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Abstract
An	excess	phosphate	burden	in	renal	disease	has	pathological	consequences	for	bone,	
kidney,	and	heart.	Therapies	to	decrease	intestinal	phosphate	absorption	have	been	
used	to	address	the	problem,	but	with	limited	success.	Here,	we	describe	the	in	vivo	
effects	 of	 a	 novel	 potent	 inhibitor	 of	 the	 intestinal	 sodium-	dependent	 phosphate	
cotransporter	NPT2b,	LY3358966.	Following	treatment	with	LY3358966,	phosphate	
uptake	into	plasma	15	min	following	an	oral	dose	of	radiolabeled	phosphate	was	de-
creased	74%	and	22%	in	mice	and	rats,	respectively,	indicating	NPT2b	plays	a	much	
more	dominant	role	in	mice	than	rats.	Following	the	treatment	with	LY3358966	and	
radiolabeled	phosphate,	mouse	feces	were	collected	for	48	h	to	determine	the	ability	
of	LY3358966	to	inhibit	phosphate	absorption.	Compared	to	vehicle-	treated	animals,	
there	was	a	significant	increase	in	radiolabeled	phosphate	recovered	in	feces	(8.6%	
of	the	dose,	p <	 .0001).	Similar	studies	performed	in	rats	also	increased	phosphate	
recovered	in	feces	(5.3%	of	the	dose,	p <	 .05).	When	used	in	combination	with	the	
phosphate	 binder	 sevelamer	 in	 rats,	 there	was	 a	 further	 small,	 but	 not	 significant,	
increase	 in	 fecal	 phosphate.	 In	 conclusion,	 LY3358966	 revealed	 a	more	 prominent	
role	for	NPT2b	on	acute	intestinal	phosphate	uptake	into	plasma	in	mice	than	rats.	
However,	 the	modest	effects	on	 total	 intestinal	phosphate	absorption	observed	 in	
mice	and	 rats	with	LY3359866	when	used	alone	or	 in	combination	with	sevelamer	
highlights the challenge to identify new more effective therapeutic targets and/or 
drug combinations to treat the phosphate burden in patients with renal disease.
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1  |  INTRODUC TION

In	healthy	adults,	the	amount	of	dietary	phosphate	absorbed	is	bal-
anced	by	phosphate	excreted	through	the	kidney.1 In chronic kidney 
disease	(CKD)	patients,	the	ability	to	excrete	phosphate	through	the	
kidney is compromised and several compensatory mechanisms are 
activated to help maintain serum phosphate levels within the nor-
mal range.2	 These	 include	 an	 elevation	 in	 FGF23	 and	PTH,	which	
decrease	the	reabsorption	of	filtered	phosphate	in	the	kidneys,	and	
a	reduction	in	1,25-	dihydroxyvitamin	D,	which	decreases	intestinal	
NPT2b	expression	and	phosphate	absorption.	However,	in	advanced	
CKD	and	end-	stage	renal	disease	(ESRD),	the	compensatory	mech-
anisms	are	 inadequate,	and	hyperphosphatemia	ensues.3	Although	
compensatory mechanisms help attenuate the rise in serum phos-
phate	levels,	they	along	with	the	increased	phosphate	burden	have	
detrimental	effects	on	bone,	kidney,	and	heart.2,4 If one was able to 
adequately	decrease	dietary	phosphate	absorption,	this	pathological	
sequence	of	events	may	be	minimized.

To balance intestinal phosphate absorption with the decrease 
in	renal	excretion	 in	CKD	and	ESRD,	dietary	phosphate	restriction	
and phosphate binder therapies have been used. Given the high 
levels	of	phosphate	 in	Western	diets	 and	 typical	 poor	 compliance	
encountered	with	restrictive	diets,	controlling	phosphate	by	dietary	
phosphate restriction can be challenging.5,6	 In	addition,	phosphate	
binders	have	limited	phosphate	binding	capacity,	which	limits	their	
efficacy.7	Based	upon	decreases	in	urinary	phosphate	or	increases	in	
fecal	phosphate	content	with	treatment,	phosphate	binders	appear	
to	only	inhibit	phosphate	absorption	around	20%–	40%	for	a	normal	
diet.8–	11	This	may	explain	their	limited	ability	to	control	FGF23	and	
PTH	 levels	 in	CKD.8,12–	14	A	 small	 study	with	 severe	 dietary	 phos-
phate	restriction	that	achieved	a	50%	decrease	in	urinary	phosphate	
produced	a	profound	70%	decrease	in	PTH	in	humans,15 highlight-
ing the potential for a new therapy that robustly decreases dietary 
phosphate absorption as a monotherapy or in combination therapy.

The	 inability	 to	 control	 phosphate	 levels	 in	CKD	 and	 ESRD	has	
led to a search for more effective therapies to limit dietary phosphate 
absorption.	 In	 the	 human	 intestine,	 dietary	 phosphate	 is	 absorbed	
through active transport and passive diffusion.16 Current therapies 
used to limit dietary phosphate absorption decrease the free phos-
phate	concentration	in	the	intestinal	lumen,	suggesting	they	would	de-
crease	absorption	through	an	effect	on	passive	diffusion.	Recently,	the	
NHE3	inhibitor,	tenapanor,	was	shown	to	inhibit	intestinal	phosphate	
absorption by blocking the paracellular diffusional pathway.17,18

The need for more effective therapies has led to a search for in-
hibitors	of	active	phosphate	transport.	Based	upon	preclinical	animal	
models,19,20	the	intestinal	high-	affinity	sodium-	dependent	phosphate	
cotransporter	2b	 (NPT2b)	with	a	KPi

m
 = 10 µM21 is thought to play a 

prominent	 role	 in	 intestinal	phosphate	active	 transport.	At	 the	milli-
molar phosphate concentrations found in the human intestine after 
a	meal,16	NPT2b	should	transport	phosphate	at	its	maximal	velocity.	
More	recently,	studies	in	rats	and	humans	have	implicated	the	ubiq-
uitously	expressed,	 low-	affinity	sodium-	dependent	phosphate	trans-
porters	PiT1	and	possibly	PiT2	in	intestinal	phosphate	absorption.22,23

The contribution of passive diffusional transport and the 
various	 sodium-	dependent	 active	 transporters	 in	 phosphate	 ab-
sorption is uncertain in both preclinical models and humans. 
Complicating	 our	 understanding,	 their	 contributions	 undoubt-
edly	 vary	 under	 different	 conditions,	 for	 example,	 the	 concen-
tration	of	free	phosphate	in	the	intestine,	the	age	of	the	animals	
or	 individuals,	 their	 health	 status	 (healthy,	 CKD	 or	 ESRD),	 the	
1,25-	dihydroxyvitamin	 D	 status	 (upregulates	 active	 transport	
and	NPT2b24,25),	and	counter-	regulation	of	other	pathways	in	re-
sponse	to	therapy.	As	it	is	unlikely	any	one	therapy	will	effectively	
control	the	phosphate	burden	in	the	more	challenging	patients,	it	
is also important to understand how different therapies work in 
combination.

To	further	address	these	issues,	a	medicinal	chemistry	campaign	
was	 used	 to	 identify	 a	 potent	 NPT2b	 inhibitor,	 LY3358966.	 The	
compound	was	used	to	explore	the	role	of	NPT2b-	mediated	active	
transport in phosphate absorption in two preclinical animal models 
under	carefully	controlled	conditions.	In	addition,	the	ability	of	the	
inhibitor	 to	work	 in	combination	with	 the	phosphate	binder,	 seve-
lamer,	was	also	investigated.

2  |  MATERIAL S AND METHODS

2.1  |  In vitro activity

T-	Rex™	 Chinese	 Hamster	 Ovary	 cells	 (CHO;	 Thermo	 Fisher	
Scientific)	 stably	expressing	human,	mouse,	or	 rat	NPT2b	under	
a	 tetracycline-	inducible	 promoter	 were	 generated	 using	 stand-
ard	 cDNA	 transfection	 and	 clone	 selection	 procedures	 (see	
Supporting	Information).	Cells	were	plated	in	96-	well	CytoStar-	T® 
scintillating microplates and were incubated overnight in growth 
media	 plus	 100	 ng/ml	 of	 tetracycline	 to	 induce	 expression	 of	
NPT2b.	The	next	day,	cells	were	washed	3	times	with	200	µl assay 
buffer	(137	mM	NaCl,	5.4	mM	KCl,	2.8	mM	CaCl2,	1.2	mM	MgSO4,	
and	14	mM	Tris-	HCl	 buffer,	 pH	7.5).	 LY3358966	 serially	 diluted	
1-	to-	3	 in	DMSO	was	 added	 to	 cells	with	 assay	buffer.	An	equal	
volume	 of	H3

33PO4	 (PerkinElmer)	 in	 assay	 buffer	 supplemented	
with	5	µM potassium phosphate was then added to initiate radi-
olabeled phosphate (33P-	phosphate)	uptake.	The	final	phosphate	
concentration	was	2.5	µM	and	the	final	DMSO	concentration	was	
1%.	Following	a	60-	min	incubation	at	room	temperature,	an	equal	
volume	of	assay	buffer	containing	400	µM phloretin was added to 
stop 33P-	phosphate	uptake.	The	plate	was	immediately	read	on	a	
Wallac	MicroBeta	Trilux	liquid	scintillation	counter.	Percent	inhi-
bition	at	all	concentrations	tested	was	calculated,	and	IC50 values 
were	 then	determined	using	a	4-	parameter	 logistic	 curve	 fitting	
equation.

