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Low Urine pH: A Novel Feature of the Metabolic Syndrome

Naim M. Maalouf,*" Mary Ann Cameron,*" Orson W. Moe,*" Beverley Adams-Huet,™ and
Khashayar Sakhaee’

*The Charles and Jane Pak Center for Mineral Metabolism and Clinical Research and Departments of "Internal
Medicine and *Clinical Sciences, University of Texas Southwestern Medical Center, Dallas, Texas

Background and Objectives: The metabolic syndrome is associated with alterations in renal function. An overly acidic urine
has been described as a renal manifestation of the metabolic syndrome in patients with kidney stone disease. This study
examined the association between the metabolic syndrome and urine pH in individuals without a history of nephrolithiasis.

Design, Setting, Participants, & Measurements: A total of 148 adults who were free of kidney stones were evaluated in this
outpatient cross-sectional study. Height, weight, BP, fasting blood, and 24-h urine chemistries were obtained. Urine pH was
measured by pH electrode. The following features of the metabolic syndrome were evaluated: BP; body mass index; and serum
triglyceride, glucose, and HDL cholesterol concentrations. The degree of insulin resistance was assessed by the homeostasis
model assessment of insulin resistance.

Results: Participants with the metabolic syndrome had a significantly lower 24-h urine pH compared with participants
without the metabolic syndrome. Mean 24-h urine pH, adjusted for age, gender, creatinine clearance, and 24-h urine sulfate,
decreased from 6.15, 6.10, 5.99, 5.85, to 5.69 with increasing number of metabolic syndrome abnormalities. An association was
observed between 24-h urine pH and each metabolic feature. After adjustment for age, gender, creatinine clearance, urine
sulfate, and body mass index, a significant inverse relationship was noted between 24-h urine pH and the degree of insulin
resistance.

Conclusions: An unduly acidic urine is a feature of the metabolic syndrome and is associated with the degree of insulin

resistance.

Clin ] Am Soc Nephrol 2: 883-888, 2007. doi: 10.2215/CJN.00670207

he metabolic syndrome (MS) is characterized by a con-

stellation of metabolic features including dyslipidemia,

hyperglycemia, hypertension, obesity, and insulin re-
sistance (1,2). This cluster of features is strongly associated with
type 2 diabetes, atherosclerotic cardiovascular disease, and in-
creased cardiovascular and all-cause mortality (3,4). Alterations
in renal homeostatic mechanisms have also been associated
with the MS and its features (5-7). Sodium and uric acid reten-
tion are linked to insulin resistance (7-9), whereas a renal
hyperhemodynamic state has been ascribed to obesity (10).
Moreover, an association between MS and chronic kidney dis-
ease (CKD) was recently described; patients with increasing
features of the MS had a greater incidence and prevalence of
CKD (11,12).

Another novel renal manifestation of the MS may be an
overly acidic urine. This finding was first described in uric acid
kidney stone formers, the majority of whom were afflicted with
the MS (13). Furthermore, an unduly acidic urine was recently
demonstrated in non-stone-forming patients with type 2 dia-
betes (14). This cross-sectional study extends these findings and
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examines the relationship between urinary acidity and multiple
features of the MS across a wide range of non—stone-forming
individuals.

Materials and Methods
Study Participants

We used local advertisements to recruit volunteers who were willing
to participate in the study. Inclusion criteria were age >21 yr and
ability to provide informed consent. We wished to evaluate individuals
with a wide range of body weight; therefore, body weight and/or body
mass index (BMI) was not used for the inclusion/exclusion criteria.
Excluded from the study were individuals with conditions that are
known to alter urine pH, such as CKD (defined by creatinine clearance
<70 ml/min [<1.17 ml/s]), renal tubular acidosis, chronic diarrheal
illness, kidney stone disease (by history), primary hyperparathyroid-
ism, or urinary tract infections. Participants were instructed to hold any
medications that are known to influence urine pH (e.g., alkali therapy,
diuretics) for 1 wk before the study. Individuals with type 2 diabetes
were allowed to participate if they were not taking insulin or thiazo-
lidinediones. The study was approved by the institutional review board
at the University of Texas Southwestern Medical Center (Dallas, TX).

