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of lithium-induced nephrogenic diabetes insipidus in mice

Yue Zhang1 & János Peti-Peterdi2 & Anna U. Brandes1 & Anne Riquier-Brison2
&

Noel G. Carlson3
& Christa E. Müller4 & Carolyn M. Ecelbarger5 &

Bellamkonda K. Kishore1

Received: 13 September 2016 /Accepted: 23 January 2017 /Published online: 23 February 2017
# Springer Science+Business Media Dordrecht (outside the USA) 2017

Abstract Previously, we localized ADP-activated P2Y12 re-
ceptor (R) in rodent kidney and showed that its blockade by
clopidogrel bisulfate (CLPD) attenuates lithium (Li)-induced
nephrogenic diabetes insipidus (NDI). Here, we evaluated the
effect of prasugrel (PRSG) administration on Li-induced NDI
in mice. Both CLPD and PRSG belong to the thienopyridine
class of ADP receptor antagonists. Groups of age-matched
adult male B6D2 mice (N = 5/group) were fed either regular
rodent chow (CNT), or with added LiCl (40 mmol/kg chow)
or PRSG in drinking water (10 mg/kg bw/day) or a combina-
tion of LiCl and PRSG for 14 days and then euthanized. Water

intake and urine output were determined and blood and kidney
tissues were collected and analyzed. PRSG administration
completely suppressed Li-induced polydipsia and polyuria
and significantly prevented Li-induced decreases in AQP2
protein abundance in renal cortex and medulla. However,
PRSG either alone or in combination with Li did not have a
significant effect on the protein abundances of NKCC2 or
NCC in the cortex and/or medulla. Immunofluorescence mi-
croscopy revealed that PRSG administration prevented Li-
induced alterations in cellular disposition of AQP2 protein in
medullary collecting ducts. Serum Li, Na, and osmolality
were not affected by the administration of PRSG. Similar to
CLPD, PRSG administration had no effect on Li-induced in-
crease in urinary Na excretion. However, unlike CLPD, PRSG
did not augment Li-induced increase in urinary arginine vaso-
pressin (AVP) excretion. Taken together, these data suggest
that the pharmacological inhibition of P2Y12-R by the
thienopyridine group of drugs may potentially offer therapeu-
tic benefits in Li-induced NDI.
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Introduction

It is now well-established that extracellular nucleotides (ATP/
ADP/UTP), acting through P2 purinergic receptors, play a
significant role in fine-tuning salt and water reabsorption
along the nephron and collecting duct. Studies also revealed
that most of the effects of extracellular nucleotides on renal
tubular transport of salt and water are mediated by UTP/ATP-
activated P2Y2 receptor, which is expressed widely in the
kidney [1–4]. It has been shown that P2Y2 receptor exerts its
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effect on salt and water reabsorption by its ability to oppose
the actions of aldosterone and arginine vasopressin (AVP) on
the medullary collecting duct [reviewed in 5–9].

Recently, we discovered that ADP-activated P2Y12 recep-
tor is also expressed in the rodent kidney, and it may play a
potential role in water handling by the kidney by opposing the
action of AVP on the collecting duct [10]. Thus, it appears that
the autocrine and/or paracrine actions of extracellular nucleo-
tides through P2Y receptors constitute tonic inhibitory effect
on water and sodium reabsorption mediated by the AVP and
aldosterone. Based on this deduction, we posited that the same
actions of extracellular nucleotides mediated by P2Y receptors
may also contribute to the development of collecting duct
resistance to AVP often seen in acquired nephrogenic diabetes
insipidus (NDI), such as the one induced by chronic lithium
administration for the treatment of bipolar disorder [11–13].
Accordingly, we demonstrated that genetic deletion of P2Y2

receptor confers significant resistance for the development of
lithium-induced NDI [14, 15]. However, currently, there are
no FDA-approved selective antagonists of the P2Y2 receptor,
thus limiting our in vivo studies using pharmacological ap-
proach on this receptor. In contrast, the availability of FDA-
approved and selective P2Y12 receptor antagonists allowed us
to demonstrate that its pharmacological blockade significantly
ameliorates lithium-induced NDI in rodents [10, 16]. These
drugs are used to inhibit platelet ADP receptor and thus pre-
vent acute episodes of cardiovascular or cerebrovascular
events, such as heart attack and stroke, respectively.

