled studies to
lower uric acid levels and assess the impact of such therapy on diabetic kidney disease.

Introduction
Diabetic nephropathy (DN) is the most common cause of chronic kidney disease in the US
and worldwide (1–2). Unfortunately, in the wake of the current epidemic of diabetes
mellitus (DM), the prevalence of DN and ESRD are projected to rise (3). Different
therapeutic strategies targeting DN have been explored such as tight glycemic control (4),
tight blood pressure control (5), and various inhibitors of the renin angiotensin aldosterone
system (RAAS) (6–8). While these therapies appear to slow the progression of kidney
disease due to diabetes, none of them are curative. Hence there is a pressing interest to
identify other potentially modifiable factors in the progression of DN.

Over the last 2 decades, an ample amount of scientific evidence has been generated and
testifies to the role of cytokines in diabetic nephropathy (9–15). Specifically,
hemodynamically- induced activation of transforming growth factor β-1 (TGFβ-1) appears
to play a major role in mesangial expansion (16–18); in concert with the induction of ECM
production (17, 19–24). Several biochemical mechanisms have been identified to explain the
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adverse effects of hyperglycemia on the kidney, including protein kinase C (PKC), the
(mitogen activate protein) MAP kinase pathway, in addition to activation of the polyol
pathway, increased accumulation of advanced glycation products, and oxidative stress (25–
31). Despite the strides that we have made in understanding the factors that contribute to the
evolution and the progression of diabetic kidney disease, this growing knowledge has yet to
culminate in new therapeutic approaches. This is partially due to the extreme complexity of
the underlying process. But also, some potent mediators of diabetic kidney disease are not
viable or safe therapeutic targets. For example, as enticing as it has been to target TGFβ-1
for the treatment of diabetic nephropathy, TGFβ-1 carries out multiple vital biologic
functions (32–33). Importantly, it is a primary regulator of the immune system (34–35) and
mice with targeted disruption of TGFβ-1 gene die within weeks of birth due to a generalized
wasting syndrome characterized by multifocal mixed inflammatory cellular response and
tissue necrosis (36). This explains the apprehension towards inhibiting TGFβ-1 in humans
and illustrates the need for other potentially modifiable factors in DN. One such factor that
has made it onto the scene in recent years is uric acid.

Uric Acid
Uric acid (Urate) is synthesized in the liver from purine compounds provided by the diet or
by the endogenous pathway of purine synthesis de novo. Some uric acid is also produced in
peripheral tissues, especially the intestine and kidney. Uric acid that is produced in the liver
is released into the circulation in its soluble form (monosodium urate), which is readily
filtered by the glomerulus. The proximal tubular cells of the kidney reabsorb most of the
uric acid resulting in a normal fractional excretion of approximately 10% (37). Uric acid
accumulation beyond its solubility point (6.8 mg/dL) in water defines hyperuricemia. In
general, hyperuricemia develops due to uric acid overproduction, undersecretion, or both
(37). It is widely accepted that when uric acid levels are chronically elevated beyond their
physiological levels, uric acid deposits in the joints and soft tissues leading to inflammatory
arthritis and tophi (gout). Lowering uric acid levels is key to preventing recurrent acute gout
attacks (38). Serum uric acid levels have also increased in Western populations where they
have been found to predict the development of insulin resistance and diabetes (39–40). The
potential causal relationship between uric acid and other conditions such as chronic kidney
disease, however, remains controversial.

Some authors indicate that uric acid is a potent antioxidant, and in a few studies when uric
acid was administered acutely it appeared to improve endothelial function (41–43). Other
experimental evidence however suggests that uric acid may induce oxidative stress once it
enters cells, and as such it may be a mediator of disease (44). Consistent with this latter
observation, data by our group demonstrates that even mild hyperuricemia, induced by the
administration of a uricase inhibitor, causes endothelial dysfunction (45) that resolves once
uric acid levels are lowered. These findings when viewed in light of the importance of
endothelial dysfunction in the progression of DN prompted us to hypothesize that uric acid
plays a role in diabetic induced kidney disease.