Data Collection and Measurements

All participants collected a 24-h urine sample under mineral oil, and
the urine container was kept refrigerated or maintained in an ice chest
during collection. At the end of the urine collection, the participants
had fasting blood drawn, and height, weight, and BP were measured.
The American Heart Association/National Heart, Lung, and Blood
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Institute updated the definition of the metabolic syndrome in 2005 (15)
to the presence of three or more of the following: (1) An elevated fasting
blood glucose (=100 mg/dl, =6 mmol/L) or drug treatment for ele-
vated glucose; (2) an elevated BP defined as systolic BP (SBP) >135
mmHg, diastolic BP >85 mmHg, or drug treatment for hypertension;
(3) elevated fasting serum triglycerides defined as >150 mg/dl (>1.70
mmol/L) or drug treatment for hypertriglyceridemia; (4) low fasting
serum HDL cholesterol <50 mg/dl (<1.30 mmol/L) in women and
<40 mg/dl (<1.04 mmol/L) in men or drug treatment for low HDL;
and (5) abdominal obesity defined as waist circumference >88 cm in
women and >102 cm in men. Because waist circumference was not
available for many individuals, a BMI of =30 kg/m” was used as an
index of obesity. BMI is considered a satisfactory substitute for waist
circumference because the two parameters are highly correlated (16).
BMI has been used instead of waist circumference in modified criteria
for the definition of the MS in several previous studies (17,18). Insulin
resistance was calculated from fasting glucose and insulin measure-
ments using the homeostasis model assessment for insulin resistance
(HOMA-IR) (19,20).

Analytical Procedures

Serum electrolytes, glucose, triglycerides, total and HDL cholesterol,
creatinine, and uric acid concentrations were measured using an auto-
mated system (Beckman CX9ALX, Fullerton, CA). Urine pH was mea-
sured by pH electrode. Urine creatinine was determined using the
picric acid method, and endogenous creatinine clearance was calcu-
lated from values of creatinine in the serum and urine. Urine sulfate
was evaluated by ion chromatography. Urine bicarbonate (HCO; ™) was
calculated from urine pH and Pco,. Urine ammonium (NH,") was
determined by the glutamate dehydrogenase method, and urine titrat-
able acidity was measured directly using the automated burette end
point titration system (Radiometer, Copenhagen, Denmark). Urine ci-
trate was evaluated enzymatically using reagents from Boehringer-
Mannheim Biochemicals (Indianapolis, IN), and milliequivalents of
citrate were calculated from urine pH and a pKa of citrate® /citrate®~
of 5.6. Urine net acid excretion (NAE) was calculated as urine (NH, " +
titratable acidity) — (citrate + HCO;"), all in milliequivalents. The
proportion of net acid excreted as ammonium is described by the ratio
of NH," to NAE (NH,"/NAE). Serum insulin was assessed by ELISA
(Mercodia, Metuchen, NJ).

Statistical Analyses

Categorical comparisons were performed using the x* test. Serum
triglycerides and HOMA-IR were log-transformed before statistical
analyses. For normally distributed continuous variables, comparisons
of participants with and without MS were made with two-sample ¢ test.
For urine NH,* /NAE, the Wilcoxon rank sum test was used. Tests of
linear trend were conducted by one-way ANOVA with polynomial
contrasts. The urine NH,"/NAE trend was analyzed with the Jonck-
heere-Terpstra test. Analysis of covariance models were used to exam-
ine the relationship between urinary pH with the number of MS ab-
normalities and for assessing each MS feature while adjusting for the
potential confounding effects of covariates. BMI, age, gender, urine
sulfate, and creatinine clearance were included as covariates. Statistical
analyses were performed using SAS 9.1.3 (SAS Institute, Cary, NC).

Results
Demographic Characteristics

A total of 148 individuals participated in the study. The
demographic characteristics of the entire cohort are shown in
Table 1. The average age (=SD) was 44 * 14 yr, and the mean
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Table 1. Characteristics of study participants®

Characteristic Value

No. of participants 148
Gender (male/female; 1 [%]) 66/82 (45/55)
Race (white/black/Asian/Hispanic) 89/34/13/12
Age (yr; mean * SD) 44 + 14
Height (cm; mean + SD) 168 = 10
Weight (kg; mean = SD) 80 * 21
BMI (kg/m? mean = SD) 284 + 6.7
Elevated BMI (1 [%])° 50 (33.8)
Elevated fasting blood glucose (1 [%]) 53 (35.8)
Elevated triglycerides (n [%]) 37 (25.0)
Low HDL (1 [%]) 70 (47.3)
Elevated BP (n [%]) 50 (33.8)
No. of MS features (median [IQR]) 1(1to3)
MS (n [%]) 44 (29.7)

*BMI, body mass index; IQR, interquartile range; MS,
metabolic syndrome.
"Defined as BMI =30 kg/m?>.