In our studies we blocked the P2Y12 receptor in rodents by
the administration of clopidogrel bisulfate (CLPD) [10, 16].
CLPD has been in the clinical use for about 19 years as an
anticlotting drug by virtue of its ability to block the platelet
P2Y12 receptor (ADP receptor) irreversibly. CLPD belongs to
the thienopyridine group of P2Y12 receptor antagonists. It is a
prodrug that needs to be activated in the liver by cytochrome
P450 enzymes generating its activemetabolite (Act-Met) [17].
The active metabolite, which constitutes about 15% of the
ingested drug, irreversibly binds to the P2Y12 receptor by
forming disulfide bridges and thus prevents its activation by
ADP [18].

Prasugrel (PRSG), another FDA-approved drug, also be-
longs to the same thienopyridine group of P2Y12 receptor
antagonists. Similar to CLPD, it is a prodrug activated in the
liver and its active metabolite irreversibly binds to P2Y12 re-
ceptor. However, there are significant differences between
CLPD and PRSG with respect to their activation, pharmaco-
kinetics, and pharmacodynamics [19, 20]. For example,
CLPD is oxidatively activated by CYP2C19, CYP3A4, and
CYP3A5 cytochrome P450 enzymes, whereas PRSG is acti-
vated by ester hydrolysis followed by CYP2C19 oxidation.
Furthermore, activation of CLPD shows large interindividual
differences, drug interactions, delayed start of effect, and very
long-lasting effect [21, 22]. In contrast, PRSG administration

has more efficient activation and less resistance, faster onset of
effect, more potent mechanism of action, and fewer drug in-
teractions [23]. Similarly, there are differences in the clinical
efficiency of CLPD and PRSG as antiplatelet drugs [24, 25],
which have been attributed to their differences in activation
and/or metabolism [26]. In view of these differences, in this
communication, we evaluated whether PRSG has similar ef-
fect on lithium-induced NDI in mice as we demonstrated pre-
viously using CLPD [16]. Lithium-induced NDI is character-
ized by polydipsia, polyuria, and impaired concentrating abil-
ity of the kidney, associated with marked decrease in the pro-
tein abundance of AVP-regulated collecting duct water chan-
nel, aquaporin-2 (AQP2). In addition, in lithium-induced
NDI, the urinary excretion of sodium and AVP are high.
Hence, we investigated the effect of PRSG on these lithium-
induced characteristics.

Methods

Experimental animals

The animal procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Veterans
Affairs Salt Lake City Health Care System, Salt Lake City,
Utah. Specific pathogen-free B6D2 mice bred in-house were
used in the study. All mice were subcutaneously implanted
with microchip transponders for efficient tracking of the mice
and the samples derived from them before and after euthanasia
(Locus Technology, Inc., Manchester, MD). This also ensured
blinding of samples during analysis. Unless otherwise stated,
mice were housed in groups in conventional plastic cages with
bedding and regulated light-dark cycles and had free access to
food and drinking water. NDI was induced by the administra-
tion of LiCl by the methods established in our laboratory [10,
14–16]. Age-matched adult male mice were randomly divided
into four groups (five mice/group). Group 1 (CNT; control
mice) was fed regular rodent chow, group 2 received prasugrel
(PRSG; 10 mg/kg bw/day) in drinking water, group 3 was fed
lithium chloride-added diet (40 mmol LiCl/kg chow; MP
Biomedicals, Solon, OH), and group 4 received a combination
of lithium in food and PRSG in drinking water. PRSG was
administered by mixing finely powdered tablets (Eli Lilly and
Company, Indianapolis, IN) in drinking water. Based on the
water consumption of the animals on the previous day, the
concentration of PRSG in the drinking water was adjusted
daily. The dose of PRSG used here, when adjusted to the Km

factor (ratio of body surface area to body weight of the species
(mouse vs. man) as per Reagan-Shaw et al. [27]) was approx-
imately 5-fold higher than the human effective dose (HED).
Thus, it is comparable to the dose of clopidogrel bisulfate we
used previously in mouse model of lithium-induced NDI [16].
Twenty-four-hour urine samples were collected prior to the