Potential Mechanisms by which Uric Acid could Mediate DN
Uric acid has several reported effects by which it may cause DN illustrated in Figure 1,
including endothelial dysfunction, increased activity of the RAAS, and induction of
inflammatory cascades, in addition to profibrotic cytokine activation all of which have been
demonstrated to contribute to progression of microvascular disease and thereby renal injury
in DN.

The effects of uric acid on the endothelium are subject of a contentious debate. On the one
hand, uric acid has been shown to decrease nitric oxide (NO) production by endothelial cells
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in vitro (44), and it does so in association with increased CRP expression (46). Uric acid can
also react with NO irreversibly leading to the formation of 6- aminouracil and may thus lead
to NO depletion (47). Furthermore, hyperuricemic rats develop endothelial dysfunction (as
noted by reduced urinary nitrites), and if given early, L-arginine supplementation, can
prevent both the systemic and glomerular hypertension in experimental hyperuricemia (48–
49). These data by our group and others suggest that uric acid leads to endothelial
dysfunction. On the other hand however, some studies suggest that oxidative stress due to
increased xanthine oxidase activity rather than uric acid is the major factor contributing to
endothelial dysfunction. An example of such findings can be found in 2 double- blind
placebo- controlled studies by George et al. (50). Patients with congestive heart failure were
randomized in the first study to allopurinol or placebo and in the second study to probenecid
(a uricosuric agent) or placebo. Both treatment arms in both studies had lower serum uric
acid levels, but endothelial function improved only in the study where allopurinol was
administered. Direct comparisons between the allopurinol and the probenecid groups were
not conducted in this study, hence, it remains unclear if the favorable outcomes noted with
allopurinol treatment are secondary to xanthine oxidase inhibition, lowering uric acid, or
perhaps both.

In the kidney, experimental hyperuricemia causes an afferent renal arteriolopathy and
tubulointerstitial fibrosis. This effect is largely mediated by activating the RAAS, as the
renal injury was reversed with angiotensin converting enzyme inhibitors or angiotensin II
receptor blockers but not with thiazide therapy despite all treatments lowering blood
pressure (51). In this study, uric acid was shown to induce vascular smooth muscle
proliferation in vitro as well, and similar to the findings in the animal kidneys, the effects of
uric acid on vascular smooth muscles was reversible with the use of losartan. In addition to a
direct role for uric acid in the vasculature, such data suggest uric acid effects are mediated at
least partially by activation of the RAAS.

On the inflammatory front, uric acid induces the interstitial inflammation and the local
expression of chemokines such as MCP-1 in the kidney (52–53), as well as COX-2 in the
blood vessels (53). A direct role for uric acid in inducing inflammation is further supported
by the findings that when infused into mice, uric acid increases cytokine production (TNF-α)
(54). In humans with CKD, withdrawal of uric acid lowering therapy has been reported to
increased urinary TGFβ-1 suggesting that hyperuricemia may contribute to the fibrotic
process in patients with kidney disease (55). In addition to stimulating TGF β-1 production,
hyperuricemia may activate its downstream targets. Although the transcriptional effects of
TGFβ-1 are generally mediated by a group of proteins; the Smads (56), the expression of
certain TGFβ-1-induced genes is mediated via the mitogen activate protein (MAP) kinase
pathway (57). This pathway has also been reported to mediate uric acid effects in cell
culture (58). Although the results of these studies need confirmation, such findings raise the
possibility that treatment of hyperuricemia may provide a safe venue for alleviating
cytokine- mediated kidney disease progression.

