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Metabolic Syndrome and
Uric Acid Nephrolithiasis

Khashayar Sakhaee, MD, and Naim M. Maalouf, MD

Summary: The metabolic syndrome describes a cluster of metabolic features that increases
the risk for type 2 diabetes mellitus and cardiovascular disease. The prevalence of uric acid
nephrolithiasis is higher among stone-forming patients with features of the metabolic syn-
drome such as obesity and/or type 2 diabetes mellitus. The major determinant in the
development of idiopathic uric acid stones is an abnormally low urinary pH. The unduly
urinary acidity in uric acid stone formers increasingly is recognized to be one of the features
observed in the metabolic syndrome. Two major abnormalities have been implicated to
explain this overly acidic urine: (1) increased net acid excretion, and (2) impaired buffering
caused by defective urinary ammonium excretion, with the combination resulting in abnor-
mally acidic urine. New information is emerging linking these defects to changes in insulin
signaling in the kidney. This article reviews the epidemiologic and metabolic studies linking
uric acid nephrolithiasis with the metabolic syndrome, and examines the potential mecha-
nisms underlying the unduly acidic urine in these conditions.
Semin Nephrol 28:174-180 © 2008 Elsevier Inc. All rights reserved.
Keywords: Uric acid nephrolithiasis, urine pH, urine ammonium, insulin resistance,
metabolic syndrome
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he causative mechanisms for uric acid
(UA) stone formation are complex. Uric
acid nephrolithiasis can develop as a re-

ult of congenital or acquired conditions, but
he majority of cases are idiopathic. Patients
ith idiopathic uric acid nephrolithiasis (IUAN)
ossess many of the phenotypic characteristics
f the metabolic syndrome (MS). An abnormally

ow urinary pH, which is conducive to UA pre-
ipitation, has been shown as an invariant fea-
ure in this population. This article reviews the
pidemiologic and metabolic studies linking
UAN with the MS, and the potential mecha-
isms underlying the unduly acidic urine in
hese conditions.
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PIDEMIOLOGY OF URIC ACID
EPHROLITHIASIS AND THE MS

he MS describes a cluster of features that in-
reases the risk for type 2 diabetes mellitus
T2DM) and atherosclerotic cardiovascular dis-
ase.1–3 Several definitions have been proposed
o identify individuals with the MS based on
easurements of obesity, insulin resistance,

lood pressure, and serum lipids.2,4 The MS
ffects up to 25% of the US population, with a
imilar prevalence in other industrialized coun-
ries.1 In addition to its association with T2DM
nd heart disease, the MS also has been linked
ith several renal manifestations such as

hronic kidney disease and uric acid kidney
tones.

The prevalence of kidney stones has in-
reased recently in a number of countries,5–7

n parallel with the growing epidemics of
besity and T2DM.8,9 In large epidemiologic
tudies, obesity, weight gain, and T2DM have
een associated with an increased risk of
ephrolithiasis, although the specific stone
omposition was not available in these re-

orts (Fig. 1).10,11
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MS and UA nephrolithiasis 175
The prevalence of UA stones is influenced
n part by geographic and ethnic diversity. In
ertain regions of the world, including cer-
ain countries in the Middle East, Europe, and
apan, the prevalence of UA stones is higher
han in the United States.12–14 UA stone form-
rs represent 8% to 10% of all nephrolithiasis
atients in the United States.15 Two recent
etrospective studies conducted in the United
tates and Europe have noted a significantly
igher prevalence of UA stones among obese
atients compared with lean kidney stone

ormers.16,17 Additional cross-sectional studies
ave determined that predominantly UA stones
nd mixed UA/calcium stones are found in a
ignificantly higher fraction of nephrolithiasis
atients with T2DM.18–20 Overall, T2DM and

ncreasing body mass index, two of the fea-
ures of the MS, appear to be associated inde-
endently with increased propensity for UA
tone formation (Fig. 2).20 Furthermore, a ret-
ospective survey conducted in a large cohort
f patients from the Dallas Stone Registry
howed a high prevalence of the MS features
mong UA stone formers, including hyperten-
ion, dyslipidemia, glucose intolerance, and