240 Purinergic Signalling (2017) 13:239–248



start of the experiment (day 0), and then on days 7 and 8 and
13 and 14 by placing the mice in plastic metabolic cages (1
mouse/cage), with free access to food and water. All mice
were euthanized on day 14 after collection of urine samples.
Blood and kidneys were collected at the time of euthanasia.
Serum was separated after blood clotting and retraction of the
clot. Cortical and medullary regions of the kidneys were dis-
sected out, flash frozen, and then processed for laboratory
assays. One half of one kidney from each mouse was fixed
in 10% buffered formalin and then embedded in paraffin
blocks.

Urine and serum analysis

Clear supernatants of urine obtained by centrifugation were
used for the determination of osmolality by vapor pressure
method (Wescor, Logan, UT). The concentrations of sodium
and lithium in the serum, and urinary sodium, were measured
with an EasyLyte (Medica, Bedford, MA) analyzer. Urinary
excretion of AVP was determined by an ELISA kit (Enzo Life
Sciences, Farmingdale, NY) as described previously [16].

Western blotting for proteins

Semiquantitative immunoblotting approach was used to
determine the protein abundances of aquaporin-2 (AQP2)
water channel of the collecting duct, the bumetanide-
sensitive Na, K, 2Cl cotransporter-1 (BSC1 or NKCC2)
of the thick ascending limb and the NaCl cotransporter
(NCC) of the distal convoluted tubule in the kidney, as
described previously [10, 16]. Briefly, cortical and medul-
lary tissues were homogenized in a buffer containing pro-
tease inhibitors. Protein concentrations of the homogenates
were determined, and samples were solubilized in Laemmli
sample buffer. Equal amounts of protein in the samples
were applied on 7.5 or 12% polyacrylamide precast gels
(Life Technologies, Grand Island, NY or Bior-Rad,
Hercules, CA) and subjected to electrophoresis. The size-
fractionated proteins in the gels were electrotransferred to
nitrocellulose membranes. After blocking with fat-free
milk, the membranes were probed with our own rabbit
peptide-derived polyclonal antibody against aquaporin-2
(AQP2), NKCC2, or NCC as previously described [15,
16]. Our polyclonal antibodies were derived from the same
peptide sequences identified and utilized by Dr. Mark
Knepper to produce antibodies. They were further evaluat-
ed by us for their specificity in our laboratories. For load-
ing accuracy, parallel-run blots were probed with rabbit β-
actin monoclonal antibody (Sigma-Aldrich, St. Louis, MO
or Biolegend, San Diego, CA). Band densities of channel/
transporter proteins were determined and were normalized
to the densities of the respective β-actin bands. Mean band
densities in each group were expressed as percent of the

mean values in the control group. To avoid individual bias,
Western blots were prepared by technical staff that had no
knowledge of the project outcome. Digitization and of
blots and densitometry were done by two of the authors
(YZ and CME).

Morphological examination and confocal
immunofluorescence

Paraffin-embedded kidneys were sectioned at 5-μm thickness,
deparaffinized and rehydrated. Sections were stained with
hematoxylin-eosin and examined under light microscope for
morphological profiles. Sections were at first randomly exam-
ined in blind fashion, to gain overall assessment, and photo-
graphs were taken during a second round of examination. For
confocal immunofluorescence microscopy, kidney sections
(5-μm thickness) were shipped to the laboratory of JP-P at
the University of Southern California. These sections were
processed by methods described previously [10, 16, 28].
Briefly, deparaffinized and rehydrated sections were heated
for 2 × 10 min in a microwave with medium heat in PBS
and allowed to cool for 40 min to retrieve antigen. Sections
were then permeabilized for 10 min with 0.1% Triton X-100
in PBS. To block non-specific binding, goat serum (1:20 di-
lution, Jackson Immunoresearch Laboratories, Inc., West
Grove, PA) in PBS was applied to sections for 1 h. Sections
were then probed with AQP2 goat polyclonal antibody (sc-
9882 from Santa Cruz, CA; 1:100 dilution) or our P2Y12