Similar	methods	were	used	to	measure	the	effects	of	LY3358966	
on	other	transporters	of	interest,	except	that	constitutive	promoters	
were	used	to	generate	CHO	cells	over-	expressing	human	PiT1	and	
PiT2.	The	33P-	phosphate	uptake	was	measured	after	45	min	at	20°C	
for	the	NPT2a,	NPT2c,	PiT1,	and	PiT2	assays.

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=221&objId=1136#1136
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2.2  |  LY3358966 synthesis

The	 detailed	 synthesis	 of	 LY3358966	 (4-	[2-	[2,6-	difluoro-	4-	[[2-	[[3-	
	[[4-	(4-	hydroxybutylcarbamoyl)-	2,2-	dimethyl-	piperazin-	1-	yl]methyl]
benzoyl]amino]-	4,5,6,7-	tetrahydrobenzothiophene-	3-	carbonyl]
amino]phenyl]ethyl]benzoic	 acid)	 is	 described	 in	 the	 Supporting	
Information.

2.3  |  LY3358966 formulation

A	spray-	dried	solid	dispersion	(SDD)	containing	30%	LY3358966	was	
made	by	adding	the	free	base	of	LY3358966	to	poly-	1-	vinylpyrrolidone-	
co-	vinyl	acetate	(PVP-	VA)	in	methanol.	Two	mole	equivalents	of	NaOH	
were	added	to	the	slurry,	which	was	then	bath	sonicated	until	a	clear	
yellow solution was formed. The solution was slowly pumped into a 
spray	dryer	with	a	stream	of	hot	nitrogen,	resulting	in	a	solid	powder	
that	was	collected	and	further	dried	in	a	vacuum	oven	at	50°C.	In	one	
study,	the	solid	formulation	(LY3358966	SDD)	was	placed	in	a	capsule,	
while	in	other	studies,	it	was	dissolved	in	water	before	dosing.

2.4  |  In vivo studies

All	animal	procedures	were	approved	by	and	conducted	in	accord-
ance	with	the	Eli	Lilly	and	Covance	Institutional	Animal	Care	and	Use	
Committee	 guidelines.	Mice	 and	 rats	were	 fed	Teklad	Global	14%	
protein	rodent	maintenance	diet	(Envigo)	containing	0.6%	of	phos-
phorus	(0.3%	non-	phytate	phosphorus).

2.5  |  Acute phosphate uptake into plasma

Male	C57BL/6	male	mice	(n =	7–	9/group)	at	the	age	of	about	8–	9	weeks	
(21–	29	g)	were	fasted	overnight	and	throughout	the	study.	Mice	were	
dosed	orally	with	varying	doses	of	LY3358966	SDD	dissolved	in	water	
or	a	PVP-	VA	vehicle	control.	Fifteen	minutes	later,	a	radioactive	phos-
phate dosing solution (200 µl	of	16.25	mM	Na2HPO4,	0.9%	saline,	pH	
7.4	supplemented	with	about	one	million	dpm	of	H3

33PO4) was given 
by	oral	gavage.	This	dose	of	phosphate	was	chosen	because	it	approxi-
mates	the	mouse	equivalent	of	the	amount	of	bioavailable	phosphate	in	
a	human	meal	which	is	4	mg/kg	phosphorus,	or	320	mg	phosphorus	for	
an	80	kg	person	on	a	phosphate	restricted	diet.	Fifteen	minutes	later,	
blood was collected and radioactivity in the plasma was determined 
by scintillation counting. The inhibition of acute phosphate uptake into 
plasma	 by	 LY3358966	was	 determined	 by	 comparing	 the	 counts	 in	
the	plasma	from	LY3358966-	treated	animals	to	that	in	the	plasma	of	
the	vehicle-	treated	animals.	ED50 values were then determined with 
a	4-	parameter	logistic	curve	fitting	model	using	GraphPad	Prism	7.04.

To	 test	 the	 ability	 of	 LY3358966	 to	 inhibit	 intestinal	 NPT2b	
activity	 in	mice	over	 time,	 the	 above	mice	were	bled	 again	 at	3	h	
post compound dose to determine the residual radioactivity in the 
plasma.	At	4	h	post	compound	dose,	the	animals	were	again	dosed	

with	phosphate	using	threefold	more	H3
33PO4 than used in the first 

oral	 dose.	 Fifteen	minutes	 later,	 blood	was	 collected	 and	 radioac-
tivity	 in	the	plasma	was	used	to	calculate	LY3358966	 inhibition	of	
phosphate	 uptake	 into	 plasma.	 For	 this	 calculation,	 the	 residual	
counts	at	3	h	were	first	subtracted	from	the	final	counts	at	4	h.	The	
3-	h	counts	were	typically	<15%	of	the	4-	h	counts.

A	similar	method	was	used	to	determine	the	ability	of	LY3358966	
to	inhibit	acute	phosphate	uptake	into	plasma	in	Sprague	Dawley	rats	
(192–	225	g,	n =	14/group).	In	the	rat	studies,	a	2	ml	volume	of	the	ra-
dioactive	phosphate	dosing	solution	(about	10	million	dpm	of	H3

33PO4) 
was	dosed	to	each	animal.	Due	to	the	low	inhibitory	activity	at	15	min	
after	dosing	the	compound,	the	effect	at	4	h	was	not	determined.

To	 test	 the	 ability	 of	 a	 solid	 dose	 formulation	 of	 LY3358966	 to	
inhibit	phosphate	absorption,	LY3358966	SDD	was	incorporated	into	
a capsule (Torpac® capsule dosing kit) at an amount that provided a 
1.8	mg/kg	dose	of	active	pharmaceutical	ingredient	(API).	LY3358966	
SDD	or	PVP-	VA	as	placebo,	either	 in	capsules	or	dissolved	in	water,	
were	dosed	to	mice.	Forty-	five	minutes	 later,	 they	were	dosed	with	
radiolabeled	phosphate,	and	the	ability	of	LY3358966	to	inhibit	acute	
phosphate	uptake,	compared	to	its	placebo	control,	was	determined	
as	described	above.	A	45-	min	time	point	was	utilized	to	account	for	
the	added	time	required	for	the	capsule	to	dissolve	in	the	stomach.

2.6  |  Gastric emptying assay in mice

Male	C57BL/6	mice,	 approximately	7–	8	weeks	old	 (18–	21	g),	were	
fasted	 overnight.	 Then,	 the	 mice	 were	 orally	 administered	 a	 single	
dose	of	vehicle	(water)	or	varying	doses	of	LY3358966	SDD	dissolved	
in	water.	Fifteen	minutes	later,	radiolabeled	phosphate	was	given	by	
oral	 gavage.	Another	 15	min	 later,	 the	 animals	were	 sacrificed,	 and	
intact	stomachs	were	collected	and	placed	in	50-	ml	conical	tubes.	Ten	
milliliter	of	1	N	NaOH	was	added	to	each	tube	and	the	stomachs	were	
digested	at	37°C	overnight.	Radioactivity	in	100	µl digested stomach 
homogenate	was	quantitated	by	scintillation	counting.	The	percent	ra-
diolabeled phosphate recovered in the stomach was calculated as the 
percentage of dpm recovered in the stomach versus the total dpm of 
radiolabeled phosphate administered.

2.7  |  Inhibition of phosphate absorption in mice

Male	C57BL/6	male	mice,	9	weeks	old	(23–	28	g,	n =	10/group),	were	dosed	
with	either	placebo	or	LY3358966	SDD	(9	mg/kg	API)	dissolved	in	water	at	
t =	−4.25,	−0.25,	and	3.75	h.	The	animals	were	fasted	from	t =	−4	to	t = 0 h. 
At	t =	0,	the	animals	were	dosed	with	radiolabeled	phosphate	as	described	
above	and	were	given	free	access	to	food.	Feces	were	collected	at	6,	24,	
and	48	h,	digested	overnight	at	37°C	in	1	N	NaOH,	and	the	recovered	ra-
dioactivity was determined. Most of the radiolabeled phosphate was recov-
ered	in	the	first	24	h.	In	a	control	study,	we	demonstrated	that	82	±	1.34%	
(mean ± SEM,	n =	10)	of	a	non-	absorbed	control,	14C-	polyethylene	glycol-
	4000	(PerkinElmer),	could	be	recovered	in	the	feces	by	48	h.	In	all	cases,	the	
investigators collecting feces were blinded to the treatment.
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2.8  |  Inhibition of phosphate absorption by 
LY3358966 alone or in combination with sevelamer 
HCl in rats

Male	 Sprague	 Dawley	 rats,	 260–	287	 g	 for	 the	 first	 study	 and	
274–	362	 g	 for	 the	 second	 study,	 were	 fasted	 for	 4	 h	 (the	 first	
4	h	of	the	 light	cycle)	then	dosed	with	placebo,	a	50	or	150	mg/
kg	 sevelamer	HCl	water	 dispersion,	 LY3358966	 SDD	 (10	mg/kg	
API)	dissolved	in	water,	or	a	combination	of	LY3358966	SDD	and	
sevelamer	HCl.	Fifteen	minutes	later,	the	animals	were	dosed	with	
radiolabeled	phosphate	as	described	above.	In	the	first	study,	the	
animals	were	given	free	access	to	food,	then	feces	were	collected	
at	6,	24,	and	48	h	post	 radiolabeled	phosphate	dose.	 In	 the	sec-
ond	study,	the	animals	were	fasted	an	additional	4	h,	then	feces,	
stomach,	small	intestine,	and	large	intestine	were	individually	col-
lected. The gastrointestinal tract tissues and feces were digested 
overnight	at	37°C	 in	1	N	NaOH,	and	the	recovered	radioactivity	
was determined.

