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Kennedy-Lydon T, Crawford C, Wildman SS, Peppiatt-
Wildman CM. Nonsteroidal anti-inflammatory drugs alter vasa
recta diameter via pericytes. Am J Physiol Renal Physiol
309: F648-F657, 2015. First published July 22, 2015;
doi:10.1152/ajprenal.00199.2015.—We have previously shown that
vasa recta pericytes are known to dilate vasa recta capillaries in the
presence of PGE, and contract vasa recta capillaries when endoge-
nous production of PGE5 is inhibited by the nonselective nonsteroidal
anti-inflammatory drug (NSAID) indomethacin. In the present study,
we used a live rat kidney slice model to build on these initial
observations and provide novel data that demonstrate that nonselec-
tive, cyclooxygenase-1-selective, and cyclooxygenase -2-selective
NSAIDs act via medullary pericytes to elicit a reduction of vasa recta
diameter. Real-time images of in situ vasa recta were recorded, and
vasa recta diameters at pericyte and nonpericyte sites were measured
offline. PGE, and epoprostenol (a prostacyclin analog) evoked dila-
tion of vasa recta specifically at pericyte sites, and PGE, significantly
attenuated pericyte-mediated constriction of vasa recta evoked by
both endothelin-1 and ANG II. NSAIDs (indomethacin > SC-560 >
celecoxib > meloxicam) evoked significantly greater constriction of
vasa recta capillaries at pericyte sites than at nonpericyte sites, and
indomethacin significantly attenuated the pericyte-mediated vasodila-
tion of vasa recta evoked by PGE,, epoprostenol, bradykinin, and
S-nitroso-N-acetyl-L-penicillamine. Moreover, a reduction in PGE>
was measured using an enzyme immune assay after superfusion of
kidney slices with indomethacin. In addition, immunohistochemical
techiques were used to demonstrate the population of EP receptors in
the medulla. Collectively, these data demonstrate that pericytes are
sensitive to changes in PGE, concentration and may serve as the
primary mechanism underlying NSAID-associated renal injury and/or
further compound-associated tubular damage.
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THE KIDNEY is the major organ responsible for the elimination of
clinically prescribed drugs; hence, nephrotoxicity is a major
complication of many commonly prescribed/administered
medications and diagnostic agents. The clinical manifesta-
tions of nephrotoxicity are varied and differ between drugs
and drug classes, with different compartments of the kidney
being differentially affected (38, 48, 49). Examples of these
drugs include antibiotics (7, 14, 17), antiretrovirals (33),
anticancer agents (29, 59), contrast media (36, 62), immu-
nosuppressants (4, 13, 32), and angiotensin-converting en-
zyme inhibitors as well as nonsteroidal anti-inflammatory
drugs (NSAIDs) (64, 66).

NSAIDs are extensively prescribed for the treatment of
acute and chronic pain and inflammatory diseases; this, in
combination with the over-the-counter availability of these
agents, means that nephrotoxic side effects are a significant
concern when considering the number of patients at risk of
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developing renal injury as a consequence (63). NSAID-medi-
ated nephrotoxicity is particularly prevalent in aged elderly
patients and patients with renal and cardiovascular comorbidi-
ties such as hypertension, nephrotic syndrome, diabetes, con-
gestive heart failure, and sepsis due to the existing strain on
renal function (56). Current strategies to reduce NSAID-medi-
ated nephrotoxicity are limited to a reduction in dose and
identification of an appropriate therapeutic window while man-
aging identifiable risk factors (20).

NSAID-mediated renal injury covers a broad spectrum of
clinical manifestations, which include acute tubular necrosis,
acute renal injury, tubulointerstitial nephritis, papillary necro-
sis due to reduced medullary blood flow (MBF) (1), hyperten-
sion, and salt and water retention, with the ultimate progression
to chronic renal failure (60). The underlying pathophysiology
of renal injury hinges on the inhibition of renal cyclooxygenase
(COX) enzymes and the production of renal prostanoids, which
play critical roles in many regulatory mechanisms within the
kidney. Prostaglandins (PGs; PGIl,, PGE,, and PGD,) elicit
vasodilation of renal vessels to facilitate increased perfusion
and redistribution of blood from the renal cortex to the renal
medulla (40). PGE, and PGI, act at the glomerulus to regulate
glomerular filtration rate (63), and, in the medulla, PGE, acts
to regulate transport of NaCl in the thick ascending limb of the
loop of Henle and collecting duct to cause diuresis and nature-
sis (57, 58) while regulating vasa recta diameter via action at
contractile pericytes (41, 54).