receptor rabbit polyclonal antibody [10, 16], overnight follow-
ed by incubation with secondary Alexa fluor 594-conjugated
goat anti-rabbit antibody (Invitrogen) or Alexa fluor 488-
conjugated donkey anti-goat antibody, respectively, for 1 h.
AQP2 and P2Y12 immunofluorescence experiments were per-
formed by one of the authors (AR-B), and the slides were
evaluated and imaged independently and blindly by another
(JP-P). The peptide-derived P2Y12 receptor antibody used
here was designed, generated, and thoroughly characterized
by us and published [10]. Using an array of approaches, such
as shRNA knockdown, overexpression, and immunodetection
in native cells known to express P2Y12 receptor, such as plate-
lets and microglia, we have established the specificity of our
P2Y12 receptor antibody [10].

Statistical analysis

Quantitative data are expressed as mean ± SE. Data were
analyzed by one-way analysis of variance (ANOVA), follow-
ed by Tukey-Kramer Multiple Comparisons Test or
Bonferroni Test. P values <0.05 were considered significant.
GraphPad Instat software was used for statistical analysis
(GraphPad Software, Inc., La Jolla, CA).
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Results

Effect of PRSG on lithium-induced polydipsia
and polyuria

Lithium-induced NDI manifests as polydipsia and polyuria.
Figure 1 shows the effect of PRSG on lithium-induced poly-
dipsia and polyuria. The latter was assessed by urine output
and urine osmolality. As expected, administration of lithium
caused marked increase in water intake (Fig. 1a, b) and urine
output (Fig. 1c, d) associated with a marked decrease in urine
osmolality (Fig. 1e, f). Lithium-induced polydipsia and poly-
uria reached maximal values by day 7/8, and after that, they
remained unchanged until the time of euthanasia on day 14. In
contrast, in the group that received lithium in combination
with PRSG, both polydipsia and polyuria were markedly

suppressed from the beginning of the experimental period
(P < 0.05 or better). In fact, during the experimental period,
the water consumption, urine output, and urine osmolality in
this group were comparable to the ones seen in the control
(CNT) group. Administration of PRSG without lithium had
no significant effect on basal water consumption, urine output,
or urine osmolality.

Effect of PRSG on lithium-induced decrease in AQP2 pro-
tein abundance Lithium-induced polyuria is attributed to a
decrease in the protein abundance of the AVP-regulated
collecting duct water channel AQP2. In order to assess wheth-
er the observed suppressing effect of PRSG on lithium-
induced polyuria is associated with changes in the protein
abundance of AQP2, we performed semiquantitative immu-
noblotting using kidney cortical and medullary tissue

Fig. 1 Effect of prasugrel on
lithium-induced polydipsia and
polyuria. Groups ofmice were fed
regular diet (CNT) or lithium-
added diet (LI) or prasugrel in
drinking water (PRSG) or a
combination of Li in the diet and
PRSG in drinking water (LI +
PRSG) for 14 days and
euthanized. Twenty-four-hour
water intake and urine output
were determined, prior to the
experimental period (day 0), on
days 7 and 8, and prior to
euthanasia (days 13 and 14;
terminal). Mean values for days 7
and 8 and 13 and 14 were used in
computing the data. a, b show
water intake during the three time
points or terminally, respectively.
c, d show urine output during the
three time points or terminally,
respectively. e, f show urine
osmolality during the three time
points or terminally, respectively.
Values shown are mean ± SE
(N = 5 mice/per group).
*significantly different from other
groups at the same time point by
ANOVA (P < 0.05 or better).
**significantly different from all
other groups by Tukey-Kramer
multiple comparison test followed
by ANOVA (P < 0.05 of better)
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homogenates. As shown in Fig. 2a, b, lithium treatment re-
sulted in a marked decrease in the AQP2 protein abundance in
the medulla (P < 0.01). Administration of PRSG significantly
restored AQP2 protein abundance to higher levels as com-
pared to the mice treated with lithium alone (P < 0.03).
Although PRSG restored the AQP2 protein abundance to
3.2-fold higher than the mean value in lithium-treated mice,
it corresponds to 56 ± 11% of the mean value seen in untreated
control mice. Administration of PRSG alone tended to in-
crease the AQP2 protein abundance, but the increase was
not statistically significant. A similar pattern of changes in
AQP2 protein abundance was seen in the cortical tissue ho-
mogenates (Fig. 2c, d). Lithium treatment caused marked de-
crease in AQP2 protein in the cortex (P < 0.001), which was
significantly restored by the administration of PRSG
(P < 0.05). The restored value was 64 ± 13% of the mean
value in the control group. Thus, administration of PRSG
significantly, but not completely, countered lithium-induced
decreases in AQP2 protein abundance in the renal cortex
and medulla.