2.9  |  Pharmacokinetic studies

Male	CD-	1	male	mice	were	orally	dosed	with	1,	3,	or	10	mg/kg	API	
of	LY3358966	SDD	dissolved	in	water	or	were	IV	dosed	with	1	mg/
kg	LY3358966	 formulated	 in	25%	dimethylacetamide,	15%	ethanol,	
10%	propylene	glycol,	25%	2-	pyrrolidone,	and	25%	water.	Each	dose	
group	contained	six	animals.	Three	animals	were	bled	at	0.25,	0.5,	1,	2,	
4,	8,	12,	and	24	h,	with	each	animal	being	bled	at	alternate	time	points.	
Plasma	drug	levels	were	determined	by	HPLC/MS.	The	unbound	frac-
tion	of	LY3358966	in	plasma	was	determined	with	equilibrium	dialysis	
and	LC-	MS/MS.

2.10  |  Statistical analyses

An	unpaired	Student's	t-	test	with	two-	tails	was	utilized	for	the	two-	
group comparisons in the capsule study and the mouse fecal study. It 
was also used for multiple group comparisons in the gastric emptying 
study	to	provide	a	statistical	test	that	optimizes	the	chance	to	detect	
a	significant	effect.	One-	way	ANOVA	with	Dunnett's	multiple	com-
parisons	was	utilized	for	multiple-	group	comparisons	in	other	studies.

3  |  RESULTS

3.1  |  In vitro inhibition of sodium- dependent 
cotransporters by LY3358966

LY3358966	(Figure	1)	was	discovered	through	a	medicinal	chemistry	
campaign.	 It	was	tested	for	 its	ability	to	 inhibit	sodium-	dependent	
33P-	phosphate	uptake	in	CHO	cells	over-	expressing	human	NPT2b.	
LY3358966	 inhibited	 phosphate	 uptake	 in	 a	 concentration-	
dependent manner with an IC50	 of	 32.4	 nM	 (Figure	 2;	 Table	 1A).	

LY3358966	also	inhibited	mouse	and	rat	NPT2b	expressed	in	CHO	
cells	with	similar	potencies	(Table	1A).

The	 in	 vitro	 activity	 of	 LY3358966	 was	 determined	 for	 other	
members of the human type II sodium phosphate cotransporter 
family,	NPT2a	and	NPT2c,	which	are	found	primarily	 in	the	kidney	
and members of the human type III sodium phosphate cotransporter 
family,	PiT1	and	PiT2,	which	are	ubiquitously	expressed.	LY3358966	
was	a	potent	inhibitor	of	NPT2a	and	NPT2c	(Figure	2;	Table	1B).	The	
selectivity	 of	 LY3358966	 against	 human	NPT2b	was	 0.3-	fold	 ver-
sus	NPT2a	and	8-	fold	versus	NPT2c	 (IC50	of	NPT2a	or	2c/IC50 of 
NPT2b).	The	IC50	of	LY3358966	for	 inhibition	of	PiT1	or	PiT2	was	
>100 µM	(Figure	2;	Table	1B).

3.2  |  Pharmacokinetics of LY3358966 SDD

A	SDD	of	LY3358966	formulated	with	PVP-	VA	(LY3358966	SDD)	
was dissolved in water and used to determine the pharmacoki-
netic	properties	of	orally	administered	LY3358966	in	mice.	It	was	
administered	 to	mice	 through	an	 IV	 route	at	1	mg/kg	and	a	P.O.	
route	 at	 1,	 3,	 and	10	mg/kg	 LY3358966.	The	oral	 bioavailability	
of	 LY3358966	was	 low	 (9%–	12%	 F,	 Table	 2).	 Systemic	 exposure	
in	mice	 following	oral	dosing	was	dose-	proportionally	 increased.	
LY3358966	 is	 highly	 protein	 bound.	 AUCunbound and Cmax,unbound 
were estimated to be <2 nM × h and <1	nM,	respectively,	across	
all doses.

3.3  |  Effect of LY3358966 SDD on acute phosphate 
uptake into plasma in mice and rats

LY3358966	SDD	was	dissolved	 in	water	and	 then	orally	gavaged	 to	
mice	at	a	dose	 range	 from	0.03	 to	30	mg/kg	API.	Following	an	oral	
dose of 33P-	phosphate,	 LY3358966	 dose-	dependently	 decreased	

F I G U R E  1 Chemical	structure	of	LY3358966
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33P-	phosphate	appearance	in	the	plasma	with	an	ED50	of	0.15	mg/kg	
measured	at	15	min	and	an	ED50	of	1.1	mg/kg	measured	at	4	h	post	
LY3358966	dose	(Figure	3A).	The	calculated	maximum	inhibition	(Emax) 
of	phosphate	uptake	by	LY3358966	at	15	min	and	4	h	were	74%	and	

79%,	respectively,	indicating	that	active	phosphate	transport	mediated	
by	NPT2b	dominates	acute	phosphate	uptake	into	plasma	in	mice.

LY3358966	SDD	orally	gavaged	to	rats	at	a	dose	range	from	0.01	
to	 10	 mg/kg	 API	 decreased	 acute	 phosphate	 uptake	 into	 plasma	

F I G U R E  2 In	vitro	inhibition	of	NPT2b,	
NPT2a	NPT2c,	Pit-	1,	and	Pit-	2.	Example	
curves for percent inhibition of phosphate 
uptake	into	CHO	cells	expressing	human,	
rat,	or	mouse	NPT2b	(top	panel),	human	
NPT2a	or	NPT2c	(middle	panel),	and	
human	Pit1	or	PiT2	(bottom	panel)	
versus	no	LY3358966.	IC50 values were 
determined	using	a	4-	parameter	logistic	
curve	fitting	equation	and	are	summarized	
in Table 1
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measured	at	15	min	post	LY3358966	dose	with	an	ED50	of	0.051	mg/
kg and Emax	of	18.6%	in	rats	(Figure	3B).	In	two	additional	studies,	a	
10	mg/kg	dose	of	LY3358966	decreased	phosphate	absorption	by	
28.2%	and	19.2%.	The	mean	± SEM for the three studies at 10 mg/kg 
was 22 ±	3%.	In	contrast	to	mice,	LY3358966	does	not	have	a	robust	
effect	on	acute	phosphate	uptake	in	rats,	suggesting	pathways	other	
than	NPT2b-	mediated	active	 transport	dominate	acute	phosphate	
uptake in rats.

3.4  |  Effect of LY3358966 on gastric emptying 
in mice

To confirm that the decrease in 33P-	phosphate	appearing	in	the	
plasma	of	LY3358966-	treated	animals	is	due	to	inhibition	of	33P-	
acute	phosphate	uptake,	and	not	retention	of	33P-	phosphate	 in	
the	stomach,	LY3358966	SDD	was	tested	for	its	effect	on	gastric	
emptying	in	mice.	LY3358966	at	doses	up	to	100	mg/kg	API	had	
no	 effect	 on	 gastric	 emptying	 (Figure	 4).	 This	 is	 an	 important	
finding because numerous compounds in our medicinal chem-
istry	 campaign	 inhibited	 gastric	 emptying	 and	 thus,	 were	 not	
pursued.

3.5  |  In vivo effect of LY3358966 SDD on 
phosphate absorption in mice when dosed as a solid 
in a capsule

The	solubility	and	formulation	of	LY335896	are	critical	for	its	in	vivo	
activity.	A	solid	dose	formulation	of	LY3358966,	which	is	preferred	
as	 a	 human	 therapy,	was	 developed.	 In	 the	 case	 of	 an	NPT2b	 in-
hibitor,	 this	necessitates	that	the	solid	formulation	 is	solubilized	 in	
the	stomach,	at	a	pH	where	LY3358966	has	minimal	solubility,	and	
remain	in	solution	long	enough	to	inhibit	intestinal	NPT2b.	The	abil-
ity	of	a	solid	SDD	of	LY3358966	to	inhibit	intestinal	NPT2b	was	in-
vestigated	in	mice.	The	solid	LY3358966	SDD	formulation	dosed	in	
a capsule inhibited phosphate absorption (Table 3) comparably to 
LY3358966	SDD	dosed	in	a	solution	(p =	.46).