Numerous in vivo studies have previously described an
NSAID-mediated reduction in MBF (1, 16, 19, 50); however,
a cellular mechanism for this reduction in MBF has yet to be
determined. The medullary capillary network is devoid of
smooth muscle cells, and this has previously raised the ques-
tion as to how this microcirculatory bed might be regulated
independently of cortical blood flow (28). A combination of in
vivo, in vitro, and ex vivo studies has since extensively
identified the presence of contractile pericytes along vasa recta
capillaries that serve the medulla and demonstrated their ability
to regulate vasa recta diameter and thus MBF (8, 15, 39, 43, 44,
67). Moreover, our previous studies have focused on pericyte
vasoactivity, demonstrating the ability of these cells to react to
endogenous vasoactive substances (9-11).

Regulation of MBF is critical for the maintenance of
corticomedullary gradients of NaCl and urea essential for
urine concentration while ensuring appropriate O, delivery
and metabolic waste clearance. The consequence of these
demanding local processes is a relatively hostile environ-
ment in a highly metabolic region of the kidney. Dysregu-
lation of MBF leads to a reduction in the capacity of the
kidney to concentrate urine with additional localized isch-
emia, leading to papillary necrosis and acute kidney injury,
with long-term implications for the onset of interstitial
fibrosis and chronic kidney disease (42, 47), most of which
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coincide with the clinical manifestations of NSAID-medi-
ated nephrotoxicity. Pericytes themselves have a pivotal
role in a variety of pathophysiological settings, which in-
cludes hypertension, fibrosis, diabetic nephropathy, and re-
nal tumours (47), and have also recently featured as novel
drug targets in other organ systems (6, 31). Furthermore, the
vasoactivity of pericytes has been reported in other tissues
(5, 22, 26, 27, 46, 51). Given that the kidney is a major site
for drug elimination, we postulated that dysregulation/dys-
function of medullary pericytes contributes to the nephro-
toxic side effects of many commonly prescribed drugs and,
indeed, novel therapies in development. To this end, we
used a live kidney slice model, in which the tubulovascular
architecture remains intact, to investigate how a panel of
NSAIDs affects the ability of pericytes to regulate vasa recta
capillary diameter. Furthermore, we investigated whether
the presence of other endogenous medullary vasodilators
[nitric oxide (NO) and bradykinin] could attenuate the
established NSAID-mediated constriction of vasa recta in
situ.

MATERIALS AND METHODS

Animal experiments were conducted in accordance with na-
tional and institutional ethical and welfare standards and in com-
pliance with the United Kingdom Home Office Scientific Proce-
dures Act (1986). Adult male Sprague-Dawley rats (250-300 g)
were euthanized by cervical dislocation, after which both kidneys
were removed and decapsulated. Kidney slices were prepared as
previously described (9, 10).

Functional experiments. For functional experiments, live kidney
slices were superfused with PGE,, the PGI, analog epoprostenol, or
the following panel of NSAIDs: indomethacin, SC-560, meloxicam,
or celecoxib. Other agents superfused included ANG II, endothelin
(ET)-1, bradykinin and the NO donor S-nitroso-N-acetyl-L-penicilla-
mine (SNAP) as previously described (9, 10). Differential interference
contrast images of pericytes on subsurface vasa recta capillaries were
captured through a X63 water-immersion objective. Pericytes were
identified by their distinctive “bump on a log” morphology, as
previously described (9, 46). Real-time video images of changes in
vasa recta diameter were collected every 1 s by an attached Rolera XR
charge-couple device camera and recorded using Image ProSoftware
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Fig. 1. PGE> and epoprostenol act specifically at pericytes to regulate in situ
vasa recta diameter. The bar graph shows percent changes in vasa recta
diameter at pericyte and nonpericyte sites. PGE (1 and 10 uM) and epopro-
stenol (1 and 10 wM) evoked a significantly greater dilation of vasa recta at
pericyte sites than at nonpericyte sites. Values are means = SE; n = 7 slices
and n = 4 animals. **P < 0.01.

