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Review article
1)

Renal Effects of Prostaglandins and
Cyclooxygenase-2 Inhibitors
Gheun-Ho Kim, M.D.
Department of Internal Medicine and Institute of Biomedical Sciences,
Hanyang University College of Medicine, Seoul, Korea

Prostaglandins (PGs) with best-defined renal functions are PGE2 and prostacyclin (PGI2). These vasodilatory
PGs increase renal blood flow and glomerular filtration rate under conditions associated with decreased
actual or effective circulating volume, resulting in greater tubular flow and secretion of potassium. Under
conditions of decreased renal perfusion, the production of renal PGs serves as an important compensatory
mechanism. PGI2 (and possibly PGE2) increases potassium secretion mainly by stimulating secretion of renin
and activating the renin-angiotensin system, which leads to increased secretion of aldosterone. In addition,
PGE2 is involved in the regulation of sodium and water reabsorption and acts as a counterregulatory factor
under conditions of increased sodium reabsorption. PGE2 decreases sodium reabsorption at the thick

ascending limb of the loop of Henle probably via inhibition of the Na+-K+-2Cl－ cotransporter type 2

(NKCC2). Cyclooxygenase inhibitors may enhance urinary concentrating ability in part through effects to
upregulate NKCC2 in the thick ascending limb of Henle's loop and aquaporin-2 in the collecting duct. Thus,
they may be useful to treat Bartter’s syndrome and nephrogenic diabetes insipidus.
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Introduction

mediators of inflammation and modulators of physiological functions, including the maintenance of gastric mu-

Prostaglandins (PGs) regulate vascular tone and salt and
water homeostasis in the mammalian kidney and are
involved in the mediation and/or modulation of hormonal
action. Cyclooxygenase (COX; prostaglandin G2/H2 synthase) is the enzyme responsible for the initial rate-limiting
step in the metabolism of arachidonic acid to the PGs,
yielding PGH2 in a two-step reaction. PGH2 is subsequently metabolized by several distinct enzymes to the
primary bioactive prostaglandins, including PGE2, PGI2,
1)

PGD2, PGF1α, and thromboxane A2 .
Sir John Vane's seminal observation that COX was the
2)

target of aspirin provided confirmation that PGs are local

cosal integrity, the modulation of renal microvascular
hemodynamics, renin release, and tubular salt and water
reabsorption. The pharmaceutical industry subsequently
developed a number of non-steroidal anti-inflammatory
drugs (NSAIDs), whose mechanism of action involves
competitive or non-competitive inhibition of COX activity.
The PGs that are most important in the kidney are PGE2
and prostacyclin (PGI2). These vasodilatory PGs increase
renal blood flow and glomerular filtration rate (GFR) under
conditions associated with decreased actual or effective
circulating volume. In addition, PGE2 is involved in the
regulation of sodium and water reabsorption and PGI2
increases potassium secretion mainly by stimulating
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secretion of renin.
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Synthesis and cellular actions of prostagladin E2
and prostagladin I2 in the kidney

levels of cyclic adenosine 3'5'-monophosphate (cAMP)3, 5).
EP2 receptors and cAMP accumulation mediates the effect
3)

of PGE2 to vasodilate in blood vessels and decrease water
PGE2 and PGI2 are widely synthesized in the kidney
3)

6)

reabsorption in the cortical collecting duct .

where they regulate hemodynamics and tubular transport .

The IP receptor is activated by PGI2. It is distributed

Tubules produce primarily PGE2 but also PGI2. PGE2 is

throughout the renal cortex and medulla5). This seven-

the major prostaglandin synthesized in the medulla,

transmembrane-spanning receptor is coupled to generation

whereas PGI2 is the major prostaglandin synthesized by

of cAMP. It is activated selectively by cicaprost and

renal vessels and glomeruli3, 4). PGI2 is synthesized pre-

iloprost

dominantly in glomerular endothelial and epithelial cells,

water permeability of the cortical collecting ducts .

whereas PGE2 is synthesized predominantly in mesangial
cells.
The most abundant PG receptors in the kidney are those
5)

3, 5)

, which vasodilate renal arterioles and inhibit
5)

Physiologic roles of prostagladin E2 and
prostagladin I2 in the kidney

for PGE2 . Four seven-transmembrane-spanning domain

PGE2 and PGI2 mediate several natriuretic responses.

prostaglandin E (EP) receptor subtypes have been cloned

The natriuresis that accompanies an increase in renal

from the mouse kidney. Collecting ducts express the EP1

perfusion (pressure natriuresis) or interstitial pressure is

receptor, glomeruli express the EP2 receptor, and tubules

dependent on PGs . Because intrarenal infusion of PGE2,

of the outer medulla and cortex express the EP3 receptor.

but not PGI2, restores the pressure natriuresis during COX

The medullary thick ascending limb (mTAL) expresses

inhibition , PGE2 is probably the primary vasodilator PG

high levels of EP3 receptor mRNA and the glomerulus

responsible.