3.6  |  The recovery of radiolabeled phosphate in 
feces of mice treated with LY3358966 SDD

To	explore	the	ability	of	LY3358966	to	block	radiolabeled	phosphate	
absorption	 longitudinally	 in	 mice,	 three	 doses	 of	 9	 mg/kg	 API	 of	
LY3358966	SDD	were	administered	orally	at	4-	h	intervals.	This	dose	
was	selected	because	it	is	about	8	times	higher	than	the	ED50	at	4	h	
post-	dosing	 LY3358966,	 and	 thus	 each	 dose	 should	 provide	 near-	
complete	inhibition	of	NPT2b	for	4	h.	Fifteen	minutes	after	the	second	
LY3358966	dose,	 a	 solution	containing	 33P-	phosphate	was	given	 to	
the	animals.	The	feces	were	collected	over	48	h	and	the	33P	radioactiv-
ity was measured. Most of the 33P-	phosphate	recovered	in	feces	was	
within	the	first	24	h.	In	the	placebo	control	group,	33P-	phosphate	dosed	
in	a	solution	was	readily	absorbed	by	the	intestine	and	only	9.86%	of	
the 33P-	phosphate	dose	was	recovered	 in	feces	collected	over	48	h	
(Figure	5).	 LY3358966	 significantly	 increased	 the	 33P-	phosphate	 re-
covered	in	the	feces	to	18.44%	of	the	33P-	phosphate	dose	(p <	.0001,	
Figure	5),	nearly	doubling	the	percentage	of	33P-	phosphate	excreted	
in	feces.	Thus,	LY3358966	inhibits	phosphate	absorption	in	mice.

TA B L E  1 Summary	of	in	vitro	inhibition	of	NPT2b	(A)	and	other	human	sodium	dependent	cotransporters	(B)	by	LY3358966

NPT2b assays IC50, nM SEM n

(A)

Human	NPT2b 32.4 13.3 3

Mouse	NPT2b 43.9 14.0 3

Rat	NPT2b 26.8 8.45 5

Selectivity assays IC50, nM SEM n Selectivity

(B)

Human	NPT2a 11 1 3 0.3

Human	NPT2c 251 10 3 8

Human	PiT1 >100 000 N/A 2 >3086

Human	PiT2 >100 000 N/A 2 >3086

Note: IC50 values represent the geometric mean of individual IC50. SEM represents the standard error of the geometric mean. n represents the 
number	of	individual	studies	on	different	days.	Selectivity	represents	the	ratio	of	IC50	of	the	selectivity	assay	to	that	of	the	human	NPT2b	assay.

TA B L E  2 Summary	of	LY3358966	pharmacokinetic	properties	
in mice

Dose route, 
mg/kg

AUC, 
nM × h

CMax, 
nM T1/2, h TMAX, h F

IV	1 323 N/A 5 N/A N/A

PO	1 39 25 N/A 0.4 0.12

PO	3 96 50 N/A 0.4 0.10

PO	10 284 83 N/A 0.4 0.09

Note: With	an	unbound	fraction	of	0.005	in	mouse	plasma,	plasma	AUC	
of	unbound	LY3358966	is	<2 nM × h and Cmax	of	unbound	LY3358966	
is <1 nM across all dose groups.
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F I G U R E  3 Effect	of	LY3358966	spray-	
dried	solid	dispersion	(SDD)	on	acute	
phosphate uptake into plasma in mice 
(A)	and	rats	(B).	Percentage	of	inhibition	
was defined as percent decrease of dpm 
in	the	plasma	of	LY3358966	SDD	treated	
groups compared to the average dpm in 
the plasma of vehicle control groups. The 
curves	were	fitted	using	the	4-	parameter	
logistic	fitting	tool	GraphPad	Prism	7.04.	
For	the	purposes	of	curve	fitting,	the	
vehicle was set to a dose of 0.001 or 
0.0001 mg/kg. For the placebo control 
groups,	the	percent	of	the	total	33P-	
phosphate	dose	found	in	plasma	at	15	min	
was 2.1 ±	0.1%	(n = 23) in mice and 
1.8 ±	0.1%	(n =	14)	in	rats	(mean	± SEM)
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3.7  |  The recovery of radiolabeled phosphate in 
feces or gastrointestinal tract of rats treated with 
LY3358966 SDD in the presence and absence of the 
phosphate binder, sevelamer

In	 rats,	 there	 is	 a	modest	 effect	 of	NPT2b	 inhibition	 on	 acute	
phosphate	uptake	into	plasma,	suggesting	passive	diffusion	and/

or other active transporters play a dominant role. This model 
was	 used	 to	 explore	 the	 ability	 of	 LY3358966,	 the	 phosphate	
binder,	 sevelamer,	 and	 these	 two	 in	 combination	 to	 inhibit	
phosphate absorption. Two complementary study designs were 
used.	 In	 both	 cases,	 rats	 were	 treated	 with	 a	 single	 dose	 of	
LY3358966	and/or	sevelamer,	15	min	prior	to	dosing	a	solution	
of 33P-	phosphate.

F I G U R E  4 Effect	of	LY3358966	spray-	dried	solid	dispersion	on	gastric	emptying	in	mice.	Percentage	of	33P-	phosphate	retained	in	the	
stomach	was	defined	as	the	percentage	of	administered	dpm	retained	in	the	stomach	at	30	min	post	the	compound	dose	(15	min	post	33P-	
phosphate dose) and was presented as mean ± SEM	with	animal	numbers	equal	to	8	for	a	water	vehicle	and	6	for	LY3358966	treated	groups.	
The p-	values	were	calculated	using	unpaired	two-	tailed	Student's	t-	tests	versus	water	control	to	optimize	the	chance	of	being	significant

TA B L E  3 Effect	of	LY3358966	spray-	dried	solid	dispersion	on	acute	phosphate	uptake	into	plasma	in	mice	when	dosed	as	a	solid	in	a	
capsule or solution

Treatment N
Dose
mg/kg (API)

% Inhibition

p- valueaMean SEM

Vehicle	in	solution 8 0 0 14.9 N/A

LY3358966	in	solution 8 1.8 52.5 6.20 N/A

Vehicle	in	a	capsule 10 0 0 15.5 N/A

LY3358966	in	a	capsule 10 1.8 58.5 5.13 .46

ap-	value	was	calculated	using	a	Student's	t-	test	with	two	tails	to	compare	the	percent	inhibition	by	LY3358966	(mean	± SEM) dosed in a capsule 
versus in a solution.
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The	first	approach	to	assess	the	effect	of	LY3358966	on	intestinal	
phosphate absorption in rats was to determine 33P-	phosphate	excretion	
in	feces	collected	for	48	h	after	dosing	33P-	phosphate,	analogous	to	the	
mouse	study.	The	48-	h	fecal	recovery	of	33P-	phosphate	in	the	placebo-	
treated	group	was	12.95%	of	the	dose	(Figure	6).	The	NPT2b	inhibitor	
mediated	recovery	(difference	between	placebo	and	LY3358966-	treated	
groups)	was	5.34%	(p =	.0165).	Fifty	and	150	mg/kg	sevelamer	did	not	in-
crease 33P-	phosphate	recovered	from	the	48-	h	feces	collection	(13.43%	
and	13.10%,	 respectively,	vs.	12.95%	 in	 the	placebo	group,	Figure	6).	
When	 50	 or	 150	 mg/kg	 sevelamer	 was	 combined	 with	 LY3358966,	
there	was	a	very	modest	numerical,	 but	non-	significant,	 trend	 toward	
an	increase	in	phosphate	recovered	(20.89%	and	21.48%,	respectively,	
versus	18.28%	for	the	LY3358966	group,	Figure	6).