igure 1. The relationship between body weight and
he adjusted relative risk for nephrolithiasis. HPFS, Health
rofessionals Follow-up Study; NHS I, Nurse’s Health
tudy I; NHS II, Nurse’s Health Study II. *Relative risk of
ephrolithiasis adjusted for age, use of thiazide diuretics,
lcohol use, calcium supplement use, and dietary intake
f fluid, animal protein, calcium, magnesium, potas-
ium, sodium, and vitamin C. Body weight: e, less than
50 lb; , 150 to 169 lb; , 170 to 189 lb; , 190 to
20 lb; �, more than 220 lb. Adapted and reprinted with
ermission from Taylor et al.10 Copyright © 2005, Amer-

can Medical Association. All rights reserved.
yperuricemia. r
HYSICOCHEMICAL
HARACTERISTICS OF UA

ammals produce UA as an end product of
urine metabolism. UA then is metabolized by
he hepatic enzyme uricase to the more soluble
llantoin, which then is excreted in the urine.
owever, human beings and higher primates

ack uricase, and because of their inability to
etabolize UA, display serum and urine UA

oncentrations many fold higher than those in
ther mammals.21 Because urinary UA excre-
ion in human beings generally exceeds 600 to
00 mg/d, the limited protonated UA solubility
f 96 mg/L in urine poses a great risk for UA
recipitation.22 Urine pH is another important
eterminant of UA solubility in a urinary envi-
onment because UA is a weak acid with a
issociation constant (pKa) of 5.35 to 5.5 in
rine at 37°C.23 Thus, unduly acidic urine
urine pH � 5.5) leads to precipitation of the
paringly soluble protonated UA, increasing the
redisposition to UA nephrolithiasis. In addi-
ion, UA crystals in urine increase the propen-
ity toward formation of mixed UA and calcium
xalate stones through the process of heteroge-
eous nucleation and epitaxial crystal growth
Fig. 3).24–27 Although urate is more soluble
han protonated UA in the urinary environ-
ent, its solubility also is affected by urinary

ations, with monopotassium urate having a
igher solubility compared with monosodium
rate.26,28 This difference in urate solubility is
he basis for the use of potassium alkali rather

igure 2. Distribution of calcium and UA stones with
espect to body mass index (in kg/m2) and diabetes
ellitus status. BMI, body mass index; DM, diabetes
ellitus. �, Calcium stones; e, UA stones. Adapted and
eprinted with permission from Daudon et al.20
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176 K. Sakhaee and N.M. Maalouf
han sodium alkali in the treatment of UA
tones.29

ATHOPHYSIOLOGY OF
NDULY ACIDIC URINE IN IUAN

hree significant urinary abnormalities have
een described in patients presenting with UA
ephrolithiasis30,31: hyperuricosuria (caused by

ncreased urinary content of UA), low urinary
H (which reduces the proportion of UA in the

orm of soluble urate), and low urine volume
which increases the urinary concentration of
A and urate). In certain disease states, UA
ephrolithiasis is a result of a combination of 2
r more of these risk factors.22,30–32

UAN

he etiologic mechanisms for UA stone for-
ation are complex. UA nephrolithiasis can

evelop as a result of congenital or acquired
onditions, but the majority of cases are idio-
athic.31 IUAN is heterogeneous, and initially
as coined as gouty diathesis33 to describe its

linical–biochemical presentation. It initially
as defined as UA nephrolithiasis that cannot

igure 3. The physicochemical characteristics of UA.
A has a pKa of 5.5. At a urine pH of less than 5.5, the
rinary content of sparingly soluble unassociated UA

ncreases, which precipitates directly to form UA stones
r indirectly induces mixed UA/calcium oxalate stones.
e explained by an inborn error of metabo- 2
ism31,34,35 or secondary causes such as chronic
iarrhea,36 strenuous physical exercise,37 or ex-
essive intake of animal protein.38