5, 6)

expresses high levels of EP4 receptor mRNA

.

The EP1 receptor has the highest affinity for
2+

Its activation stimulates Ca

PGE25).

5)

mobilization . Activation of

3)

7)

PGE2 decreases sodium reabsorption at the thick
ascending limb of the loop of Henle probably via inhibi+

+

tion of the Na -K -2Cl

8)

cotransporter type 2 (NKCC2) .

the EP1 receptor by PGE2 is followed by contraction of

COX inhibitors enhance urinary concentrating ability, in

vascular smooth muscle cells, increases in intracellular

part, through effects to increase the NKCC2 abundance

2+

3, 5)

Ca in mesangial cells

+

, and inhibition of Na absorption

by rabbit collecting ducts5).

9)

in the thick ascending limb of Henle's loop .
PGI2 stimulates renin release, which in turn increases

The EP3 receptor is expressed predominantly in the
5)

mTAL and cortical collecting ducts . There are a number
5, 6)

aldosterone10, 11). Aldosterone increases sodium reabsorption and potassium secretion at the distal nephron. Pro-

. The EP3

stacyclin is also a potent vasodilator that maintains GFR

receptor signals by way of a pertussis toxin-sensitive Gi

and renal blood flow in patients with decreased actual or

of splice variants yielding different isoforms
5)

10, 11)

leading to inhibition of adenylate cyclase . The expres-

effective circulating volume

sion of EP3 receptors in the mTAL, but not the cortical

the vasodilatory role of PGI2 is not operative and has little

thick ascending limb (cTAL), may account for why PGE2

importance in renal hemodynamics.

inhibits Cl -transport in the rabbit selectively in the
6)

. In healthy individuals,

Arginine vasopressin releases kinins into the distal ne-

mTAL . The EP3 receptor mediates the inhibition of

phron and renal interstitial space where they enhance PGE2

arginine vasopressin-stimulated water permeability by

synthesis in the collecting ducts. The increase in PGE2

6)

PGE2 in the cortical collecting duct .

inhibits the hydroosmotic effect of vasopressin and in-

EP2 and EP4 receptors share similar signaling mecha-

creases the medullary blood flow12). Therefore, PGE2 is

nisms and physiologic characteristics. Their stimulation

an important buffer of vasopressin-induced free water

activates Gs coupled to adenylate cyclase and elevates

absorption. PGs also buffer the renal vasoconstrictor and
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ducts18). COX-2 is inducible in most tissues in response

antidiuretic actions of angiotensin II3, 13).
3)

Vasodilator PGs increase renal blood flow and GFR .

to injury or inflammation, but COX-2 mRNA and immu-

Urinary sodium excretion is decreased by the PGI2

noreactive protein are present at detectable levels in nor-

mimetic, iloprost, but is increased by PGE2, probably se-

mal adult mammalian kidneys. In the renal cortex, there

condary to an increase in renal interstitial hydrostatic

is localized expression of COX-2 mRNA and immuno-

12)

pressure . In contrast, the EP2 and EP3 receptor agonist,

reactive protein in the cells of the macula densa (MD) and

misoprostol, causes vasoconstriction and a decrease in

in scattered cells in the cortical thick ascending limb im-

3)

16, 19, 20)

GFR in humans . Thus, the multiple EP receptors located

mediately adjacent to the MD

. In the human kid-

throughout the nephron have complex and even antagoni-

ney, COX-2 expression also has been reported to be pre-

stic effects on hemodynamics and NaCl transport.

sent in podocytes and arteriolar smooth muscle cells

18, 21)

.