A vessel diameter (%)

F649
ericyte
A M Peri
X 5 O Non-pericyte
S
S !
8 :
T -5+ '
] i
8 |
0104 : :
> S — 4 :
<« # R i
154 T
ET-1 ET-1 ET-1
(10 nM) (10 nM) (10 nM)
&
PGE,
(10 pm)
B ..
<
5 o = .
[}
g Hkk *x
T 51
F
0 -10
o v
> i
< 15 ________________ i
i R t
#
ANG-II ANG-II ANG-II
(10nM) (10 nM) (10 nM)
&
PGE,
(50 uM)

Fig. 2. PGE; attenuates the endothelin (ET)-1- and ANG Il-evoked vasocon-
striction of in situ vasa recta by pericytes. Bar graphs show percent changes in
vasa recta diameter at pericyte and nonpericyte sites. ET-1 (10 nM; A) and
ANG II (10 nM; B) evoked significantly (***) greater constriction at pericytes
sites than at nonpericyte sites. The addition of PGE> [10 uM (A) and 50 pM
(B)] significantly (#) attenuated the pericyte-mediated vasoconstriction evoked
by ET-1and ANG II, respectively. After removal of PGE, ET-1 and ANG II
alone evoked a second vasoconstriction, indicating that the effect of PGE» was
reversible. No significant change in vessel diameter was observed at nonperi-
cyte sites. Values are means = SE; n = 6 slices and n = 4 animals. **P <
0.01; ***P < 0.001; #P < 0.05; P < 0.05.

(Media Cybernetics, Maidenhead, UK). Video recordings were ana-
lyzed as previously described using public domain ImageJ software
(National Institutes of Health; http://rsb.info.nih.gov).

Enzyme immunoassay. The perfusate was collected from functional
experiments (samples snap frozen in liquid nitrogen and stored at —80°C)
where the nonselective NSAID indomethacin was superfused onto live
kidney slices. The PGE, content of these samples was assessed using
commercial enzyme immunoassay kits (Cayman Chemicals, Cambridge
Bioscience) as per the manufacturer’s instructions.

Statistical analysis. In all experiments, statistically significant dif-
ferences between pericyte and nonpericyte sites were determined
using a Student’s z-test; P < 0.05 was considered significant.
Similarly, in experiments in which kidney tissue was sequentially
superfused with more than one compound, the pericyte-mediated
change in vessel diameter evoked in response to exposure to one
compound was compared with the pericyte-mediated change in
vessel diameter evoked by exposure of tissue to the subsequent
compounds. In these experiments, statistical significance was also
determined using a Student’s #-test, as described above. All values
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Fig. 3. Superfusion of live kidney tissue with nonselec- g
tive nonsteroidal anti-inflammatory drugs (NSAIDs) > 60
caused pericyte-mediated constriction of vasa recta. Rep- < 0 200 400
resentative traces (A,i—D,i) of percent changes in vessel C t(s)
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560 (100 wM; B.i), meloxicam (1 mM; C,i), or celecoxib ° 1001
(300 wM; D.,i) are shown. Corresponding differential 1S _\\——-M_—-\,
interference contrast images of pericyte (P) and nonperi- %
cyte sites before drug exposure (ii), during superfusion of — 8071
the drug (iii), and after exposure, during washout of the 3
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changes in vessel diameter were measured at pericyte Di = X
sites and nonpericyte sites, respectively. E: superfusion s120 Cgl&;:o;;lb
of either indomethacin (30 pM), SC-560 (100 wM), o u
meloxicam (1 mM), or celecoxib (300 wM) onto live ‘5100.
kidney slices evoked a significantly greater constriction g _—\ff\_—/'
of vasa recta at pericyte sites compared with nonpericyte S
sites. NS, nonselective; COX-1, cyclooxygenase-1 spe- ] 801
cific; COX-2 S, cyclooxygenase-2 selective; COX-2, 3
cyclooxygenase-2 specific. Values are means = SE; n = u>9 60
5 slices and n = 4 animals. ***P < 0.001. 4 0 200 400
t(s)
E 0
S
5+
k]
§
5 I Pericyte
g_m- O Non-pericyte
]
]
>
<
454 NS COX-1 COX-2 S COX-2
Indomethacin SC-560 Meloxicam Celecoxib
(30 uMm) (100 pM) (1 mM) (300 pMm)
are expressed as means * SE, n values represent numbers of RESULTS

pericytes (1 pericyte and 1 nonpericyte site per kidney slice), as
variation observed in previous studies (10, 46) was between
pericytes and not animals. All experiments were performed in at
least three different animals.