BMI was 28.4 * 6.7 kg/m?. The average number of MS features
was 1.76 *= 1.51, and 29.7% of the cohort met the definition of
the MS.

Urine pH and the MS

The demographic and metabolic characteristics of partici-
pants with (MS+) and without (MS—) the MS are shown in
Table 2. There was no significant difference in the racial distri-
bution between MS+ and MS— participants. MS+ participants
were significantly older and had significantly greater BMI, SBP
and diastolic BP, and serum glucose and triglycerides. Partici-
pants with the MS had a significantly lower 24-h urine pH
compared with participants without the MS (5.71 * 0.47 versus
6.11 + 0.42; P < 0.001). This significant difference in urine pH
between MS+ and MS— participants was noted in both gen-
ders. The 24-h urine potassium was not different between the
two groups. MS+ participants had significantly greater NH,™
and NAE, although NH,"/NAE was significantly lower than
in MS— participants.

Urine pH and Features of the MS

Participants were further classified according to the number
of metabolic abnormalities (Table 3). Mean urine pH according
to the number of characteristics of the MS is shown in Table 3.
Mean 24-h urine pH values decreased with increasing number
of MS features (from 6.19, 6.14, 5.96, 5.83 to 5.60; P < 0.0001 for
trend). Age, creatinine clearance, and 24-h urine sulfate (a
surrogate for dietary acid ingestion) were also significantly
correlated with urine pH in univariate analysis (P < 0.05).
These variables were included in a multivariate model to ex-
amine the relationship between urine pH and the MS. Mean
24-h urine pH adjusted for age, gender, creatinine clearance,
and urine sulfate decreased from 6.15, 6.10, 5.99, 5.85, to 5.69
with increasing number of metabolic abnormalities (P < 0.005
for trend; Figure 1).
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Table 2. Biochemical features in participants with and without the MS*

Urine pH and the Metabolic Syndrome
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Parameter MS— MS+ (MS -+ ve;ius MS-)

No. of participants 104 44

Gender (female/male; %) 59/41 47/53 0.22
Race (white/black/Asian/Hispanic; %) 61/22/11/6 57/25/5/13 0.28
Age (yr; mean * SD) 41 £ 13 51 +£13 <0.001
BMI (kg/m? mean * SD) 256 £ 5.6 342 *+54 <0.001
Glucose (mg/dl; mean = SD)® 92 +13 118 = 37 <0.001
Triglycerides (mg/dl; median [IQR])¢ 76 (51 to 109) 175 (91 to 221) <0.001
HDL cholesterol (mg/dl; mean * SD)4 52 =13 40 = 8 <0.001
Systolic BP (mmHg; mean = SD) 118 = 15 135 = 21 <0.001
Diastolic BP (mmHg; mean * SD) 74 £ 10 83 = 11 <0.001
HOMA-IR (median [IQR]) 0.90 (0.61 to 1.20)  1.81 (1.36 to 2.53) <0.001
Creatinine clearance (ml/min; mean *= SD)¢ 113 = 33 129 * 43 0.03
24-h urine sulfate (mmol/d; mean * SD) 187 218 0.02
24-h urine potassium (mmol/d; mean *= SD) 57 = 23 56 = 17 0.82
24-h urine ammonium (mEq/d; mean * SD) 29 = 15 37 =20 0.02
24-h urine NAE (mEq/d; mean = SD) 36 £24 59 + 34 <0.001
Urine NH, " /NAE (median [IQR]) 0.73 (0.60 to 0.93) 0.58 (0.51 to 0.68) <0.001
24-h urine pH (mean * SD) 6.11 £ 041 5.71 =047 <0.001

“HOMA-IR, homeostasis model assessment of insulin resistance; MS+, participants with MS; MS—, participants without

MS; NAE, net acid excretion.
PTo convert values to millimoles per liter, multiply by 0.05549.
“To convert values to millimoles per liter, multiply by 0.01129.
9To convert values to millimoles per liter, multiply by 0.0259.