Uric Acid in Animal Models of Diabetic Nephropathy
Despite the wealth of evidence linking uric acid to inflammation and endothelial
dysfunction, animal studies evaluating the role of uric acid in DN are sparse. This is
interesting considering the critical role that endothelial dysfunction is known to play in
diabetic kidney disease (59). Kosugi et al. explored the involvement of uric acid in DN in a
recent study (60). In this particular study allopurinol was used to lower serum uric acid
levels of diabetic (db/db) mice and to assess the downstream effects of this treatment on DN.
We found that this model of type II DM develops hyperuricemia in conjunction with
albuminuria, mesangial matrix expansion, and mild tubulointerstitial disease. Allopurinol
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significantly lowered uric acid levels, in addition to reducing albuminuria and
tubulointerstitial injury. There was no effect on mesangial expansion. Allopurinol at the
dose used (30 mg/kg/day) did not reduce oxidative stress in the kidney, but rather it reduced
intercellular adhesion molecule 1 (ICAM-1) expression by the tubular epithelial cells. In
vitro, uric acid directly induced ICAM expression in proximal tubular cells. The findings of
this study strongly suggest uric acid is a mediator of inflammation and tubular injury in DN
and that therapies aimed at lowering uric acid levels may be of benefit in human disease.

Other groups have also reported findings consistent with our results including evidence that
uric acid inhibits proximal tubular cellular proliferation in vitro (61). This inhibitory effect
of uric acid appears to be mediated by signaling pathways ultimately affecting cytoplasmic
phospholipase A2 and the inflammatory transcription factor nuclear factor κ B (NF-κB).

Uric Acid as a Predictor of Human Disease
Understanding the relationship between uric acid and kidney disease in humans has been
complicated by the fact that uric acid levels are elevated in patients with chronic kidney
disease (CKD) due to a variety of factors including reduced GFR and diuretics use in
patients with CKD (62). Even early decline in renal function is associated with an increase
in serum uric acid levels (63) creating a major confounder in the interpretation of many
observational studies. Another major limitation of observational studies lies with uric acid
being a product of xanthine oxidase activity. Xanthine oxidase, in addition to generating uric
acid, generates reactive oxidative species. Uric acid in such instances may be a marker of
oxidative stress. Further complicating the debate, although many studies have shown
increased uric acid levels are predictive of incident CKD and of CKD progression (64–68),
some studies have not (69–71).

Notwithstanding the limitations of observational studies, several have examined uric acid as
a risk factor for DN. Hovind et al. (72) at the Steno Diabetes Center explored the association
between uric acid levels and micro- and macro- albuminuria in patients with type 1 DM.
They enlisted 263 individuals with newly diagnosed type 1 DM between 1979 and 1984.
During a median follow up of 18.1 years, 8.7% of their patients developed persistent macro-
albuminuria. Although there was no association between serum uric acid levels and
microalbuminuria in this study, the investigators found baseline uric acid levels were
predictive of persistent macro-albuminuria; hazard ratio for the development of macro-
albuminuria was 2.37 (95% C.I. 1.04–5.37) for every 100 μmol/L (equivalent to 1.7 mg/dl)
increase in serum uric acid levels (P= 0.04) (Figure 2).

Similarly, we explored the association between uric acid and DN in participants of the
Coronary Artery Calcification in Type 1 Diabetes (CACTI) Study (73). The study enrolled
1416 individuals between 19 and 56 years of age, with no known history of coronary heart
disease: 652 participants with type 1 DM and 764 control participants without DM and
followed them for 6 years. Our analysis revealed that baseline serum uric acid levels predict
micro- or macro- albuminuria after a 6 years follow up period of 324 participants in this
study; we reported that for every 1 mg/dL increase in serum uric acid levels, there was an
80% increased risk of developing DN (odds ratio 1.8; 95% C.I. 1.2–2.8; P= 0.005).