We have previously used a live kidney slice model, in which
endogenous tubulovascular architecture remains intact, to dem-
onstrate that PGE, acts at vasa recta pericytes to cause vaso-
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Table 1. Comparison of clinical nonselective nonsteroidal anti-inflammatory drug doses with doses used in functional

experiments
5% of Tablet/Capsule Concentration (Potential Renal
Compound Tablet/Capsule Concentration (Active), mg Exposure During Excretion), mg Concentration Used in Functional Experiments
Meloxicam 7.5 0.38 2.45 mg (1 mM)
15 0.75
Indomethacin 25 1.25 0.075 mg (30 uM)
50 2.5
Celecoxib 50 2.5 0.81 mg (300 wM)
100 5
50 10
400 20

Renal exposure to clinical nonselective nonsteroidal anti-inflammatory drug doses was extrapolated and compared with concentrations used in functional

experiments.

dilation and that indomethacin evoked a pericyte-mediated
constriction of vasa recta (9). The data presented here elaborate
on these initial observations.

Effect of prostanoids on in situ vasa recta diameter. Super-
fusion of live kidney slices with PGE, or the PGI, analog
epoprostenol (both at 1 and 10 pwM) resulted in a measurable
dilation of vasa recta capillaries at sites at which contractile
pericytes reside, termed “pericyte sites.” The constriction
evoked by both agents was significantly greater at pericyte sites
(6.83 = 1.01% with 1 pM PGE,, 8.60 * 1.58% with 10 uM
PGE,, 9.8 = 0.83% with 1 puM epoprostenol, and 11.49 =*
1.79% with 10 uM epoprostenol, n = 107 slices and n = 4
animals, P < 0.01; Fig. 1) compared with nonpericyte sites
along the capillary (1.44 = 0.73% with 1 pM PGE,, 1.43 =
0.45% with 10 pM PGE,, 1.0 = 0.83% with 1 wM epopros-
tenol, and 1.23 * 0.78% with 10 wM epoprostenol; Fig. 1).
Increasing concentrations of PGE, and epoprostenol did not
significantly increase the pericyte-mediated dilation of vasa
recta; lower concentrations of both agents failed to elicit an
effect on vessel diameter. Furthermore, no measureable
changes in tubule diameter or tubule cell diameter were mea-
sured in response to either compound.

In an attempt to recapitulate an aspect of in vivo renal
hemodynamics, vasa recta capillaries were preconstricted with
either ET-1 or ANG II and then superfused with ET-1 or ANG
IT in the presence of PGE,. As previously demonstrated (9),
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Fig. 4. PGE> concentration in the experimental perfusate before and during
exposure to the nonselective NSAID indomethacin. The line graph shows the
basal concentration of PGE> and the PGE> concentration in the perfusate
during exposure to indomethacin (30 wM). Mean basal and indomethacin-
exposed values are denoted by black lines. In the presence of indomethacin,
there was a significant reduction in PGE> compared with basal levels. n = 7
slices and n = 4 animals. **P < 0.01.

both ET-1 and ANG II evoked a pericyte-mediated constriction
of vasa recta capillaries [7.51 = 0.84% (Fig. 2A) and 12.28 =
1.19% (Fig. 2B), respectively, n = 6 slices and n = 4 animals].
When preconstricted vasa recta were superfused with ET-1 in
the presence of PGE,, the pericyte-mediated constriction of
vasa recta was attenuated, resulting in total vasodilation
(~10%; Fig. 2A). Subsequent removal of PGE, from the
perfusate resulted in a second ET-1-evoked constriction of vasa
recta at pericyte sites (~10%; Fig. 2A). As for ET-1, the
pericyte-mediated constriction of vasa recta evoked by ANG II
was attenuated when PGE, was included in the perfusate
(~14% total change in vessel diameter; Fig. 2B), and
removal of PGE, resulted in a second ANG Il-evoked
constriction (9.7 £ 1.26%; Fig. 2B). Thus, PGE, signifi-
cantly attenuated the ET-1- and ANG II-mediated constric-
tion of vasa recta by pericytes (P < 0.05).