In	the	second	approach,	feces	and	different	sections	of	the	rat	gastro-
intestinal	tract	were	collected	4	h	after	dosing	33P-	phosphate	to	measure	
the	 radioactive	 phosphate	 recovered	 in	 these	 sections.	 Since	 negligible	
33P-	phosphate	was	recovered	in	feces	over	this	time	frame	(see	Figure	6	
for	an	example),	the	feces	were	not	further	analyzed.	The	difference	in	the	
recovery of 33P-	phosphate	between	compound	and	placebo-	treated	ani-
mals demonstrated the retention of radioactive tracer in the small and large 
intestines	due	to	compound-	mediated	inhibition	of	phosphate	absorption.	
A	4-	h	time	point	was	selected	because	the	vast	majority	of	phosphate	is	

absorbed	within	4	h	in	humans26,27 and thus would be a clinically relevant 
timepoint.	In	the	vehicle-	treated	group,	24.75%	of	the	33P-	phosphate	dose	
was	recovered,	while	in	the	50	and	150	mg/kg	sevelamer-	treated	groups,	
33P-	phosphate	recovery	was	27.81%	and	32.23%,	respectively	(Figure	7).	A	
450	mg/kg	dose	of	sevelamer	was	also	tested,	but	that	dose	severely	inhib-
ited	gastric	emptying	and	was	not	further	studied.	LY3358966	at	10	mg/kg,	
significantly increased 33P-	phosphate	recovery	in	the	gastrointestinal	tract	
6.34%	more	than	vehicle	to	31.09%	(p =	.0273,	Figure	7).	The	6.34%	recov-
ery	is	similar	to	the	5.34%	recovered	in	the	48-	h	fecal	recovery	experiment	
(Figure	6).	When	50	or	150	mg/kg	sevelamer	was	combined	with	10	mg/kg	
LY3358966,	there	was	a	further	increase	in	33P-	phosphate	recovered	from	
the	gastrointestinal	 tract	 to	34.47%	and	38.57%,	respectively	 (Figure	7).	
The	150	mg/kg	dose	of	sevelamer	combined	with	LY3358966	significantly	
increased	the	recovery	compared	to	the	31.09%	recovery	with	LY3358966	
alone (p =	 .0184).	 In	 combination,	 LY3358966	 and	 sevelamer	 inhibited	
phosphate	absorption	13.82%	in	this	rat	model.

4  |  DISCUSSION

The	 impaired	ability	of	 the	kidney	to	excrete	phosphate	 in	CKD	and	
ESRD	 has	 pathological	 consequences,	 leading	 to	 bone,	 kidney,	 and	

F I G U R E  5 The	recovery	of	radiolabeled	phosphate	in	feces	of	mice	treated	with	LY3358966	spray-	dried	solid	dispersion

Groups Treatment n 

33P Recovered in Feces (%, 0-48 hrs, Mean ± SEM) 

Feces  

(0-6 hrs) 

Feces  

(6-24 hrs) 

Feces  

(24-48 hrs) 

Total Feces 

(0-48 hrs) 

A Water 10 2.47 ± 0.50 5.52 ± 0.40 1.86 ± 0.14 9.86 ± 0.66 

B 9 mg/kg LY3358966 10 6.08 ± 1.68 10.77 ± 1.57 1.60 ± 0.08 18.44 ± 1.27*
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* p-value < 0.0001 compared to Water using unpaired two-tailed Student’s t-Test. 
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heart	 diseases.	 To	 lessen	 the	 burden	 of	 excess	 phosphate,	 different	
therapies to reduce the absorption of dietary phosphate in the intestine 
have been developed or proposed. These therapies either decrease the 
paracellular	passive	diffusion	or	transporter-	mediated	active	uptake	of	
phosphate.	In	many	cases,	current	therapies	are	inadequate,	creating	a	
need to find more effective therapies or combination therapies.

Previous	ex	vivo	studies	performed	with	genetic	mouse	models	
have	 indicated	 that	 the	 sodium	 phosphate	 cotransporter	 NPT2b	
dominates active transport in the mouse intestine.19,20	However,	 if	
NPT2b	is	genetically	deleted,	the	mouse	still	maintains	its	ability	to	
absorb most of its bioavailable phosphate under normal dietary con-
ditions,	as	the	dietary	phosphate	recovered	in	feces	only	increases	
modestly	with	NPT2b	ablation.19,28–	30	This	highlights	 that	 in	mice,	
there are redundant pathways for intestinal phosphate absorption. 

There	is	conflicting	data	in	literatures	on	the	importance	of	sodium-	
dependent phosphate absorption in rats.31,32

Unlike	 mice	 where	 the	 majority	 of	 NPT2b	 mRNA	 and	 protein	
expression	is	found	in	the	ileum,	in	rats,	the	majority	 is	found	in	the	
jejunum,	with	some	found	in	the	duodenum.33,34	The	rat	NPT2b	dis-
tribution is consistent with the more rapid absorption of phosphate 
found	 in	 human	 jejunum,	 compared	 to	 the	 ileum.35	A	 role	 for	 PiT1,	
PiT2,	and/or	another	yet	to	be	defined	transporter	has	been	proposed	
for rat intestinal phosphate absorption.22,23,36,37	 In	 rats,	PiT1	mRNA	
is	 found	 in	 all	 three	 segments	 of	 the	 small	 intestine,	 but	 protein	 is	
mostly	found	in	the	jejunum	with	some	in	the	duodenum.	Low	levels	of	
PiT2	mRNA	are	expressed	in	all	three	segments	of	the	small	intestine.	
PiT2	protein	is	also	found	in	all	three	segments.33,36	In	mice,	both	PiT1	
and	PiT2	mRNA	is	similarly	expressed	in	the	duodenum,	jejunum,	and	

F I G U R E  6 The	recovery	of	radiolabeled	phosphate	in	feces	of	rats	treated	with	LY3358966	spray-	dried	solid	dispersion	(SDD),	sevelamer	
or	an	LY3358966	SDD/sevelamer	combination
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Groups Treatment n 

33P Recovered in Feces (%, Mean ± SEM) 

Feces  

(0-6 hrs) 

Feces  

(6-24 hrs) 

Feces  

(24-48 hrs) 

Total  

(0-48 hrs) 

A Water 10 0.01 ± 0.00 11.52 ± 0.55 1.43 ± 0.15 12.95 ± 0.56* 

B 10 mg/kg LY3358966 10 0.23 ± 0.19 16.62 ± 1.04 1.44 ± 0.14 18.29 ± 1.04 

C 50 mg/kg sevelamer HCl 10 0.01 ± 0.00 12.05 ± 0.71 1.34 ± 0.16 13.43 ± 0.76 

D 

50 mg/kg sevelamer HCl + 

10 mg/kg LY3358966 10 0.00 ± 0.00 19.60 ± 1.33 1.29 ± 0.15 20.89 ± 1.38 

E 150 mg/kg sevelamer HCl 10 0.00 ± 0.00 11.97 ± 0.96 1.12 ± 0.12 13.10 ± 1.07 

F 

150 mg/kg sevelamer HCl 

+ 10 mg/kg LY3358966 10 0.00 ± 0.00 20.25 ± 2.12 1.23 ± 0.19 21.48 ± 2.08 

* p-Value < 0.05 compared to 10 mg/kg LY3358966 using One-Way ANOVA with Dunnett’s Multiple Comparisons. 
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ileum.38	Unless	characterized	in	detail,	transporter	expression	can	be	
misleading	 in	that	expression	 levels	are	regulated	 in	response	to	nu-
merous	factors	(phosphate	levels	or	1,25-	dihydroxyvitamin	D	status)	
and	the	protein	may	be	expressed	on	the	basolateral	membrane	of	the	
enterocyte or other cell types not involved in the absorption of phos-
phate from the intestinal lumen.

In	this	study,	a	potent	NPT2b	inhibitor,	LY3358966,	was	used	as	a	
tool	to	explore	the	role	of	NPT2b	mediated	active	transport	in	intes-
tinal	phosphate	absorption.	 In	vitro,	LY3358966	 is	highly	selective	
for	NPT2b	versus	PiT1	and	PiT2;	however,	it	also	inhibits	NPT2a	and	
NPT2c	that	are	expressed	in	the	kidney.	However,	LY3358966	has	
low	bioavailability,	 and	very	high	protein	binding,	 thus	 it	does	not	
achieve an in vivo free fraction that would approach a concentration 
that could inhibit either of these transporters in our animal mod-
els.	A	pharmacological	approach	to	study	the	role	of	NPT2b	allows	
one	to	do	short-	term	studies	which	are	less	subject	to	compensatory	
regulation of competing absorption pathways that may occur in ge-
netic	models	of	NPT2b	depletion.	For	example,	proteins	that	may	be	

involved in diffusional or paracellular phosphate transport pathways 
have	been	found	to	be	significantly	decreased	 in	NPT2b	knockout	
mice.28	Unlike	many	previous	 studies	where	 the	 absorption	of	 di-
etary	phosphate	was	measured,	we	studied	the	absorption	of	radio-
labeled	soluble	inorganic	phosphate.	While	dietary	phosphate	may	
have	bioavailability	as	low	as	50%–	60%,19,29 the bioavailability of in-
organic	phosphate	should	approach	100%,	allowing	a	more	precise	
measure of the pharmacological intervention.