IUAN patients comprise the vast majority of
A stone formers, and the most important and

nvariant feature in these patients is a low urine
H.39 Therefore, an unduly acidic urinary pH in
he IUAN population is not related to the envi-
onmental and disease states associated with a
isturbance in the acid–base status. The lower
rine pH is, in part, related to higher body
eight in these patients (Fig. 4).40

Two significant abnormalities have been im-
licated to explain the overly acidic urine in
UAN: (1) increased net acid excretion (NAE)
hat cannot be explained by dietary factors, and
2) impaired buffering caused by defective uri-
ary ammonium excretion, with the combina-
ion resulting in abnormally acidic urine.

NCREASED NAE

ncreased NAE has been described in patients
ith IUAN.39 High NAE may occur as a result of

ncreased endogenous organic acid production
r as a result of dietary influences (such as low

ntake of dietary alkali, or increased consump-
ion of dietary acid). However, dietary factors
lone cannot explain the unduly acidic urine
ecause IUAN patients showed higher NAE ver-
us non–stone-forming controls when both

igure 4. The association between body weight and
rine pH in nephrolithiasis. Urinary pH by sextile of body
eight is shown. Vertical bars indicate mean � SE. —–,
allas; ----, Chicago. Reprinted by permission from Mac-
illan Publishers Ltd: Kidney International, copyright
004.40
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MS and UA nephrolithiasis 177
roups were evaluated while consuming the
ame fixed metabolic diet.39 The pathophysio-
ogic mechanism(s) accounting for the in-
reased NAE have not been elucidated fully,
lthough they may be related to the MS and
nsulin resistance because T2DM patients with-
ut stones as well as IUAN patients appear to
ave greater NAE than nondiabetic, insulin-sen-
itive controls.41

IMINISHED RENAL
MMONIUM EXCRETION

ncreased NAE cannot alone explain the more
cidic urine because buffers in urine can buffer
he excess acid. Ammonium is an important
rinary buffer,42 and renal ammonium produc-
ion and excretion are regulated by the ambient
cid–base environment. Patients with IUAN
how reduced ammonium excretion under a
tandard metabolic diet, a defect that is ampli-
ed after an acute acid load.39 The ratio of
rinary ammonium excretion to NAE (NH4

�/
AE ratio) also has been used to describe uri-
ary ammoniagenesis in the face of acid intake,
nd this ratio is lower in IUAN patients than in
ontrol subjects.39 These findings are consistent
ith a defect in renal ammoniagenesis that leads

o impaired buffering, and that further amplifies
he acidic urine caused by the increased NAE.
efective renal ammoniagenesis and low urine
H may be a feature of the MS in general rather
han isolated to IUAN patients; non–stone-form-
ng individuals with increasing number of features
f the MS have progressively lower urine pH and
H4

�/NAE ratio (Fig. 5).43

ELLULAR MECHANISMS

besity is associated with insulin resistance as
ell as a low urine pH.40,44 A previous study

eported a high prevalence of obesity, T2DM,
nd glucose intolerance in IUAN subjects.39 Ev-
dence supporting a mechanistic connection
etween peripheral insulin resistance and the

ow urinary pH and ammonium was shown in
etabolic studies using the hyperinsulinemic

uglycemic clamp technique.45 Furthermore, in
study conducted in lean normal subjects un-

er a standard metabolic diet, urinary ammo-

ium excretion increased significantly during s
he hyperinsulinemic phase of the clamp
tudy.45 These studies support the premise that
nsulin resistance potentially plays a principle
ole in urinary acidification.