Effect of PRSG on sodium cotransporter protein abun-
dances We also assessed the effect of prasugrel on the two
major sodium-coupled cotransporters of the renal tubule that
play a significant role in urinary concentration mechanism,
i.e., NKCC2 of the thick ascending limb, and NCC of the
distal convoluted tubule. As shown in Fig. 3a, we found no
effect of lithium or PRSG on cortical NKCC2 protein

abundance (two-way ANOVA P values for cortical NKCC2
were as follows: lithium 0.62, PRSG 0.64, interaction 0.56).
Medullary NKCC2 protein (Fig. 3b) abundance was signifi-
cantly reduced in the Li + PRSG group relative to the control
group (P < 0.05). In fact, both PRSG and lithium significantly
decreased medullary NKCC2 protein abundance by two-way
ANOVA (P values, lithium 0.017, PRSG 0.018, interaction
0.73). On the other hand, NCC was increased by Li alone and
effect that was countered by PRSG (Fig. 3c; P values, lithium
0.02, PRSG 0.38, interaction 0.47).

Confocal immunofluorescence imaging of AQP2 and
P2Y12 receptor proteins in the medulla Confocal immuno-
fluorescence imaging was used to visualize the cellular ex-
pression and disposition of AQP2 and P2Y12 receptor proteins
in the inner medullary collecting ducts of mice treated with
PRSG and/or lithium in comparison with control mice.
Immunofluorescence labeling was even throughout the sec-
tions and equal among the different kidney samples belonging
to the same experimental groups. Representative images of the
inner medulla that contain the same density and orientation of
collecting ducts were presented here. As shown in Fig. 4, in
control mice, AQP2 protein (green) could be seen in abun-
dance and both on apical domain and throughout the body of
the cells in medullary collecting ducts (Fig. 4a). Lithium treat-
ment caused a marked decrease in the cellular levels of APQ2
in the medullary collecting ducts (Fig. 4b). Administration of
PRSG to the Li-treated mice restored the AQP2 protein

Fig. 2 Effect of prasugrel on lithium-induced decreases in AQP2 protein
abundances in the kidney. Groups of mice were fed regular diet (CNT) or
lithium-added diet (LI) or prasugrel in drinking water (PRSG) or a
combination of Li in the diet and PRSG in drinking water (LI + PRSG)
for 14 days and euthanized. Whole tissue homogenates of renal medulla
or cortex were processed for semiquantitative immunoblotting for
abundances of AQP2 water channel and β-actin proteins. a shows
immunoblot profiles for AQP2 protein in the medulla, where each lane
represents sample for one mouse. AQP2 protein band densities were
normalized by corresponding β-actin band densities and are shown in b

(mean ± SE). *significantly different from the CNTand PRSG groups by
Tukey-Kramer multiple comparison test following ANOVA (P < 0.01);
**significantly different from the LI group by Bonferroni Test following
ANOVA (P < 0.05). c shows immunoblot profiles for AQP2 protein in the
cortex, where each lane represents sample from onemouse. AQP2 protein
band densities were normalized by corresponding β-actin band densities
and are shown in d (mean ± SE) for the corresponding immunoblots of
medulla and cortex. *significantly different from all other groups by
Tukey-Kramer multiple comparison test following ANOVA (P < 0.05
or better)
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abundance to the intensity seen in the control group, with
comparable cellular distribution (Fig. 4d). Interestingly, ad-
ministration of PRSG alone appeared to modestly increase
AQP2 protein abundance in the cell, with more intense label-
ing at the apical domain (Fig. 4c). No detectable alterations in
the labeling pattern of P2Y12 receptor protein (red) could be
seen among the four groups.