Efficient renal autoregulation is dependent on tubulo-

COX-2 expression is also abundant in the lipid-laden

glomerular feedback (TGF) and myogenic responses.

medullary interstitial cells in the inner medulla and

Whereas COX metabolites do not appear essential for

papilla16, 19). Some investigators have reported that COX-2

3, 14)

autoregulation, they do modulate TGF responses

. COX

may also be expressed in inner medullary collecting duct
22)

3, 15)

,

cells or intercalated cells in the renal cortex . Neverthe-

but these recover before there is a return of PG excretion .

3)

less constitutively expressed COX-1 is clearly the most

However, the effects of indomethacin do appear to be due

abundant isoform in the collecting duct, so the expression

to inhibition of PG synthesis because local microperfusion

and physiologic significance of COX-2 co-expression in

of PGs into the macula densa restores TGF responses in

these cells remains uncertain. A recent report in the human

inhibition with indomethacin blunts TGF responses

14)

indomethacin-treated rats . The reason for these discre-

kidney has suggested that there is also significant COX-2

pancies has not been resolved. Endogenous generation of

expression in the medullary vasa recta .

vasoconstrictor PGs and TxA2 enhance the sensitivity and
14)

responsiveness of TGF . Therefore, COX metabolites are
important positive and negative modulators of TGF.

Regulation of cyclooxygenase-2 in the kidney
PG generation is enhanced by angiotensin II, which

3, 16)

PGs regulate release of renin

21)

23)

. PGI2 or PGE2 sti-

occurs during dietary salt restriction . It has been found

16,

in animal experiments that COX-2 expression increases at

. COX inhibition in the rabbit isolated perfused juxtaglo-

the MD/cTAL region in response to a salt-deficient diet

merular apparatus nearly abolishes renin release in res-

and decreases in response to a high-salt diet, whereas in

mulates renin release and COX inhibition suppresses it
17)

17)

ponse to decreased luminal concentration of NaCl .

the medulla, COX-2 expression decreases with salt de-

Because COX-2, but not COX-1, can be expressed in the

pletion and increases with a high-salt diet . Increased

macula densa or adjacent TAL cells of the rat and mouse

COX-2 activity may promote organic osmolyte accumula-

16)

16)

nephron , it may be the isoform responsible for medi-

tion and adaptation of renal medullary interstitial cells to

ation of macula densa-dependent renin release in these

hypertonic stress24).

species.

In lithium-induced polyuria, COX-2 expression was re-

Expression of cyclooxygenase-1 and
cyclooxygenase-2 in the kidney

ported to be decreased in the inner medulla and increased
25)

in cortex and outer medulla . Studies in vivo, in the
isolated perfused kidney, and in isolated perfused juxt-

COX-1 is expressed constitutively in the kidney and has

aglomerular preparations have all shown that administra-

been localized to mesangial cells, arteriolar smooth muscle

tion of non-specific cyclooxygenase inhibitors will blunt

and endothelial cells, parietal epithelial cells of the

increases in renin release mediated by MD sensing of

Bowman’s capsule, and cortical and medullary collecting

decreases in luminal NaCl . High renin states, as are seen

26)
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with salt deficiency, angiotensin-converting enzyme inhi-

studies that involved experimental animals, rofecoxib was

bitors (ACEIs), angiotensin II receptor blockers, diuretic

shown to significantly elevate systolic BP in SHR or WKY

administration, or experimental renovascular hypertension

rats that were fed a normal-salt or high-salt diet but not

16, 27, 28)

.

a low-salt diet, which suggests that the hypertension that

The in vivo studies with ACEIs and angiotensin II receptor

is induced by COX-2 inhibition can occur independent of

blockers and in vitro studies using cultured cortical cTAL

a genetic predisposition to hypertension and can be pre-

cells suggest a feedback inhibition of COX- 2 expression

vented by salt deprivation37). In mice, COX-2 inhibition

lead to increased MD/cTALH COX-2 expression

38)

28)

enhances the pressor effect of angiotensin II .

by angiotensin II and/or mineralocorticoids .
Medullary PGE2 plays an important role in regulating
NaCl and water reabsorption in the medullary thick as-

Effects of cyclooxygenase-2 inhibitors on renin
and renal hemodynamics

cending limb and collecting duct. Salt loading downregulates COX-2 expression in the renal cortex, but up29)