°To convert values to milliliters per second, multiply by 0.01667.

Twenty-four-hour urine pH was significantly correlated with
serum HDL cholesterol and inversely and significantly associ-
ated with BMI, SBP, serum glucose, and serum triglycerides
(Table 4). After adjustment for age, gender, creatinine clear-
ance, and urine sulfate, 24-h urine pH was still significantly
associated with BMI, SBP, serum glucose, and serum HDL
cholesterol, although the magnitude of the association de-
creased (Table 4).

Urine pH and Insulin Resistance

Twenty-four-hour urine pH was inversely correlated with
the degree of insulin resistance estimated by the HOMA-IR
(P < 0.0001; Table 4). After adjustment for age, gender, BMI,
creatinine clearance, and urine sulfate, the inverse relationship
between 24-h urine pH and HOMA-IR remained statistically
significant (Table 4).

Discussion

The MS is associated with a variety of physiologic and met-
abolic alterations. This cross-sectional study evaluated the re-
lationship between the MS and urine pH. In a diverse outpa-
tient population, patients with the MS were found to have a
more acidic urine than individuals without the MS. In addition,
we found a strong, significant, inverse relationship between
24-h urine pH and the number of features of the MS. This
correlation was independent of factors that are known to influ-

ence urinary pH, including age, gender, creatinine clearance,
and urine sulfate.

Our study is the first to demonstrate an inverse relationship
between 24-h urine pH and the number of MS features. Previ-
ous reports have shown an inverse correlation between body
weight and urine pH in kidney stone-forming (21) and non—
stone-forming individuals (14). Similarly, a recent report found
an inverse relation between BMI and urine pH among stone
formers and non-stone formers (22). Our study confirms these
finding because a higher BMI, a surrogate of abdominal obe-
sity, was associated with more acidic urine. However, 24-h
urine pH also correlated with each of the other MS components
after adjustment for BMI, suggesting that the relationship is not
driven by body mass alone. The association of urine pH with
SBP, serum glucose, triglycerides, and HDL cholesterol has not
been previously reported.

The major deleterious consequence of an overly acidic urine
is the development of uric acid kidney stones. Uric acid is
poorly soluble and has a pKa of 5.51 at 37°C (23). As urine pH
exceeds this value, an increasing proportion of uric acid exists
in the form of its base, urate, which is relatively soluble. There-
fore, urine pH is the principal determinant of uric acid precip-
itation, and, in fact, an overly acidic urine is the primary patho-
genic finding in uric acid stone formers (24). Our findings
suggest that the presence of increasing number of MS features
augments the propensity for uric acid stone formation. This
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Figure 1. Mean 24-h urine pH adjusted for age, gender, creati-
nine clearance, and 24-h urine sulfate plotted against number of
features of the metabolic syndrome (MS). Bars indicate
means = SEM. P < 0.005 for linear trend. Test of linear trend
was conducted by analysis of covariance model comparing
urine pH with the number of MS abnormalities while adjusting
for age, gender, creatinine clearance, and 24-h urine sulfate.

notion is supported by cross-sectional studies that show a
significantly greater prevalence of uric acid nephrolithiasis
among obese stone-forming individuals and in nephrolithiasis
patients with type 2 diabetes (25-28). Insulin resistance is a
common feature in obesity (29), type 2 diabetes (30), and the MS
(2) and is thought to cause the overly acidic urine in patients
with these conditions (14,21). This concept is supported by our
finding of a significant relationship between 24-h urine pH and
HOMA-IR, a measure of insulin resistance.

The exact pathophysiologic mechanism underlying the
overly acidic urine in insulin resistance has not been fully
elucidated. A low urine pH may result from increased acid
excretion, impaired urinary buffering, or both. Higher NAE
may occur because of lower intake of dietary alkali, greater
ingestion of dietary acid, or higher endogenous acid produc-
tion. In our study, urinary potassium, an indirect measure of
dietary alkali intake, was not different in participants with and
without the MS, suggesting that differences in alkali consump-
tion are not likely to explain the differences in urine pH. Fur-
thermore, the lower urine pH with the MS persisted after
adjustment for urine sulfate, suggesting that dietary factors
alone cannot account for the more acidic urine. Alternatively,
these patients may have greater endogenous acid production,
although we did not specifically investigate this possibility. A
low urine pH may also result from impaired urine buffering.
Ammonium is an important urinary buffer (31). Renal ammo-
nium production and excretion are regulated by the ambient
acid-base environment. Insulin influences these two processes
(32,33), and mechanisms of acid-base homeostasis may be al-
tered in a state of insulin resistance (13). Consistent with this
possibility, participants with the MS in our cohort exhibited
lower ammonium excretion per NAE (NH, " /NAE).