Effects of NSAIDs on vasa recta diameter in situ. Expression
of COX-1 and COX-2 enzymes varies throughout the kidney in
both healthy and inflamed tissue, and, as such, kidney slices
were exposed to a range of nonselective, COX-1-selective, and
COX-2-selective NSAIDs. Superfusion of live kidney slices
with indomethacin (nonselective), SC-560 (COX-1 selective),
meloxicam (COX-2 preferential), or celecoxib (COX-2 selec-
tive) resulted in a significantly greater vasoconstriction of vasa
recta at pericyte sites (30 uM indomethacin: 9.86 = 0.55%,
n = 13 slices and n = 5 animals, P < 0.001), SC 560 (100 uM,
10.19 = 0.31%, n = 7 slices and n = 5 animals, P < 0.001),
meloxicam (1 mM, 9.19 = 0.59%, n = 9 slices and n = 5
animals, P < 0.001), celecoxib (300 uM, 11.71 %= 0.97%, n =
5 slices and n = 4 animals, P < 0.001) compared with
nonpericyte sites (Fig. 3). The concentration of each NSAID
tested above was the minimum concentration found to elicit a
measurable change in vessel diameter in the live kidney slice
preparation. The relationship among the concentrations used in
the present study, the therapeutic dose, and the amount the
kidney is likely to be exposed to are shown in Table 1 and
considered in the piscussioN below.

Both COX-1-selective and COX-2 selective NSAIDs
evoked pericyte-mediated vasoconstriction in the absence of an
inflammatory stimulus. Moreover, there was no significant
difference in the periciyte-mediated constriction measured in
response to all agents tested despite the literature suggesting
COX-2-selective NSAIDs to be less nephrotoxic. Inhibition of
the production of vasodilatory prostanoids via both COX-1 and
COX-2 elicited a comparable pericyte-mediated constriction of
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Fig. 5. Indomethacin acts at pericyte sites to attenuate bradykinin- and
S-nitroso-N-acetyl-L-penicillamine (SNAP)-evoked vasodilation of in situ vasa
recta. Bar graphs show percent changes in vasa recta diameter at pericyte and
nonpericyte sites. Bradykinin (10 nM; A) and SNAP (10 uM; B) evoked
significantly (***) greater dilation at pericyte sites than at nonpericyte sites.
The addition of indomethacin (30 wM; A and B) significantly (#) attenuated the
pericyte-mediated vasodilation evoked by bradykinin and SNAP. After re-
moval of indomethacin, vasodilation was observed in the presence of brady-
kinin and SNAP alone, indicating that the effect of indomethacin was revers-
ible. No significant change in vessel diameter was observed at nonpericyte
sites. Values are means = SE; n = 9 slices and n = 8 animals. **P < 0.01;
kP < 0.001; #P < 0.01; TP < 0.001.

vasa recta capillaries, which was the same order of magnitude
as that measured in response to bath application of other renal
vasoconstrictor agents (ET-1, ATP, and N-nitro-L-arginine
methyl ester) (9, 10). Given that both COX-1-selective and
COX-2-selective NSAIDs elicited a comparable constriction of
vasa recta via pericytes, the nonselective NSAID indomethacin
was used in subsequent experiments to inhibit both subtypes of
the COX enzyme. To further corroborate the nonselective
action of indomethacin, using immunohistochemical tech-
niques, we identified both subtypes of COX enzymes in the
medulla in close proximity to the vasculature. Furthermore,
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enzyme immunoassay experiments confirmed that the indo-
methacin (nonselective NSAID)-induced vasoconstriction ob-
served in functional experiments was due to a significant
decrease in measurable PGE, in the perfusate (10.61 * 2.24%,
n =17, P <0.01; Fig. 4).