Measurements in vivo in isolated perfused rat kidneys

regulates its expression in the renal medulla . The in-

and in isolated perfused juxtaglomerular preparations all

creased COX-2-derived PGs may mediate natriuresis

indicated that administration of nonspecific COX inhibi-

especially when dietary sodium intake is high. Recent

tors prevents the increases in renin release that are

compelling evidence indicates that the renal medulla is a

mediated by MD sensing of decreases in luminal NaCl .

critical site of intrarenal COX-2 activity’s protection

Studies using experimental animals have indicated that

against the development of systemic hypertension during

selective COX-2 inhibitors can significantly decrease

30)

39)

high-salt intake , because selective intramedullary infu-

plasma renin levels, renal renin activity, and mRNA ex-

sion of a COX-2 inhibitor or COX-2 antisense oligonucleo-

pression under certain high-renin states40).

tides caused animals to develop hypertension when they
were placed on a high-salt diet.

28, 41)

Most

42)

, but not all experimental studies

have in-

dicated a role for COX-2 in MD mediation of renin release.

Effect of cyclooxygenase-2 inhibitors on salt

Randomized crossover studies in healthy humans who were
administered furosemide and/or a low-sodium diet demon-

and water homeostasis

strated inhibition of renin release by the COX- 2 inhibitors

Nonselective NSAIDs have been reported to induce
10)

rofecoxib and meloxicam. In addition, in patients with

peripheral edema in up to 5% of the general population .

hyperprostaglandin E syndrome/antenatal Bartter’s syn-

COX-2 inhibitors will cause sodium retention occasionally

drome, who have genetic abnormalities in thick limb/MD

31, 32)

, and in balanced

NaCl reabsorption, rofecoxib administration suppresses

studies that were performed in a clinical research center

hyperreninemia as effectively as indomethacin, further

environment, administration of COX-2 inhibitors consis-

supporting a role for COX-2 metabolites in mediation of

tently decreased urinary sodium excretion for the first 72

renin release43).

in humans without renal impairment

33, 34)

. The relative amount of lower

Vasodilatory PGs seem to be critical for maintaining

extremity edema has been documented to be greater with

renal blood flow (RBF) and GFR during volume-depleted

hours of administration

35)

25 mg/d rofecoxib than with 200 mg/d of celecoxib .

states associated with increased circulating vasoconstric-

Nonselective NSAIDs may elevate blood pressure (BP)

tors, such as Ang II or norepinephrine, by blunting con-

and antagonize the BP-lowering effect of antihypertensive

striction of the afferent arteriole44). By inhibiting the

medications, including diuretics, angiotensin-converting

production of PGs that contribute to maintenance of vaso-

enzyme (ACE) inhibitors, and β blockers, to an extent that

dilation of adjacent afferent arterioles, COX-2 inhibition

36)

may potentially increase hypertension-related morbidity .

may contribute to the decline in GFR that is observed in

COX-2 inhibitors also have been shown to affect BP. In

patients who take NSAIDs or selective COX-2 inhibitors.
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When renal cortical blood flow (CBF) and medullary

useful. The oral administration of indomethacin was ef-

blood flow (MBF) were selectively measured in mice, it

fective in reducing urine volume in a patient with Li-

was found that acute infusion of COX-1 selective inhi-

induced NDI . In a congenital NDI patient, the use of

bitors did not affect either CBF or MBF. In contrast,

rofecoxib, a COX-2 inhibitor, in combination with hydro-

COX-2 selective inhibitors significantly reduced MBF

chlorothiazide has been shown to maintain normal serum

without altering CBF; chronic pretreatment with a COX-1

sodium by decreasing urine flow by approximately 72%

inhibitor did not modify the effect of angiotensin II

and decreasing free water clearance by 83% compared with

infusion, whereas angiotensin II significantly reduced MBF

prior combination therapy. Celecoxib, the alternative COX-

in mice that were pretreated with a COX-2 inhibitor or

2 inhibitor, was also effective in lowering urine output in

38)

48)

49)

in COX-2 knockout mice . In healthy humans who were

a patient with congenital NDI . We recently reported that

on normal-sodium diets, COX-2 inhibitors had minimal

treatment of lithium-induced NDI by COX-2 inhibition

31, 33)

. However, COX-2

improved polyuria via upregulation of AQP2 and NKCC2

inhibitors significantly decreased GFR in salt-depleted

in the kidney suggesting that the upregulation of AQP2

effects on renal hemodynamics
45)

subjects . As further evidence of an important role for

and NKCC2 in response to the COX-2 inhibition may

COX-2 in regulation of renal hemodynamics and renin

underlie the therapeutic mechanisms by which NSAIDs or

production arise, acute ischemic renal insufficiency and

COX-2 inhibitors enhance antidiuresis in patients with

hyperkalemia/type 4 renal tubular acidosis are being

NDI .

reported as acute nephrotoxic effects of COX-2 inhibitors,
especially in older adults46).