LY3358966	 acutely	 (measured	 15	 min	 after	 dosing)	 inhibits	
phosphate uptake into plasma with an Emax	 of	 74%	 in	mice.	 Four	
hours	after	dosing,	the	Emax	is	79%.	We	chose	to	study	4	h	after	dos-
ing	LY3358966	because	in	humans,	most	of	the	phosphate	absorbed	
in	 normal	 humans	 or	 1,25-	dihydroxyvitamin	 D-	depleted	 ESRD	
patients	occurs	 in	 the	 first	4	h	after	phosphate	 ingestion.26,27 The 
ability	of	LY3358966	to	inhibit	phosphate	absorption	in	mice	was	de-
termined by measuring the recovery of orally dosed 33P-	phosphate	
in	 feces	over	48	h.	Using	multiple	doses	of	LY3358966	to	achieve	
near-	complete	 pharmacological	 inhibition	 of	NPT2b	 for	 up	 to	 8	 h	

F I G U R E  7 The	recovery	of	
radiolabeled phosphate in gastrointestinal 
(G.I.) tract of rats Treated with 
LY3358966	spray-	dried	solid	dispersion	
(SDD),	sevelamer,	or	an	LY3358966	SDD/
sevelamer combination

Groups Groups n 

33P Recovered in G.I. Tract (% at 4 hours, means ± SEM) 

Stomach Small Intestine Large Intestine Total G.I. Tract

A Water 10 2.96 ± 0.52 9.92 ± 0.61 11.87 ± 1.22 24.75 ± 1.38*

B 10 mg/kg LY3358966 6 1.83 ± 0.41 15.51 ± 2.37 13.75 ± 2.83 31.09 ± 1.38 

C 50 mg/kg sevelamer HCl 6 2.44 ± 0.95 12.25 ± 1.54 13.12 ± 2.86 27.81 ± 2.72 

D 

50 mg/kg sevelamer HCl + 

10 mg/kg LY3358966 6 4.65 ± 1.79 15.52 ± 1.96 14.29 ± 0.85 34.47 ± 0.76 

E 150 mg/kg sevelamer HCl 6 4.56 ± 1.08 17.21 ± 3.24 10.46 ± 3.49 32.23 ± 1.51 

F 

150 mg/kg sevelamer HCl + 

10 mg/kg LY3358966 6 7.07 ± 2.2 13.82 ± 1.6 17.68 ± 3.72 38.57 ± 1.58*

* p-Value < 0.05 compared to 10 mg/kg LY3358966 using One-Way ANOVA with Dunnett’s Multiple 

Comparisons. 
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after dosing 33P-	phosphate,	 radiolabeled	 phosphate	 recovered	 in	
feces	was	 increased	8.58%,	 from	9.86%	 in	 the	 control	 to	18.44%.	
This is comparable to what Knöpfel et al.29 found for the effect of 
genetic	depletion	of	NPT2b	on	dietary	phosphate	absorption,	while	
it	is	somewhat	less	than	what	Hernando	et	al.19 found. These results 
indicate	that	LY3358966	mediated	inhibition	of	NPT2b	in	mice	very	
effectively	 reduces	 acute	 phosphate	 uptake	 into	 plasma,	 but	 that	
there	are	redundant	mechanisms	for	absorption,	and	it	is	much	less	
effective on inhibiting phosphate absorption over time.

LY3358966	was	found	to	produce	a	modest	22%	decrease	in	the	
acute	phosphate	uptake	into	plasma	in	rats.	We	further	compared	the	
ability	of	LY3358966	to	 inhibit	phosphate	absorption	to	that	of	 the	
phosphate	binder,	 sevelamer,	 and	 the	 ability	of	 the	 two	 to	work	 in	
combination.	Sevelamer	will	decrease	the	free	phosphate	concentra-
tion	in	the	intestinal	lumen,	and	thus,	decrease	diffusional	phosphate	
absorption.	LY3358966	had	a	modest	effect	on	33P-	phosphate	recov-
ered	in	rat	feces	over	48	h,	while	sevelamer	at	both	doses	tested	had	
no	effect.	The	observed	effects	of	LY3358966	or	the	binder	may	be	
anticipated from previous studies in rats which showed more rapid 
phosphate	absorption	rates	 in	the	proximal	 intestine,	but	neverthe-
less,	 an	 appreciable	 rate	of	 absorption	 in	other	 intestinal	 segments	
with slower transit times which would allow for substantial phosphate 
absorption over time.39,40	To	further	explore	this,	we	used	a	second	
model in which the recovery of 33P-	phosphate	in	the	gastrointestinal	
tract	of	the	rat	4	h	after	dosing	phosphate	was	measured.	We	chose	
this	time	point	to	minimize	the	effects	of	prolonged,	slow	absorption	
of	phosphate,	which	does	not	 appear	 to	occur	 in	humans.27 In this 
study,	there	were	again	modest	effects	of	LY3358966	on	phosphate	
retained	in	the	intestine	at	4	h,	consistent	with	those	found	in	the	48-	h	
fecal	recovery	protocol	(6.34%	vs.	5.34%	recovered,	respectively).	In	
this	model,	modest	effects	of	sevelamer	alone	were	also	apparent	and	
it	appeared	to	work	additively	with	LY3358966.

Our	 studies	 highlight	 the	 importance	 of	 careful	 characteriza-
tion of the pharmacological agents studied in the preclinical model. 
Somewhat	 surprisingly,	 sevelamer	 at	 the	 doses	 tested,	 50	 and	
150	mg/kg,	had	minimal	effect	on	intestinal	phosphate	absorption.	
The	doses	tested	would	translate	to	3.5	and	10.5	g	doses	for	a	70	kg	
human.	 The	 sevelamer	 phosphate	 binding	 capacity	 exceeded	 the	
phosphate	dose	around	threefold	at	the	50	mg/kg	dose,	and	nine-
fold	 at	 the	 150	mg/kg	 dose.41 The higher dose of sevelamer was 
found to produce profound inhibition of gastric emptying in our 
model.	We	also	observed	significant	 inhibition	of	gastric	emptying	
with	 some	 compounds	 in	 the	 chemical	 series	 explored	 in	 our	 dis-
covery	campaign.	 Importantly,	LY3358966	showed	no	evidence	of	
any effect on gastric emptying at the doses tested. Others have also 
reported effects on gastrointestinal motor function with their active 
phosphate transporter inhibitors in preclinical models.23

There are some limitations to our studies. The methodology em-
ployed to measure acute uptake of radiolabeled phosphate into plasma 
assumes there is no difference in plasma clearance of phosphate be-
tween groups and that measuring plasma 33P-	phosphate	at	a	single	time	
point,	rather	than	a	full	33P	absorption	curve,	adequately	measures	tar-
get	engagement	and	inhibition	of	intestinal	NPT2b,	the	primary	goals	for	

the	study.	Another	weakness	of	our	studies	is	that	we	never	performed	
chronic	 dosing	or	 studied	 LY335896	 in	 disease	models.	Others	 have	
reported beneficial effects of therapies that limit the phosphate ab-
sorption in rodent CKD models.42–	46	Using	the	clinically	relevant	doses	
employed	in	our	studies,	it	is	unlikely	we	would	observe	any	benefits	in	
a	disease	model,	as	we	anticipate	a	little	impact	on	the	phosphate	bur-
den. Many studies that have shown benefit in preclinical renal disease 
models used very large doses of phosphate binders incorporated in the 
food	(3%–	5%	of	food	or	around	1.5	to	3.5	g/kg/day	assuming	standard	
rates of food consumption for rats and mice) that may produce effects 
on phosphate metabolism that cannot be achieved clinically or unantic-
ipated	side	effects,	for	example,	effects	on	food	intake.	Caloric	intake	is	
known to affect renal function in rodent CKD models.47–	49

1,25-	dihydroxyvitamin	D,	which	has	been	shown	to	upregulate	in-
testinal	NPT2b	in	preclinical	models,24,25,50 also increases phosphate 
absorption11,51	 and	 transporter-	mediated	 phosphate	 absorption16 
in	ESRD	patients,	 suggesting	a	 role	 for	NPT2b	 in	human	phosphate	
absorption.	 Nicotinamide	 therapy	 reduces	 hyperphosphatemia	 in	
patients on dialysis.52	Preclinical	 studies	 indicate	 the	effect	of	nico-
tinamides	 is	through	decreased	NPT2b	mediated	transport,20,53 pro-
viding	additional	evidence	for	an	appreciable	role	of	NPT2b	in	human	
phosphate	 absorption.	Two	NPT2b	 inhibitors	 that	were	 reported	 to	
decrease phosphate absorption in preclinical models recently ad-
vanced	to	the	clinic.	While	one	compound,	ASP3325,	had	no	apparent	
effect	on	phosphate	absorption	in	the	population	studied,54	a	second,	
DS-	2330b,	may	have	had	a	small	effect	that	was	dependent	upon	the	
solubility of the compound in the intestinal lumen.55 The preclinical 
profiles	of	these	two	compounds	have	not	been	published	to	date,	so	
the translation between their preclinical models and the clinical can-
not	be	assessed.	A	nonselective	pan	NPT2b,	PiT1,	and	PiT2	inhibitor	
decreased phosphate absorption in rats23 and humans.22 These pre-
clinical	 and	human	studies	highlight	 the	need	 for	well-	characterized	
tools that can be used to further elucidate the roles of the different 
active and passive pathways responsible for intestinal phosphate ab-
sorption	 under	 various	 conditions.	 Importantly,	 these	 tools	 can	 be	
used to identify combination therapies that can be used to inhibit re-
dundant	phosphate	absorption	pathways,	and	effectively	address	the	
high	phosphate	burden	in	patients	with	CKD	and	ESRD.