Determination of the potency of NSAID-mediated
vasoconstriction. Bradykinin and NO both stimulate COX
activity and contribute to PGE,-mediated vasodilation (45, 52,
53). To examine the potential interactions between endogenous
vasodilators and NSAIDs, live kidney slices were exposed to
indomethacin (nonselective NSAID) in the presence of brady-
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Fig. 6. PGE: and epoprostenol act at pericyte sites to attenuate indomethacin-
evoked vasoconstriction of in situ vasa recta. Bar graphs show percent changes
in vasa recta diameter at pericyte and nonpericyte sites. Indomethacin (30 uM)
evoked a significantly (*#*) greater constriction at pericyte sites than at
nonpericyte sites (A and B). The addition of PGE> (10 wM; A) and epopros-
tenol (10 wM; B) significantly (#) attenuated the pericyte-mediated vasocon-
striction evoked by indomethacin. After removal of PGE: (A) and epoprosentol
(B), vasoconstriction (1) was observed in the presence of indomethacin alone,
indicating that the effects of PGE> and epoprostenol were reversible. No
significant change in vessel diameter was observed at nonpericyte sites. Values
are means = SE; n = 6 slices and n = 5 animals. **P < 0.01; ***P < 0.001;
P < 0.001.
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kinin or SNAP to stimulate NO production. Pericyte-mediated
vasodilation in response to bradykinin and SNAP [9.3 =*
2.05% (Fig. 5A) and 8.64 = 1.66% (Fig. 5B), respectively, n =
8 slices and n = 6 animals, P < 0.001] was significantly
attenuated when indomethacin was included in the perfusate
(total change in vessel diameter: ~10% and ~10%, respec-
tively), resulting in pericyte-mediated constriction (Fig. 5B).
This constriction was reversed upon washout of indomethacin,
resulting in subsequent pericyte-mediated vasodilation in the
presence of bradykinin and SNAP [8.3 = 1.6% (Fig. 5A) and
10.0 = 1.0% (Fig. 5B), respectively]. The time taken for
indomethacin to significantly attenuate the pericyte-mediated
bradykinin- and SNAP-evoked dilation was significantly
greater (51.53 £ 6.23 s, P < 0.01) than the time taken for
indomethacin to elicit a pericyte-mediated dilation of naive
vasa recta.

To investigate what might occur if it were possible to
stimulate in vivo synthesis of PGE, or PGI, in the presence of
indomethacin, live kidney slices were superfused with indo-
methacin in the presence of PGE, (Fig. 6A) or epoprostenol
(Fig. 6B). In parallel experiments, vasa recta capillaries
were initially constricted by pericytes when live tissue was

| AA Metabolism | | product | |vesse| response
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superfused with indomethacin (6.25 = 0.43 and 7.87 *
0.49; Fig. 6, A and B). In the presence of PGE, or epopro-
stenol, the indomethacin-mediated constriction was attenu-
ated, resulting in a pericyte-mediated dilation of vasa recta
(3.41 £ 1.21% and 1.02 = 0.73% from baseline, respec-
tively; Fig. 6), revealing a total change in vessel diameter of
~10% and ~9%, respectively. Removal of exogenous PGE»
and epoprostenol resulted in an indomethacin-mediated res-
toration of pericyte-evoked constriction of vasa recta [6.97
* 0.72%, n = 6 slices and n = 5 animals (Fig. 6A), and 8.07
* 0.38%, n = 4 slices and n = 3 animals (Fig. 6B)]. Little
to no change in vasa recta diameter was measured at
nonpericyte sites (Fig. 6).

DISCUSSION

NSAIDs have long been associated with renal injury, al-
though the precise mechanisms underlying this associated renal
injury have yet to be fully delineated. NSAIDs themselves are
not vasoactive agents but act to inhibit COXs and the synthesis
and bioavailability of vasodilatory PGs. Clinically, this has the
beneficial effect of reducing pain and inflammation and the

Fig. 7. Schematic of the proposed mechanism for the NSAID-
induced reduction in vasa recta diameter. Treatment with
NSAIDs shunts the metabolism of arachidonic acid (AA) from
the COX pathway to other pathways, which results in the
production of alternative vasoconstrictor agents. Increased
availability of agonists favoring vasoconstriction leads to a
reduction in mean blood blow (MBF). Whether these agonists
act directly on pericytes or indirectly via endothelial signaling
has yet to be established; however, the data presented here
indicate that pericytes are the key players in mediating the
reduction of vasa recta diameter. LOX, lipooxgenase; Cyt
P450, cytochrome P-450; LBy, leukotriene B4; 5-HETE, 5-hy-
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detrimental effect of dysregulating MBF due to the reduced
bioavailability of PGE, and PGI, (23).

The data presented here identify contractile pericytes as the
key cell type responsible for /) increasing vasa recta diam-
eter when live tissue slices were exposed to exogenous
PGE, and PGI, (epoprostanol) and 2) decreasing vasa recta
diameter when live tissue was exposed to a panel of nonse-
lective, COX-1-selective, and COX-2- selective NSAIDs
(Figs. 1 and 3). PGE, is a potent vasodilator in the medulla
and, as such, can attenuate ET-1 and ANG II-mediated
vasoconstriction (Fig. 2) of vasa recta by pericytes. This
may be important in vivo as a reduction in bioavailable
PGE,, due to NSAID-mediated inhibition of COXs, would
result in a pericyte-mediated decrease in vasa recta diameter
and an associated reduction in MBF. We have previously
described how pericyte-mediated regulation of vasa recta
diameter is thought to underlie the changes in MBF that can
occur in both physiological and pathophysiological settings
(9, 10). Given that PGE, is the most prominent prostanoid
expressed in the medulla and its key role in both regulation
of MBF and NaCl transport in the loop of Henle, the
consequences of reduced production of PGE, are significant
for kidney function. The NSAID-mediated reduction in vasa
recta diameter observed here may indeed be due to a
reduction in the bioavailability of vasodilatory PGE, but
may also involve the shunting of arachidonic acid (AA)