Use of cyclooxygenase-2 inhibitors in Bartter’s
syndrome and nephrogenic diabetes insipidus
Bartter syndrome is a genetic renal tubular group of
diseases characterized by sodium, potassium, and chloride
urinary wasting, hypokalemic metabolic alkalosis with
hyperreninemia and hyperaldosteronemia, resistance to the
blood pressure-augmenting effect of angiotensin II, and
high levels of some urinary prostaglandins. Clinically the
patients present with polyuria, polydipsia, failure to thrive,
frequent episodes of dehydration, and normal blood pressure. In patients with Bartter syndrome, excessive PGE2
synthesis and hyperreninemia occurs and is dependent on
COX-2 activity. Both indomethacin and rofecoxib can
ameliorate clinical symptoms, the typical laboratory findings, and significantly suppressed PGE2 and its metabolite
43, 47)

excretion to normal values

.

Nephrogenic diabetes insipidus (NDI) is a clinical
syndrome in which the kidney is unable to concentrate
urine despite normal or elevated concentrations of the
antidiuretic hormone arginine vasopressin. For the treatment of NDI, NSAIDs or COX-2 inhibitors have been

50)

References
1) Smith WL: Prostanoid biosynthesis and mechanisms of
action. Am J Physiol 263:F181-191, 1992
2) Vane JR: Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like drugs. Nat New Biol 231:
232-235, 1971
3) Navar LG, Inscho EW, Majid SA, Imig JD, HarrisonBernard LM, Mitchell KD: Paracrine regulation of the
renal microcirculation. Physiol Rev 76:425-536, 1996
4) Schlondorff D, Ardaillou R: Prostaglandins and other
arachidonic acid metabolites in the kidney. Kidney Int
29:108-119, 1986
5) Breyer MD, Jacobson HR, Breyer RM: Functional and
molecular aspects of renal prostaglandin receptors. J Am
Soc Nephrol 7:8-17, 1996
6) Breyer MD, Zhang Y, Guan YF, Hao CM, Hebert RL,
Breyer RM: Regulation of renal function by prostaglandin
E receptors. Kidney Int 54(Suppl 67):S88-94, 1998
7) Villa E, Garcia-Robles R, Haas J, Romero JC: Comparative effect of PGE2 and PGI2 on renal function. Hypertension 30:664-666, 1997
8) Shankar SS, Brater DC: Loop diuretics: from the NaK-2Cl transporter to clinical use. Am J Physiol Renal
Physiol 284:F11-21, 2003
9) Fernandez-Llama P, Ecelbarger CA, Ware JA, Andrews P,
Lee AJ, Turner R, et al.: Cyclooxygenase inhibitors increase Na-K-2Cl cotransporter abundance in thick ascending limb of Henle's loop. Am J Physiol 277:F219-226,
1999
10) Whelton A, Hamilton CW: Nonsteroidal anti-inflammatory