In addition to the above mentioned prospective studies linking uric acid to albuminuria,
Ficociello et al. (74) investigated the impact of baseline serum uric acid levels on early
decline in glomerular filtration rate (GFR) in patients with type 1 DM. They evaluated data
of 355 participants in the Second Joslin Study on the Natural History of Microalbuminuria
in Type 1 Diabetes. Over a follow up period of 6 years, they observed a significant
association (P < 0.0002) between uric acid levels (within the normal range) and early GFR
loss defined as cystatin C calculated GFR loss of > 3.3% per year.
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Interventional Studies and progression of diabetic nephropathy
In contrast to the large number of observational studies examining the relation between uric
acid and CKD, the number of interventional studies assessing the role of uric acid lowering
therapy in slowing CKD progression is scant. One study by Siu et al. randomized 54 patients
with various causes of CKD at various stages of the disease (CKD stages 2–4) to allopurinol
versus control. At the end of the 12 month follow up period, a significantly larger number of
participants in the control group achieved the combined end point of increased serum
creatinine >40%, dialysis, or death; 16% vs 46% (P 0.015). Caution needs to be exercised in
interpreting the results of this study. Although these findings suggest allopurinol therapy to
lower serum uric acid levels would be of value in patients with CKD, it is important to note
this was a small study and included a handful of patients with diabetic nephropathy (6 in the
allopurinol group vs 7 in the control group).

More recently Goicechea et al. conducted a prospective study in 113 patients with CKD
(75). Similar to the study by Siu et al, it lacked a placebo arm, but patients were randomized
to either control or allopurinol and followed for 2 years. At the end of the study follow up
period, the investigators found that estimated GFR decreased 3.3 ± 1.2 ml/min per 1.73 m2

in the control group as opposed to estimated GFR increased 1.3 ± 1.3 ml/min per 1.73 m2 in
the allopurinol group (P = 0.018). This study also enlisted a small number of patients with
diabetic kidney disease.

We found one interventional study by Momeni et al. that was a double blind randomized
placebo controlled trial that evaluated the impact of lowering uric acid on DN (76). Forty
patients with type 2 DM were randomized to receive either allopurinol or placebo and the
patients’ proteinuria was monitored. In addition to lowering serum uric acid levels, 24 hour
urinary protein excretion was reduced in the treatment group after a 4- month follow up
period. This study has many limitations including the small number of patients, the short
duration of follow up, and the lack of assessment of kidney function, but indicates that low
dose allopurinol is safe in patients with DN and suggest that the effects of allopurinol on
proteinuria are complementary to traditional DN treatment since all participants were either
on an angiotensin converting enzyme inhibitor or an angiotensin receptor blocker.

Of interest is a post hoc analysis of the Reduction of Endpoints in Non-Insulin-Dependent
Diabetes Mellitus With the Angiotensin II Antagonist Losartan (RENAAL) (77). Losartan in
addition to lowering blood pressure and reducing proteinuria has a uric acid lowering effect.
This analysis aimed to assess if some of the reported benefit of losartan on renal outcomes in
RENAAL was due to the uric acid lowering effect of losartan by determining the relation
between the change in serum uric acid levels in the first 6 months of the study and the
composite outcome of doubling of serum creatinine or end stage renal disease. The authors
reported that the renoprotective effect of losartan was attenuated from 22% to 17% after
adjusting for the treatment effect on uric acid levels, supporting the hypothesis that uric acid
may be a modifiable contributor to CKD progression.

Despite the promising results of these studies, in the absence of a randomized, adequately
powered, placebo- controlled study, it remains unknown if treatment of asymptomatic
hyperuricemia is implemental in slowing CKD progression in patients with DN.

Uric acid and mortality in patients with diabetic kidney disease
End stage renal disease is a much feared complication of CKD in general and DN
specifically, yet longitudinal follow up demonstrates that patients with CKD are more likely
to die from a cardiovascular event prior to requiring dialysis or kidney transplantation (78)
and multiple studies have shown CKD to be an independent risk factor for cardiovascular
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events and mortality (79–83). Although patients with CKD have a higher prevalence of
traditional (Framingham) risk factors for cardiovascular disease (84–85), the increased risk
of cardiovascular disease in this patient population is only partially explained by the
traditional risk factors of the general population (86). Several nontraditional risk factors may
play a role in the development and progression of accelerated atherosclerosis noted in
individuals with CKD.