Effect of PRSG with/without lithium on medullary
collecting duct morphology Lithium-induced NDI is known
to predominantly affect the medullary collecting ducts. Hence,
to assess whether administration of PRSG with or without
lithium had observably altered on the morphology of medul-
lary collecting ducts, we examined paraffin sections of the
kidneys stained with hematoxylin-eosin under a light micro-
scope. As shown in Fig. 5, administration of PRSG alone or in
combination with lithium did not cause detectable alterations
in the morphology of the medullary collecting ducts, which
looked similar to the ones seen in control group. Under our
experimental conditions, administration of lithium alone did

not cause detectable alterations in the morphology of medul-
lary collecting ducts. Furthermore, examination of kidney sec-
tions stained with periodic acid–Schiff (PAS) reagent revealed
that the integrity of tubular and glomerular cell membranes
was not affected (not shown here).

Effect of PRSG and/or lithium on serum parameters The
administration of PRSGwith/without lithium did not have any
effect on serum osmolality (Fig. 6a) or serum sodium levels
(Fig. 6b), which are comparable to the respective mean values
seen in the control group. Furthermore, administration of
PRSG did not affect the mean serum lithium levels (Fig. 6c).

Effect of PRSG and/or lithium on urinary excretion of
sodium and AVP Lithium-induced NDI is known to result
in increased urinary sodium and AVP excretion. As expected
and shown in Fig. 7a, lithium feeding resulted in significant
2.9-fold increase in urinary excretion of sodium (P < 0.01).
Administration of PRSG did not affect lithium-induced uri-
nary excretion of sodium, which remained significantly high

Fig. 3 Effect of prasugrel alone or in combination with lithium on the
protein abundances of NKCC2 and NCC in the renal cortex and/or
medulla. Groups of mice were fed regular diet (CNT) or lithium-added
diet (LI) or prasugrel in drinking water (PRSG) or a combination of Li in
the diet and PRSG in drinking water (LI + PRSG) for 14 days and
euthanized. Whole-tissue homogenates of renal medulla or cortex were
processed for semiquantitative immunoblotting for abundances of sodium
transporters, NKCC2 or NCC, and β-actin. a, b show immunoblot
profiles for NKCC2 protein bands in the medulla and cortex,
respectively, where each lane represents sample from one mouse. Bar

graphs on the right side of each panel show corresponding
densitometric values (mean ± SE) for the protein bands. *significantly
different from the CNT group by Tukey-Kramer multiple comparison test
following by ANOVA (P < 0.05). c immunoblot profile for NCC protein
bands in the cortex, where each lane represents sample from one mouse.
Bar graph on the right side of shows corresponding densitometric values
(mean ± SE) for the immunoblot. *significantly different from the CNT
and PRSG groups by Tukey-Kramer multiple comparison test following
ANOVA (P < 0.03)
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(P < 0.01). Interestingly, administration of PRSG alone result-
ed in a 60% increase in mean urinary excretion of Na as
compared to the control group, although the difference was
not significant due to large variation in the control group.
Similarly and as expected, feeding lithium resulted in a 1.6-
fold increase in urinary excretion of AVP, although the in-
crease was not significant due to large variation in the control
group. Administration of PRSG modestly increased the mean
value in the lithium-treated group; but the increase was not
significant. PRSG administration alone caused a significant
1.9-fold increase in mean urinary AVP level as compared to
the control group (P < 0.05).