40

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

GH Kim : Renal Effects of Prostaglandins and Cyclooxygenase-2 Inhibitors

drugs: effects on kidney function. J Clin Pharmacol 31:
588-598, 1991
Carmichael J, Shankel SW: Effects of nonsteroidal antiinflammatory drugs on prostaglandins and renal function.
Am J Med 78:992-1000, 1985
Romero JC, Bentley MD, Vanhoutte PM, Knox FG: Intrarenal mechanisms that regulate sodium excretion in
relationship to changes in blood pressure. Mayo Clin Proc
64:1406-1424, 1989
Arima S, Ren Y, Juncos LA, Carretero OA, Ito S: Glomerular prostaglandins modulate vascular reactivity of the
downstream efferent arterioles. Kidney Int 45:650-658,
1994
Welch WJ, Wilcox CS: Modulating role for thromboxane
in the tubuloglomerular feedback response in the rat. J
Clin Invest 81:1843-1849, 1988
Brady HR, Papayianni A, Serhan CN: Leukocyte adhesion
promotes biosynthesis of lipoxygenase products by transcellular routes. Kidney Int 45(Suppl 45):S90-97, 1994
Harris RC, McKanna JA, Akai Y, Jacobson HR, Dubois
RN, Breyer MD: Cyclooxygenase-2 is associated with the
macula densa of rat kidney and increases with salt
restriction. J Clin Invest 94:2504-2510, 1994
Welch WJ, Wilcox CS, Dunbar KR: Modulation of renin
by thromboxane: studies with thromboxane synthase inhibitor, receptor antagonists, and mimetic. Am J Physiol
257:F554-560, 1989
Komhoff M, Grone HJ, Klein T, Seyberth HW, Nusing
RM: Localization of cyclooxygenase-1 and -2 in adult and
fetal human kidney: implication for renal function. Am J
Physiol 272:F460-468, 1997
Guan Y, Chang M, Cho W, Zhang Y, Redha R, Davis L,
et al.: Cloning, expression, and regulation of rabbit cyclooxygenase-2 in renal medullary interstitial cells. Am J
Physiol 273:F18-26, 1997
Khan KN, Stanfield KM, Harris RK, Baron DA: Expression of cyclooxygenase-2 in the macula densa of human
kidney in hypertension, congestive heart failure, and
diabetic nephropathy. Ren Fail 23:321-330, 2001
Adegboyega PA, Ololade O: Immunohistochemical expression of cyclooxygenase-2 in normal kidneys. Appl Immunohistochem Mol Morphol 12:71-74, 2004
Ferguson S, Hebert RL, Laneuville O: NS-398 upregulates
constitutive cyclooxygenase-2 expression in the M-1 cortical collecting duct cell line. J Am Soc Nephrol 10:22612271, 1999
Luft FC, Wilcox CS, Unger T, Kuhn R, Demmert G,
Rohmeiss P, et al.: Angiotensin-induced hypertension in
the rat. Sympathetic nerve activity and prostaglandins.
Hypertension 14:396-403, 1989
Moeckel GW, Zhang L, Fogo AB, Hao CM, Pozzi A,
Breyer MD: COX2 activity promotes organic osmolyte
accumulation and adaptation of renal medullary interstitial
cells to hypertonic stress. J Biol Chem 278:19352-19357,
2003

25) Kwon TH: Dysregulation of renal cyclooxygenase-2 in
rats with lithium-induced nephrogenic diabetes insipidus.
Electrolyte Blood Press 5:68-74, 2007
26) Harris RC: The macula densa: recent developments. J
Hypertens 14:815-822, 1996
27) Hartner A, Goppelt-Struebe M, Hilgers KF: Coordinate
expression of cyclooxygenase-2 and renin in the rat kidney in renovascular hypertension. Hypertension 31:201205, 1998
28) Cheng HF, Wang JL, Zhang MZ, Miyazaki Y, Ichikawa
I, McKanna JA, et al.: Angiotensin II attenuates renal cortical cyclooxygenase-2 expression. J Clin Invest 103:953961, 1999
29) Yang T, Singh I, Pham H, Sun D, Smart A, Schnermann
JB, et al.: Regulation of cyclooxygenase expression in the
kidney by dietary salt intake. Am J Physiol 274:F481-489,
1998
30) Zewde T, Mattson DL: Inhibition of cyclooxygenase-2 in
the rat renal medulla leads to sodium-sensitive hypertension. Hypertension 44:424-428, 2004
31) Svendsen KB, Bech JN, Sorensen TB, Pedersen EB: A
comparison of the effects of etodolac and ibuprofen on
renal haemodynamics, tubular function, renin, vasopressin
and urinary excretion of albumin and alpha-glutathioneS-transferase in healthy subjects: a placebo-controlled
cross-over study. Eur J Clin Pharmacol 56:383-388, 2000
32) Silverstein FE, Faich G, Goldstein JL, Simon LS, Pincus
T, Whelton A, et al.: Gastrointestinal toxicity with celecoxib vs nonsteroidal anti-inflammatory drugs for osteoarthritis and rheumatoid arthritis: the CLASS study: A
randomized controlled trial. Celecoxib Long-term Arthritis
Safety Study. JAMA 284:1247-1255, 2000
33) Catella-Lawson F, McAdam B, Morrison BW, Kapoor S,
Kujubu D, Antes L, et al.: Effects of specific inhibition of
cyclooxygenase-2 on sodium balance, hemodynamics, and
vasoactive eicosanoids. J Pharmacol Exp Ther 289:735741, 1999
34) Schwartz JI, Vandormael K, Malice MP, Kalyani RN,
Lasseter KC, Holmes GB, et al.: Comparison of rofecoxib,
celecoxib, and naproxen on renal function in elderly subjects receiving a normal-salt diet. Clin Pharmacol Ther
72:50-61, 2002
35) Whelton A: COX-2-specific inhibitors and the kidney:
effect on hypertension and oedema. J Hypertens 20(Suppl
6):S31-35, 2002
36) Johnson AG, Nguyen TV, Day RO: Do nonsteroidal antiinflammatory drugs affect blood pressure? A metaanalysis. Ann Intern Med 121:289-300, 1994
37) Hocherl K, Endemann D, Kammerl MC, Grobecker HF,
Kurtz A: Cyclo-oxygenase-2 inhibition increases blood
pressure in rats. Br J Pharmacol 136:1117-1126, 2002
38) Qi Z, Hao CM, Langenbach RI, Breyer RM, Redha R,
Morrow JD, et al.: Opposite effects of cyclooxygenase-1
and -2 activity on the pressor response to angiotensin II.
J Clin Invest 110:61-69, 2002