One of the limitations of this study is the evaluation of
individuals while on random outpatient diets, because dietary

Urine pH and the Metabolic Syndrome 887

factors may influence urine pH. Although there was a tendency
for urine sulfate to increase with increasing number of MS
components, the relationship between urine pH and MS fea-
tures persisted after controlling for urine sulfate.

Conclusions

This study is the first to demonstrate a relationship between
the MS and low urine pH that is independent of age and renal
function. In addition, a progressive decline in urine pH was
noted with increasing number of MS features. The more acidic
urine places patients with the MS at greater propensity for uric
acid nephrolithiasis. Further studies are needed to elucidate the
mechanismy(s) responsible for the lower urine pH in individuals
with the MS.

Acknowledgments

The authors were supported by the National Institutes of Health
(RO1-48482, P01-DK20543, M01-RR00633, and K23-RR21710) and the
National Kidney Foundation.

Disclosures

None.

References
1. Eckel RH, Grundy SM, Zimmet PZ: The metabolic syn-
drome. Lancet 365: 1415-1428, 2005
2. Expert Panel on Detection, Evaluation, and Treatment of
High Blood Cholesterol in Adults: Executive Summary of
the Third Report of the National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III). JAMA 285: 2486-2497, 2001
3. Hu G, Qiao Q, Tuomilehto J, Balkau B, Borch-Johnsen K,
Pyorala K: Prevalence of the metabolic syndrome and its
relation to all-cause and cardiovascular mortality in non-
diabetic European men and women. Arch Intern Med 164:
1066-1076, 2004
4. Lorenzo C, Okoloise M, Williams K, Stern MP, Haffner SM.:
The metabolic syndrome as predictor of type 2 diabetes:
The San Antonio Heart Study. Diabetes Care 26: 3153-3159,
2003
5. Locatelli F, Pozzoni P, Del Vecchio L: Renal manifestations
in the metabolic syndrome. ] Am Soc Nephrol 17[Suppl]:
S81-585, 2006
6. Zhang R, Liao J, Morse S, Donelon S, Reisin E: Kidney
disease and the metabolic syndrome. Am | Med Sci 330:
319-325, 2005
7. Reaven GM: The kidney: An unwilling accomplice in syn-
drome X. Am | Kidney Dis 30: 928-931, 1997
8. Facchini FS, DoNascimento C, Reaven GM, Yip JW, Ni XP,
Humphreys MH: Blood pressure, sodium intake, insulin
resistance, and urinary nitrate excretion. Hypertension 33:
1008-1012, 1999
9. Facchini F, Chen YD, Hollenbeck CB, Reaven GM: Rela-
tionship between resistance to insulin-mediated glucose
uptake, urinary uric acid clearance, and plasma uric acid
concentration. JAMA 266: 3008-3011, 1991
10. Chagnac A, Weinstein T, Korzets A, Ramadan E, Hirsch J,



888

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Clinical Journal of the American Society of Nephrology

Gafter U: Glomerular hemodynamics in severe obesity.
Am | Physiol Renal Physiol 278: F817-F822, 2000

Chen J, Muntner P, Hamm LL, Jones DW, Batuman V,
Fonseca V, Whelton PK, He J: The metabolic syndrome and
chronic kidney disease in US adults. Ann Intern Med 140:
167-174, 2004

Kurella M, Lo JC, Chertow GM: Metabolic syndrome and
the risk for chronic kidney disease among nondiabetic
adults. ] Am Soc Nephrol 16: 2134-2140, 2005

Abate N, Chandalia M, Cabo-Chan AV, Moe OW, Sakhaee
K: The metabolic syndrome and uric acid nephrolithiasis:
Novel features of renal manifestation of insulin resistance.
Kidney Int 65: 386-392, 2004

Cameron MA, Maalouf NM, Adams-Huet B, Moe OW,
Sakhaee K: Urine composition in type 2 diabetes: Predis-
position to uric acid nephrolithiasis. ] Am Soc Nephrol 17:
1422-1428, 2006

Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH,
Franklin BA, Gordon DJ, Krauss RM, Savage PJ, Smith SC,
Spertus JA, Costa F; American Heart Association, National
Heart, Lung, and Blood Institute: Diagnosis and manage-
ment of the metabolic syndrome: An American Heart As-
sociation/National Heart, Lung, and Blood Institute Scien-
tific Statement. Circulation 112: 27352752, 2005 [published
erratum appears in Circulation 112: €297, 298, 2005]

Ford ES, Mokdad AH, Giles WH: Trends in waist circum-
ference among US adults. Obes Res 11: 1223-1231, 2003
Sundstrom J, Riserus U, Byberg L, Zethelius B, Lithell H,
Lind L: Clinical value of the metabolic syndrome for long
term prediction of total and cardiovascular mortality: Pro-
spective, population based cohort study. BMJ 332: 878—
882, 2006

Malik S, Wong ND, Franklin SS, Kamath TV, L’Italien GJ,
Pio JR, Williams GR: Impact of the metabolic syndrome on
mortality from coronary heart disease, cardiovascular dis-
ease, and all causes in United States adults. Circulation 110:
1245-1250, 2004

Levy JC, Matthews DR, Hermans MP: Correct homeostasis
model assessment (HOMA) evaluation uses the computer
program. Diabetes Care 21: 2191-2192, 1998

Wallace TM, Levy JC, Matthews DR: Use and abuse of
HOMA modeling. Diabetes Care 27: 1487-1495, 2004

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Clin ] Am Soc Nephrol 2: 883-888, 2007

. Maalouf NM, Sakhaee K, Parks JH, Coe FL,, Adams-Huet B,

Pak CY: Association of urinary pH with body weight in
nephrolithiasis. Kidney Int 65: 1422-1425, 2004

Taylor EN, Curhan GC: Body size and 24-hour urine com-
position. Am | Kidney Dis 48: 905-915, 2006

Finlayson B, Smith LH: Stability of first dissociable proton
of uric acid. ] Chem Engl Data 19: 94-97, 1974

Pak CY, Sakhaee K, Peterson RD, Poindexter JR, Frawley
WH: Biochemical profile of idiopathic uric acid nephroli-
thiasis. Kidney Int 60: 757-761, 2001

Ekeruo WO, Tan YH, Young MD, Dahm P, Maloney ME,
Mathias BJ, Albala DM, Preminger GM: Metabolic risk
factors and the impact of medical therapy on the manage-
ment of nephrolithiasis in obese patients. | Urol 172: 159 -
163, 2004

Daudon M, Lacour B, Jungers P: Influence of body size on
urinary stone composition in men and women. Urol Res 34:
193-199, 2006

Pak CY, Sakhaee K, Moe O, Preminger GM, Poindexter JR,
Peterson RD, Pietrow P, Ekeruo W: Biochemical profile of
stone-forming patients with diabetes mellitus. Urology 61:
523-527, 2003

Daudon M, Traxer O, Conort P, Lacour B, Jungers P: Type
2 diabetes increases the risk for uric acid stones. ] Am Soc
Nephrol 17: 20262033, 2006

Reaven GM: Banting lecture 1988. Role of insulin resistance
in human disease. Diabetes 37: 1595-1607, 1988

Saad M, Pettitt D, Mott D, Knowler W, Nelson R, Bennett
P: Sequential changes in serum insulin concentration dur-
ing development of non-insulin-dependent diabetes. Lan-
cet 333: 1356-1359, 1989

DuBose TD Jr, Good DW, Hamm LL, Wall SM: Ammo-
nium transport in the kidney: New physiological concepts
and their clinical implications. | Am Soc Nephrol 1: 1193
1203, 1991

Nissim I, States B, Nissim I, Lin ZP, Yudkoff M: Hormonal
regulation of glutamine metabolism by OK cells. Kidney Int
47: 96-105, 1975

Klisic J, Hu MC, Nief V, Reyes L, Fuster D, Moe OW,
Ambiihl PM: Insulin activates Na+/H+ exchanger 3: Bi-
phasic response and glucocorticoid dependence. Am |
Physiol Renal Physiol 283: F532-F539, 2002

See the related editorial, “Metabolic Syndrome: An Emerging Threat to Renal Function,” on pages 869-871.