Discussion

In this communication, we demonstrated that administration
of PRSG, a selective and irreversible antagonist of the P2Y12

receptor, ameliorated the key features of lithium-induced NDI,
namely, polydipsia, polyuria, and decrease in AQP2 protein
abundance in kidney cortex and medulla. Confocal immuno-
fluorescence imaging revealed a reversal of lithium-induced
alterations in cellular disposition of AQP2 protein by PRSG.
However, PRSG administration has minimal impact on the
protein abundances of sodium transporters, NKCC2 and

NCC. These effects of PRSG were not due to a decrease in
blood lithium levels. Furthermore, we showed that PRSG
treatment did not have any effect on the lithium-induced in-
crease in urinary sodium levels. Finally, we showed that
PRSG alone caused a significant increase in urinary excretion
of AVP, but that it did not significantly potentiate the effect of
lithium on urinary AVP excretion.

Previously, using confocal immunofluorescence microsco-
py, we showed that P2Y12 receptor protein is expressed in
several structures of mouse kidney, such as the proximal tu-
bule brush border and blood vessels in the cortex, thick as-
cending limbs and collecting ducts in the medulla. However,
the intensity of labeling is less in the medulla as compared to
the cortex [16]. We also demonstrated that administration of
CLPD significantly attenuated lithium-induced NDI and alter-
ations in the kidney [10, 16]. This study extended our earlier
observations to another P2Y12 receptor antagonist, PRSG,
which is a distinct molecule as compared to CLPD, and also
marketed as such. Overall, the effects of PRSG on lithium-
induced NDI observed here are comparable to the effects of
CLPD we reported previously in the mouse model of lithium-
induced NDI [16]. However, we also observed a few differ-
ences between these two drugs with respect to lithium-
induced NDI. Before elaborating those differences, it should
be noted that the doses of CLPD and PRSG used by us in the
mouse models are 5-fold higher than their respective human
effective doses (HEDs), and thus are comparable between the

A CNT B LI

C PRSG D LI + PRSG

AQP2 P2Y
12

Fig. 4 Immunofluorescence (IF) imaging of cellular expression and
disposition of APQ2 (green) and P2Y12 receptor (red) proteins in the
inner medullary collecting ducts of mice treated with PRSG and/or
lithium in comparison with control mice. Representative low
magnification profiles show IF labeling in mice treated with no drug
(a), LI (b), prasugrel (PRSG) (c), or a combination of LI and PRSG (d).
Insets show corresponding higher magnification profiles. Fluorescence
imaging settings were the same in all groups. Bar is 20 μm

A B

C D

CNT LI

PRSG LI + PRSG

Fig. 5 Morphological appearance of medullary collecting ducts in mice
treated with PRSG and/or lithium. Formalin-fixed and paraffin-embedded
kidney samples were sectioned and stained with hematoxylin-eosin.
Representative profiles of medullary collecting duct in a control mouse
(a) or a mouse fed lithium (b) or treated with prasugral (c) or a
combination of lithium and prasugrel (d). Bar is 20 μm
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two models. The effect of PRSG on lithium-induced polyuria
(assessed by an increase in urine output and decrease in urine
osmolality) and the decrease in AQP2 protein abundances in
the renal cortex and medulla are comparable to those we pre-
viously reported for CLPD [16]. The cellular disposition of
AQP2 in the medullary collecting ducts in mice treated with
lithium in combination with CLPD or PRSG was also
comparable.

The effects of PRSG on NCC and NKCC2 abundances
were somewhat different than what we observed with
CLPD. CLPD resulted in a 30–200% increase in NKCC2
and NCC band densities even in the absence of lithium. In
the present study, PRSG led to a modest reduction in NKCC2
in the medulla, with little change in NCC or cortical NKCC2
band densities. We do not know the mechanism underlying
these differences. It should be noted that only a fraction
(∼15%) of the administered CLPD or PRSG is converted in
the liver into the so-called active metabolite that irreversibly
binds to the P2Y12 receptor. We do not know the biological
effects of the other non-active metabolites, if any, especially
on the kidney, through which they are excreted. Obviously,
more studies are needed to delineate the effects of different
metabolites of CLPD and PRSG.

With respect to blood and urine parameters, PRSG admin-
istration did not alter serum lithium levels. This is in contrast
to the administration of CLPD, which caused a significant, but
modest, increase in serum lithium levels [16]. Previously, we
showed that administration of CLPD alone did not have any
effect on urinary sodium excretion [16], whereas administra-
tion of PRSG alone tended to have numerically higher (1.6-
fold) urinary sodium excretion. But, neither CLPD nor PRSG
protected against lithium-induced increase in urinary sodium
excretion.