Insulin receptors are expressed widely in var-
ous segments of the kidney, including vascula-
ure, glomerulus, and renal tubular epithelium
ells.46,47 Experimental studies in vitro have
hown the stimulatory role of insulin in ammo-
iagenesis.48,49 Moreover, insulin stimulates the
enal tubular sodium–hydrogen exchanger, so-
ium hydrogen exchange isoform 3 (NHE3),50 in
art via the conventional PI3K–SGK1 path-
ay.51 Because NHE3 plays a significant role in

he direct transport or trapping of ammonium
n the renal tubular lumen,52 resistance to insulin
as in the MS) may lead to reduced renal ammo-
ium excretion. Alternatively, increased circulat-

ng free fatty acid, which often is found in the MS,
ay serve as a substitute substrate for glutamine,

hereby reducing the proximal renal tubular cell
tilization of glutamine and renal ammoniagen-
sis.53

ENAL LIPOTOXICITY

nder normal circumstances, when caloric in-
ake matches caloric utilization, most triglycer-
des are deposited into adipocytes.54,55 With the
isturbance of this tightly regulated homeo-

igure 5. The inverse association between 24-hour
rinary pH (�) and the ratio of urinary ammonium to
AE (●) with the number of features of the MS in 148
on–stone-forming individuals. (Significant linear
rend for both parameters, P � .005.) Urine pH is
hown as mean � SE. Urine NH4

�/NAE is shown as
edian and interquartile range. Reprinted with per-
ission from Maalouf et al.43
tatic mechanism, triglycerides are redistrib-
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178 K. Sakhaee and N.M. Maalouf
ted to and accumulated within parenchymal
ells of the liver, cardiomyocytes, skeletal myo-
ytes, and pancreatic � cells.56–60 The process
f fat accumulation in tissues other than adipo-
ytes is termed lipotoxicity.55 In human sub-
ects, fat redistribution to nonadipocyte tissue is
ssociated with impaired insulin sensitivity,57

ardiac dysfunction,59 and steatohepatitis.56,61

hether renal lipotoxicity in patients with the
S contributes to an alteration in insulin signal-

ng pathways and consequently influences en-
ogenous acid production and reduces renal
mmoniagenesis has not yet been studied.

HE ROLE OF INHIBITORS AND
ROMOTERS IN UA STONE FORMATION

s described previously, the physicochemical
actor that is most invoked as the culprit for UA
tone formation is unduly acidic urine. How-
ver, a urine pH of less than 5.5, an invariant
eature in subjects with IUAN, also is present in

subset of patients with the MS who do not
orm kidney stones.43 One possibility is that
ome of the MS patients have asymptomatic UA
tones. Alternatively, it is plausible that the lack
f an inhibitor or the presence of a promoter
or UA crystal growth in urine may, in part,
ccount for the difference in the propensity for
tone formation between these 2 populations.
ther than pH-dependent solubility, the exist-

ng literature is scanty on factors that might be
nvolved in UA stone formation. In vitro exper-
ments have identified macromolecules that in-
ibit the adhesion of UA crystals to renal epi-
helial cells, indirectly suggesting an inhibitory
ole of these compounds against UA precipita-
ion.62 In one case-control study, patients
ith IUAN had reduced urinary glycosamino-

lycan excretion compared with non–stone-
orming controls.63 Additional studies are needed
o identify which factors, in addition to low
rine pH, are necessary for the formation of UA
tones.

ONCLUSIONS

he prevalence of kidney stone disease is esca-
ating in the United States, in parallel with the
ncrease in obesity.5–7 UA stones in particular

re associated with the MS and T2DM.19,20 Re-
ent studies have shown that unduly acidic
rine found in IUAN subjects is one of the
haracteristics associated with the MS. Potential
echanisms implicated in the development of

his excessive urine acidity include increased
AE and defective ammonium excretion.
merging data suggest that these disturbances
re a result of defective insulin signaling and/or
ossibly renal lipotoxicity. Finally, it appears
hat low urinary pH is necessary but not suffi-
ient for UA stone formation because only a
raction of individuals with the MS and low
rine pH develop UA nephrolithiasis. This sug-
ests that, in addition to low urine pH, addi-
ional factors, possibly the presence of urinary
romoters or the absence of inhibitors of UA
rystallization, are needed for the formation of
A stones.
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