Ai

Fig. 8. Confocal images of COX-1 and COX-2
expression in the renal medulla. Before fixa-
tion with paraformaldehyde, vasa recta capil-
laries of live kidney slices were labeled with
Alexa 488-conjugated IB4 (green; A,i and B,i);
outlines of the vessels are indicated by arrows,
the potential location of pericytes, identified
by their bump-on-a-log morphology, on ves-
sels are indicated by arrowheads. A,ii: postfix-
ation, COX-1 expression was labeled with
anti-COX-1 primary antibody and probed with
Alexa 555-conjugated secondary antibody
(red). B,ii: COX-2 expression was labeled
with anti-COX-2 primary antibody and probed
with Alexa 555-conjugated secondary anti-
body (red). Both COX-1 and COX-2 were
located on the apical membrane of tubular
cells in the renal medulla (A,ii and B,ii, respec-
tively). *Location of tubule cells. A,iii: overlay
of images of A,i and ii, showing the localiza-
tion of COX-1 (red) and vasa recta. B,iii:
overlay of images of B,i and ii, showing the
localization of COX-2 (red) and vasa recta
(green). n = 6 slices and n = 3 animals.
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metabolism via alternative enzymes such as lipooxygenases
or cytochrome P-450s, resulting in the production of vaso-
constrictors such as leukotrienes and hydroxyeicosatetra-
enoic acid (see Fig. 7) (30, 55). Additionally, AA can be
nonenzymatically metabolized, leading to the production of
PGE,,, which also acts as a vasoconstrictor (35). While
measuring the production of multiple AA metabolites was
beyond the remit of this study, the reduced production of
PGE, in the perfusate collected during functional experi-
ments, during which live kidney slices were superfused with
indomethacin, confirms that the reduced bioavailability of
vasodilatory PGE, is a key component of the vasoconstric-
tion observed.

The data presented here demonstrate that prostanoids act
specifically at pericytes to increase capillary diameter and that
NSAID-mediated inhibition of endogenous prostanoids can
reduce vasa recta capillary diameter via renal pericytes. In
addition, these data demonstrate that the effect of inhibiting the
production of PGE; in the renal medulla cannot be overcome
by exogenous application of endogenous vasodilators (brady-
kinin and SNAP) regardless of whether they act specifically at
pericytes or mediate secondary production of PGE,. Given the
location of COX-1 and COX-2 in the medulla (12) (see Fig. 8)
and the endothelial expression of EP receptors (25) (see Fig. 9),
we hypothesize that epithelial cell-derived PGE, acts at endo-
thelial EP receptors and that endothelial-pericyte cell commu-
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Fig. 9. Confocal images of EP2 and EP4 receptor expression in the renal medulla. Before fixation with paraformaldehyde, vasa recta capillaries of live kidney
slices were labeled with Alexa 488-conjugated IB4 antibody (green; A,i and B,i). A,ii: EP2 receptor expression was labeled with anti-EP2 primary antibody and
probed with Alexa 555-conjugated secondary antibody (red). A,iii: overlay of images of A,i and ii, showing the close proximity of vasa recta (green) and EP2
receptor expression (red). B,ii: EP4 receptor expression was labeled with anti-EP4 primary antibody and probed with Alexa 555-conjugated secondary antibody
(red). B,iii: overlay of images of B,i and ii, suggesting colocalization of vasa recta (green) and EP4 receptor expression (red). n = 6 slices and n = 3 animals.

nication [via previously defined mechanisms such as increased
K™ channel activity (5) or Ca®* signaling between cell types
(68)] culminates in pericyte-mediated vasodilation of vasa
recta. Further work is undoubtedly required to validate this
hypothesis, but given the lack of contractile machinery expres-
sion in endothelial cells and the spatially localized constriction
of vasa recta at pericyte sites, this hypothesis certainly seems
plausible. The ability of indomethacin to mediate pericyte-
specific vasoconstriction beyond baseline diameter in the pres-
ence of SNAP and bradykinin suggests alternative metabolites
of AA might additionally act at pericytes to further constrict
vasa recta. This is, of course, merely speculation on our part, as
measuring the production of a vast array of potential metabo-
lites was beyond the scope of this study. Moreover, it should be
noted that in vivo many other factors, such as capillary and
tubular flow, pH, and spatial changes in O, tension and
osmolality, may also influence the ability of SNAP and brady-
kinin to evoke vasodilation in the presence of a COX inhibitor.
However, the effect these parameters may confer on pericyte-
mediated changes in vessel diameter cannot be assessed in the
slice model.