ACKNOWLEDG MENTS
We	 express	 gratitude	 to	 Eli	 Lilly	 colleagues	 who	 contributed	 to	
the	 NPT2b	 project	 with	 their	 excellent	 intellectual	 and	 technical	
assistances.

DISCLOSURE
XW,	XY,	AD,	HYZ,	CMZ,	GP,	WFM,	LP,	JAP,	BEM,	and	JVH	are	cur-
rent	Eli	Lilly	employees.	YX,	DW,	CAR,	MCK,	and	JRW	are	Eli	Lilly	
retirees.

E THIC AL APPROVAL
All	animal	procedures	were	approved	by	and	conducted	in	accord-
ance	with	the	Eli	Lilly	and	Covance	Institutional	Animal	Care	and	Use	
Committee guidelines.



    |  13 of 14WANG et Al.

AUTHOR CONTRIBUTIONS
Wang,	 Xu,	 Yu,	 Dey,	 Zhang,	 Wodka,	 Peterson,	 Mattioni,	 Kowala,	
Haas,	and	Wetterau	designed	the	studies;	Xu,	Wodka,	and	Peterson	
designed,	synthesized,	and	formulated	LY3358966;	Wodka,	Porras,	
Peterson,	 Zink,	 Zhang,	 Dey,	 Porter,	 Matter,	 Reidy,	 and	 Mattioni	
carried	out	experiments;	Wang,	Yu,	Xu,	Wodka,	Porras,	Dey,	Zink,	
Mattioni,	Haas,	and	Wetterau	analyzed	the	data;	Wang,	Yu,	Zink,	and	
Dey	made	the	tables	and	figures;	Wang,	Yu,	Kowala,	and	Wetterau	
drafted and revised the paper; and all authors approved the final 
version of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Data	and	protocol	will	be	made	available	upon	request.

ORCID
Xiaojun Wang  https://orcid.org/0000-0002-6802-2623 

R E FE R E N C E S
	 1.	 Wagner	CA,	Biber	 J,	Murer	H.	What	 goes	 in	must	 come	out–	the	

small	 intestine	modulates	renal	phosphate	excretion.	Nephrol Dial 
Transplant.	2007;22:3411-	3412.

	 2.	 Komaba	H,	Fukagawa	M.	Phosphate-	a	poison	for	humans?	Kidney 
Int.	2016;90:753-	763.

	 3.	 Wolf	M.	Forging	forward	with	10	burning	questions	on	FGF23	 in	
kidney disease. J Am Soc Nephrol.	2010;21:1427-	1435.

	 4.	 Fujii	H,	 Joki	N.	Mineral	metabolism	and	cardiovascular	disease	 in	
CKD. Clin Exp Nephrol.	2017;21:53-	63.

	 5.	 Umeukeje	EM,	Mixon	AS,	Cavanaugh	KL.	Phosphate-	control	adher-
ence in hemodialysis patients: current perspectives. Patient Prefer 
Adherence.	2018;12:1175-	1191.

	 6.	 Vervloet	 MG,	 van	 Ballegooijen	 AJ.	 Prevention	 and	 treatment	
of hyperphosphatemia in chronic kidney disease. Kidney Int. 
2018;93:1060-	1072.

	 7.	 Daugirdas	 JT,	 Finn	 WF,	 Emmett	 M,	 Chertow	 GM;	 Frequent	
Hemodialysis	 Network	 Trial	 G.	 The	 phosphate	 binder	 equivalent	
dose. Semin Dial.	2011;24:41-	49.

	 8.	 Block	 GA,	Wheeler	 DC,	 Persky	 MS,	 et	 al.	 Effects	 of	 phosphate	
binders in moderate CKD. J Am Soc Nephrol.	2012;23:1407-	1415.

	 9.	 Burke	 SK,	 Slatopolsky	 EA,	 Goldberg	 DI.	 RenaGel,	 a	 novel	 cal-
cium-		 and	 aluminium-	free	 phosphate	 binder,	 inhibits	 phos-
phate absorption in normal volunteers. Nephrol Dial Transplant. 
1997;12:1640-	1644.

	10.	 Pennick	M,	Poole	L,	Dennis	K,	Smyth	M.	Lanthanum	carbonate	re-
duces	urine	phosphorus	excretion:	evidence	of	high-	capacity	phos-
phate binding. Ren Fail.	2012;34:263-	270.

	11.	 Ramirez	 JA,	 Emmett	 M,	White	MG,	 et	 al.	 The	 absorption	 of	 di-
etary phosphorus and calcium in hemodialysis patients. Kidney Int. 
1986;30:753-	759.

	12.	 Isakova	T,	Barchi-	Chung	A,	Enfield	G,	et	al.	Effects	of	dietary	phos-
phate restriction and phosphate binders on FGF23 levels in CKD. 
Clin J Am Soc Nephrol.	2013;8:1009-	1018.

	13.	 Soriano	 S,	Ojeda	R,	 Rodriguez	M,	 et	 al.	 The	 effect	 of	 phosphate	
binders,	 calcium	 and	 lanthanum	 carbonate	 on	 FGF23	 levels	 in	
chronic kidney disease patients. Clin Nephrol.	2013;80:17-	22.

	14.	 Spatz	C,	Roe	K,	Lehman	E,	Verma	N.	Effect	of	a	non-	calcium-	based	
phosphate binder on fibroblast growth factor 23 in chronic kidney 
disease. Nephron Clin Pract.	2013;123:61-	66.

	15.	 Llach	F,	Massry	 SG.	On	 the	mechanism	of	 secondary	 hyperpara-
thyroidism in moderate renal insufficiency. J Clin Endocrinol Metab. 
1985;61:601-	606.

	16.	 Davis	GR,	Zerwekh	 JE,	Parker	TF,	Krejs	GJ,	Pak	CY,	Fordtran	 JS.	
Absorption	of	phosphate	 in	 the	 jejunum	of	patients	with	 chronic	
renal failure before and after correction of vitamin D deficiency. 
Gastroenterology.	1983;85:908-	916.

	17.	 Block	GA,	Rosenbaum	DP,	Leonsson-	Zachrisson	M,	et	al.	Effect	of	
tenapanor on serum phosphate in patients receiving hemodialysis. 
J Am Soc Nephrol.	2017;28:1933-	1942.

	18.	 King	AJ,	Siegel	M,	He	Y,	et	al.	 Inhibition	of	 sodium/hydrogen	ex-
changer 3 in the gastrointestinal tract by tenapanor reduces para-
cellular phosphate permeability. Sci Transl Med.	 2018;10(456).	
doi:10.1126/scitr	anslm	ed.aam6474

	19.	 Hernando	 N,	Myakala	 K,	 Simona	 F,	 et	 al.	 Intestinal	 depletion	 of	
NaPi-	IIb/Slc34a2	 in	mice:	 renal	 and	 hormonal	 adaptation.	 J Bone 
Miner Res.	2015;30:1925-	1937.

	20.	 Sabbagh	Y,	O'Brien	SP,	Song	W,	et	al.	Intestinal	npt2b	plays	a	major	
role in phosphate absorption and homeostasis. J Am Soc Nephrol. 
2009;20:2348-	2358.

	21.	 Forster	IC,	Virkki	L,	Bossi	E,	Murer	H,	Biber	J.	Electrogenic	kinetics	
of	a	mammalian	 intestinal	 type	 IIb	Na+/Pi cotransporter. J Membr 
Biol.	2006;212:177-	190.

	22.	 Hill	Gallant	KM,	Stremke	ER,	Trevino	LL,	 et	 al.	 EOS789,	 a	broad-	
spectrum	inhibitor	of	phosphate	transport,	is	safe	with	an	indication	
of	efficacy	in	a	phase	1b	randomized	crossover	trial	in	hemodialysis	
patients. Kidney Int.	2021;99:1225-	1233.

	23.	 Tsuboi	 Y,	 Ohtomo	 S,	 Ichida	 Y,	 et	 al.	 EOS789,	 a	 novel	 pan-	
phosphate	 transporter	 inhibitor,	 is	 effective	 for	 the	 treatment	
of	 chronic	 kidney	 disease-	mineral	 bone	 disorder.	 Kidney Int. 
2020;98:343-	354.

	24.	 Hattenhauer	O,	Traebert	M,	Murer	H,	Biber	J.	Regulation	of	small	
intestinal	Na-	Pi type IIb cotransporter by dietary phosphate intake. 
Am J Physiol.	1999;277:G756-	762.

	25.	 Xu	H,	Bai	L,	Collins	JF,	Ghishan	FK.	Age-	dependent	regulation	of	rat	
intestinal	type	IIb	sodium-	phosphate	cotransporter	by	1,25-	(OH)2 
vitamin D3. Am J Physiol Cell Physiol.	2002;282:C487-	C493.

	26.	 Farrington	K,	Mohammed	MN,	Newman	SP,	Varghese	Z,	Moorhead	
JF.	 Comparison	 of	 radioisotope	 methods	 for	 the	 measurement	
of phosphate absorption in normal subjects and in patients with 
chronic renal failure. Clin Sci.	1981;60:55-	63.