Uric acid has been proposed to contribute to cardiovascular disease in this patient
population, and a few studies have examined the correlation between hyperuricemia and
cardiovascular disease in CKD (71, 87–90) with conflicted findings. Except for the study by
Madero et al. that analyzed data from the Modification of Diet in Renal Disease (MDRD)
study (71), most of these studies included patients with diabetes (87–90), and 2 were
conducted in patients with ESRD on dialysis (87–88). These studies in patients with ESRD
identified a J- shaped association between serum uric acid levels and mortality where high
as well as low serum uric acid levels were poor predictors of outcomes. The negative impact
of low serum uric acid levels may be related to poor nutritional status or to loss of the
antioxidant qualities of uric acid in a high risk population.

The association between serum uric acid levels and coronary artery disease is not well
studied in the literature with only few reports. In 1993, Rathman et al. reported a positive
correlation between serum uric acid levels and coronary artery disease in women (91) in a
study involving 7847 patients with type I and type II diabetes. More recently, we found that
serum uric acid levels are predictive of progressive coronary calcification in patients with
type I diabetes. Baseline serum UA predicted CAC progression with an odds ratio of 1.30
for each 1 SD change [0.2 mg/dL] ([95% CI 1.07–1.58], P = 0.007). This was noted only in
the absence of significant CKD, but the small number of patients with CKD in this study
(n=105) likely precluded the identification of such a relationship in patients with CKD.

Similar to CKD progression, the potential impact of lowering uric acid on cardiovascular
disease and events in patients with diabetes is not known. In the study by Goicechea et al.
(75), in addition to reducing the risk of CKD progression, allopurinol therapy seemed to be
associated with reduced cardiovascular risk, although the results of this study should be
interpreted with caution as it included only 113 participants. The potential for modifying
cardiovascular risk in patients with CKD is furthered by a recent study of 67 patients with
CKD (53 of whom completed and study) (92). Despite the small n, this was a randomized
double- blinded placebo- controlled study where patients were followed for 9 months. At the
end of the study, allopurinol significantly reduced left ventricular hypertrophy (P = 0.036),
improved endothelial function (P = 0.009), and improved the pulse wave velocity (P =
0.015) suggesting a potential role for allopurinol in CKD. Of note, similar to many of the
studies discussed above, this study had only 6 patients with diabetes. Further studies are
needed to address the potential cardiovascular benefit from lowering serum uric acid levels
in patients with DN.

Conclusion
DN is a complex disease. Several therapeutic options are available for the treatment of
patients with DN, however the disease remains incurable. There is evidence that directly
links uric acid to the progression of kidney disease in DM. While more studies are needed to
further understand the role of uric acid in DN, the potential for modifying chronic kidney
disease in diabetic patients by lowering serum uric acid levels is demonstrates promise and
should be tested in well designed randomized controlled studies in the future. Such studies
should also evaluate the impact of lowering uric acid levels on cardiovascular events and
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mortality, considering the high burden of cardiovascular disease and mortality in patients
with DN.
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Figure 1.
Mechanisms by which uric acid may cause diabetic nephropathy.
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Figure 2.
Figure from Hovind et al. (Diabetes. 2010 Oct;59(10):2695) (72). Cumulative incidence of
persistent macroalbuminuria in 263 type 1 diabetic patients with onset of diabetes from 1979
to 1984. Divided by quartiles of uric acid 3 years after onset of type 1 diabetes, comparing
patients with uric acid in highest quartile (> 249 umol/l) with patients with uric acid in lower
3 quartiles (< 249 umol/l); P value 0.006.
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