GH Kim : Renal Effects of Prostaglandins and Cyclooxygenase-2 Inhibitors

39) Harris RC, Zhang MZ, Cheng HF: Cyclooxygenase-2 and
the renal renin-angiotensin system. Acta Physiol Scand
181:543-547, 2004
40) Castrop H, Schweda F, Schumacher K, Wolf K, Kurtz A:
Role of renocortical cyclooxygenase-2 for renal vascular
resistance and macula densa control of renin secretion. J
Am Soc Nephrol 12:867-874, 2001
41) Yang T, Park JM, Arend L, Huang Y, Topaloglu R, Pasumarthy A, et al.: Low chloride stimulation of prostaglandin
E2 release and cyclooxygenase-2 expression in a mouse
macula densa cell line. J Biol Chem 275:37922-37929,
2000
42) Kammerl MC, Nusing RM, Seyberth HW, Riegger GA,
Kurtz A, Kramer BK: Inhibition of cyclooxygenase-2
attenuates urinary prostanoid excretion without affecting
renal renin expression. Pflugers Arch 442:842-847, 2001
43) Reinalter SC, Jeck N, Brochhausen C, Watzer B, Nusing
RM, Seyberth HW, et al.: Role of cyclooxygenase-2 in
hyperprostaglandin E syndrome/antenatal Bartter syndrome.
Kidney Int 62:253-260, 2002
44) Dunn MJ: Prostaglandin I2 and the kidney. Arch Mal
Coeur Vaiss 82 Spec No 4:27-31, 1989
45) Rossat J, Maillard M, Nussberger J, Brunner HR, Burnier

46)

47)

48)

49)

50)

41

M: Renal effects of selective cyclooxygenase-2 inhibition
in normotensive salt-depleted subjects. Clin Pharmacol
Ther 66:76-84, 1999
Perazella MA, Tray K: Selective cyclooxygenase-2 inhibitors: a pattern of nephrotoxicity similar to traditional
nonsteroidal anti-inflammatory drugs. Am J Med 111:6467, 2001
Vaisbich MH, Fujimura MD, Koch VH: Bartter syndrome:
benefits and side effects of long-term treatment. Pediatr
Nephrol 19:858-863, 2004
Allen HM, Jackson RL, Winchester MD, Deck LV, Allon
M: Indomethacin in the treatment of lithium-induced nephrogenic diabetes insipidus. Arch Intern Med 149:11231126, 1989
Soylu A, Kasap B, Ogun N, Ozturk Y, Turkmen M,
Hoefsloot L, et al.: Efficacy of COX-2 inhibitors in a case
of congenital nephrogenic diabetes insipidus. Pediatr Nephrol 20:1814-1817, 2005
Kim GH, Choi NW, Jung JY, Song JH, Lee CH, Kang
CM, et al.: Treating lithium-induced nephrogenic diabetes
insipidus with a COX-2 inhibitor improves polyuria via
upregulation of AQP2 and NKCC2. Am J Physiol Renal
Physiol 294:F702-709, 2008