	27.	 Wiegmann	TB,	Kaye	M.	Malabsorption	of	calcium	and	phosphate	in	
chronic	renal	failure:	32P	and	45Ca	studies	in	dialysis	patients.	Clin 
Nephrol.	1990;34:35-	41.

	28.	 Ikuta	K,	Segawa	H,	Sasaki	S,	et	al.	Effect	of	Npt2b	deletion	on	intes-
tinal	and	renal	inorganic	phosphate	(Pi)	handling.	Clin Exp Nephrol. 
2018;22:517-	528.

	29.	 Knopfel	T,	Pastor-	Arroyo	EM,	Schnitzbauer	U,	et	al.	The	intestinal	
phosphate	 transporter	 NaPi-	IIb	 (Slc34a2)	 is	 required	 to	 protect	
bone during dietary phosphate restriction. Sci Rep.	2017;7:11018.

	30.	 Schiavi	 SC,	 Tang	 W,	 Bracken	 C,	 et	 al.	 Npt2b	 deletion	 attenu-
ates hyperphosphatemia associated with CKD. J Am Soc Nephrol. 
2012;23:1691-	1700.

	31.	 Marks	J,	Lee	GJ,	Nadaraja	SP,	Debnam	ES,	Unwin	RJ.	Experimental	
and	 regional	 variations	 in	 Na+-	dependent	 and	 Na+-	independent	
phosphate transport along the rat small intestine and colon. Physiol 
Rep.	2015;3:e12281.

	32.	 Williams	KB,	DeLuca	HF.	Characterization	of	intestinal	phosphate	
absorption using a novel in vivo method. Am J Physiol Endocrinol 
Metab.	2007;292:E1917-	1921.

	33.	 Giral	H,	Caldas	Y,	 Sutherland	E,	 et	 al.	Regulation	of	 rat	 intestinal	
Na-	dependent	phosphate	transporters	by	dietary	phosphate.	Am J 
Physiol Renal Physiol.	2009;297:F1466-	1475.

	34.	 Marks	J,	Srai	SK,	Biber	J,	Murer	H,	Unwin	RJ,	Debnam	ES.	Intestinal	
phosphate absorption and the effect of vitamin D: a comparison of 
rats with mice. Exp Physiol.	2006;91:531-	537.

	35.	 Walton	J,	Gray	TK.	Absorption	of	inorganic	phosphate	in	the	human	
small intestine. Clin Sci.	1979;56:407-	412.

https://orcid.org/0000-0002-6802-2623
https://orcid.org/0000-0002-6802-2623
https://doi.org/10.1126/scitranslmed.aam6474


14 of 14  |     WANG et Al.

	36.	 Candeal	E,	Caldas	YA,	Guillen	N,	Levi	M,	Sorribas	V.	Intestinal	phos-
phate absorption is mediated by multiple transport systems in rats. 
Am J Physiol Gastrointest Liver Physiol.	2017;312:G355-	G366.

	37.	 Ichida	Y,	Ohtomo	S,	Yamamoto	T,	 et	 al.	 Evidence	of	 an	 intestinal	
phosphate	 transporter	 alternative	 to	 type	 IIb	 sodium-	dependent	
phosphate transporter in rats with chronic kidney disease. Nephrol 
Dial Transplant.	2021;36:68-	75.

	38.	 Pastor-	Arroyo	EM,	Knopfel	T,	Imenez	Silva	PH,	et	al.	Intestinal	epi-
thelial	ablation	of	Pit-	2/Slc20a2	in	mice	leads	to	sustained	elevation	
of vitamin D3 upon dietary restriction of phosphate. Acta Physiol. 
2020;230:e13526.

	39.	 Cramer	 CF.	 Progress	 and	 rate	 of	 absorption	 of	 radiophospho-
rus through the intestinal tract of rats. Can J Biochem Physiol. 
1961;39:499-	503.

	40.	 Kayne	LH,	D'Argenio	DZ,	Meyer	 JH,	Hu	MS,	 Jamgotchian	N,	Lee	
DB.	Analysis	of	 segmental	phosphate	absorption	 in	 intact	 rats.	A	
compartmental analysis approach. J Clin Invest.	1993;91:915-	922.

	41.	 Yaguchi	A,	Akahane	K,	Tsuchioka	K,	et	al.	A	comparison	between	
the	combined	effect	of	calcium	carbonate	with	sucroferric	oxyhy-
droxide	and	other	phosphate	binders:	an	in	vitro	and	in	vivo	exper-
imental study. BMC Nephrol.	2019;20:465.

	42.	 Cozzolino	M,	Dusso	AS,	Liapis	H,	et	al.	The	effects	of	sevelamer	hy-
drochloride and calcium carbonate on kidney calcification in uremic 
rats. J Am Soc Nephrol.	2002;13:2299-	2308.

	43.	 Finch	JL,	Lee	DH,	Liapis	H,	et	al.	Phosphate	restriction	significantly	
reduces mortality in uremic rats with established vascular calcifica-
tion. Kidney Int.	2013;84:1145-	1153.

	44.	 Maizel	J,	Six	I,	Dupont	S,	et	al.	Effects	of	sevelamer	treatment	on	
cardiovascular abnormalities in mice with chronic renal failure. 
Kidney Int.	2013;84:491-	500.

	45.	 Nagano	N,	Miyata	 S,	Abe	M,	 et	 al.	 Effect	 of	manipulating	 serum	
phosphorus	with	phosphate	binder	on	circulating	PTH	and	FGF23	
in renal failure rats. Kidney Int.	2006;69:531-	537.

	46.	 Wu-	Wong	JR,	Chen	YW,	Wong	JT,	Wessale	JL.	Preclinical	studies	
of	VS-	505:	a	non-	absorbable	highly	effective	phosphate	binder.	Br 
J Pharmacol.	2016;173:2278-	2289.

	47.	 Kume	S,	Uzu	T,	Horiike	K,	 et	 al.	Calorie	 restriction	enhances	 cell	
adaptation	to	hypoxia	through	Sirt1-	dependent	mitochondrial	au-
tophagy in mouse aged kidney. J Clin Invest.	2010;120:1043-	1055.

	48.	 Reisin	 E,	 Azar	 S,	DeBoisblanc	BP,	Guzman	MA,	 Lohmann	T.	 Low	
calorie unrestricted protein diet attenuates renal injury in hyper-
tensive rats. Hypertension.	1993;21:971-	974.

	49.	 Tapp	DC,	Wortham	WG,	Addison	 JF,	Hammonds	DN,	Barnes	 JL,	
Venkatachalam	MA.	Food	restriction	retards	body	growth	and	pre-
vents	end-	stage	renal	pathology	in	remnant	kidneys	of	rats	regard-
less of protein intake. Lab Invest.	1989;60:184-	195.

	50.	 Stremke	ER,	Hill	Gallant	KM.	 Intestinal	phosphorus	absorption	 in	
chronic kidney disease. Nutrients.	2018;10:1364.

	51.	 Varghese	 Z,	 Moorhead	 JF,	 Farrington	 K.	 Effect	 of	
24,25-	dihydroxycholecalciferol	on	intestinal	absorption	of	calcium	
and phosphate and on parathyroid hormone secretion in chronic 
renal failure. Nephron.	1992;60:286-	291.

	52.	 Ketteler	M,	Wiecek	A,	Rosenkranz	AR,	et	al.	Efficacy	and	safety	of	
a	novel	nicotinamide	modified-	release	formulation	in	the	treatment	
of refractory hyperphosphatemia in patients receiving hemodialy-
sis—	a	randomized	clinical	trial.	Kidney Int Rep.	2021;6:594-	604.

	53.	 Fouque	D,	Vervloet	M,	Ketteler	M.	Targeting	gastrointestinal	trans-
port proteins to control hyperphosphatemia in chronic kidney dis-
ease. Drugs.	2018;78:1171-	1186.

	54.	 Larsson	TE,	Kameoka	C,	Nakajo	I,	et	al.	NPT-	IIb	inhibition	does	not	
improve hyperphosphatemia in CKD. Kidney Int Rep.	2018;3:73-	80.

	55.	 Maruyama	S,	Marbury	TC,	Connaire	J,	Ries	D,	Maxwell	W,	Rambaran	
C.	NaPi-	IIb	Inhibition	for	Hyperphosphatemia	in	CKD	Hemodialysis	
Patients.	Kidney Int Rep.	2021;6:675-	684.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	 online	
version of the article at the publisher’s website.

How to cite this article:	Wang	X,	Xu	Y,	Yu	X,	et	al.	Effects	of	
pharmacological	inhibition	of	the	sodium-	dependent	
phosphate	cotransporter	2b	(NPT2b)	on	intestinal	phosphate	
absorption in mouse and rat models. Pharmacol Res Perspect. 
2022;10:e00938. doi:10.1002/prp2.938

https://doi.org/10.1002/prp2.938