Previously, we showed that administration of CLPD alone
to rats increased urinary AVP excretion, a surrogate for circu-
lating AVP levels. We also observed a similar CLPD-induced
increase in the mouse model; however, the increase did not
reach statistical significance [16] as it did in the rat model [10].
In contrast, in this study, we observed that administration of
PRSG alone caused a significant 1.9-fold increase in urinary
excretion of AVP, which may account for numerically higher

values for urinary osmolality and AQP2 protein abundance in
the medulla of the PRSG-treated group.

Thus, in spite of the differences in activation, bioavailabil-
ity, pharmacokinetics, and pharmacodynamics, in our hands,
CLPD and PRSG had comparable ameliorating effect on
lithium-induced NDI in mice. This observation opens an ave-
nue to develop new therapies for lithium-induced NDI in the
clinic. Despite the advent of newer and safer drugs, lithium
remains the main choice for the treatment of bipolar disorder
by virtue of its ability to prevent suicidal tendencies [29–31].
To boost its therapeutic value, in recent years, lithium has
emerged as a robust neuroprotective agent for the treatment
of acute brain injury (e.g., stroke) and chronic neurodegener-
ative diseases (e.g., Alzheimer’s) [32–35]. In view of these
potential current and future clinical applications, lithium is
expected to stay on the market for a long time.

In the clinical setting, treatment of bipolar patients with
lithium lasts for several years or decades. But, the major lim-
itation in the chronic lithium therapy is development of NDI.
NDI is a debilitating condition resulting in social inconve-
nience to morbidity. Elderly patients with NDI have an elevat-
ed risk of dehydration, hypernatremia, alterations in con-
sciousness, and hemodynamic instability from hypovolemia

Fig. 6 Effect of prasugrel and/or
lithium on blood parameters. a
Terminal serum osmolalities in all
the groups. b Terminal serum
sodium levels in all the groups. c
Terminal serum lithium levels in
lithium-treated groups. Values
shown are mean ± se (N = 5
mice/group)

Fig. 7 Effect of prasugrel and/or lithium on urinary parameters. a
Urinary sodium excretion. *significantly different from CNT group by
Tukey-Kramer multiple comparison test following ANOVA (P < 0.01). b
Urinary AVP excretion. *significantly different from CNT group by
Tukey-Kramer multiple comparison test following ANOVA (P < 0.05).
All data are mean ± se, N = 5 mice/group
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[36, 37]. Currently used therapies for the treatment of NDI are
often associated with adverse effects. For example, the use of
amiloride, which blocks the entry of lithium to collecting duct
cells by interacting with epithelial sodium channel (ENaC)
enhances lithium-induced natriuresis [38, 39]. Thiazides,
which reduce glomerular filtration rate (GFR) by activating
the tubuloglomerular feedback (TGF) and thus decrease poly-
uria, also reduce renal excretion of lithium potentially causing
lithium intoxication [40]. Finally, the long-term use of non-
steroidal anti-inflammatory drugs (NSAID; e.g., indometha-
cin) or cyclooxygenase (COX) inhibitors is associated with
adverse outcomes, including lithium intoxication [41–43], al-
though they are effective in controlling the lithium-induced
polyuria. Hence, there is an unmet need to find safer and
efficacious drugs for the treatment of lithium-induced NDI.

In this context, our work shows that pharmacological
blockade of the P2Y12 receptor by CLPD or PRSG, which is
proven safer, has the potential for the treatment of lithium-
induced NDI. More importantly, this approach shifts the cur-
rent focus of research and therapies for lithium-induced NDI
from the ones that counter anti-AVP effects of lithium to the
ones that enhance the sensitivity of the kidney to AVP action,
i.e., relieves the AVP-resistant state in lithium-induced NDI by
eliminating the tonic inhibition of AVP action by the P2Y12

receptor. Thus, in addition to safety, there is novelty in this
approach.
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