While the concentration of PGE; used in this study seems
high (1-10 uM) compared with the physiological concentra-
tion of PGE; in the kidney (~10 nM), the vessels imaged in
this study reside ~50 wm below the surface of the tissue, and
determination of the concentration of the vasoactive agent at
that depth is not possible. Furthermore, endogenous PGE, is
susceptible to oxidation by 15-hydroxyprostaglandin dehydro-
genase and is readily absorbed by epithelial cells in the cortical
and medullary thick ascending limb of the loop of Henle and
proximal tubule (24), thus reducing the bioavailability of PGE,
as a result. The concentration of NSAIDs used in our experi-
ments was selected primarily with the aim of inducing a
measurable function effect while working within the therapeu-
tic dose window. Meloxicam, for example, is prescribed as 7.5-

or 15-mg tablets (3); taking into account metabolism of the
drug in the liver, the kidneys would be exposed to ~5% of the
original dose, which equates to 0.38 and 0.75 mg, respectively
(see Table 1). In the present study, bath application (as opposed
to intraluminal) of 1 mM meloxicam, which equates to 2.45
mg, evoked a 9.2% vasoconstriction of vasa recta at pericyte
sites. Taking into account the reduced concentration of meloxi-
cam at subsurface vessels, the concentration ranges used for
meloxicam and other NSAIDS (see Table 1 for concentration
and therapeutic dose comparisons) used in this study seem
appropriate.

To further contextualize the implication for our findings in a
clinical setting, we considered the following: kidneys remove
50-90% of conjugated metabolites and between trace and 50%
of the active compound depending on the extent of liver
metabolism; thus, in vivo, it is likely that the kidneys could be
exposed to toxic levels of active NSAID compounds (37). The
resultant chronic suppression of PGE, synthesis and ensuing
pericyte-mediated constriction of vasa recta can ultimately lead
to localized ischemia. Pericytes constrict irreversibly under
ischemic conditions (21, 46), and, as such, long-term irrevers-
ible damage will likely ensue, resulting in chronic disease
manifestation. Reciprocally, renal excretion of NSAIDs and
their metabolites relies fundamentally on efficient filtration and
tubular secretion, and the chronic reduction in renal blood flow
and filtration would therefore further hinder appropriate elim-
ination of NSAIDs, leading to their accumulation in the blood
(18, 61, 65). The metabolism and excretion of NSAIDs are
highly dependent on organ systems operating optimally, which
in a clinical setting might seldom be a reality due to preexisting
health complications and/or comorbidity. In addition to poor
elimination, inactive NSAID metabolites can become reacti-
vated in the kidney, thus exposing the kidney to even higher
concentrations of active compounds (34).
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Collectively, the data presented here identify pericyte-medi-
ated constriction of vasa recta as the cellular mechanism
underlying the previously reported in vivo reduction in MBF
(2). The pericyte-mediated decrease in vasa recta diameter
evoked by both selective and nonselective NSAIDs described
here provides a novel mechanism for NSAID-mediated neph-
rotoxicity, and we conclude that the pericyte-mediated changes
in vasa recta diameter are likely to significantly influence renal
function and the onset of long-term disease (42, 47). Given the
borderline hypoxic environment of the medulla, a decrease in
vessel diameter would invariably have a severe impact on
blood flow to this region. Although measurement of MBF was
beyond the scope of this study, the observed reductions in
vessel diameter strongly suggest that there would be a con-
comitant reduction in blood flow in an in vivo setting. Further-
more, our data demonstrate the sensitivity of pericytes in the
medulla to changes in PG production and robustly show the
vascular response to fluxes in PG production. Whether this
novel mechanism represents the primary nephrotoxic mecha-
nisms or is secondary to tubular toxicity now requires clarifi-
cation, and, as such, this will be the focus of future studies.
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