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CARLOS R. OLARTE, mayor de edad y vecino de Bogotd, identificado tal como aparece al pie

de mi firma, en mi caracter de apoderado de la sociedad solicitante, me permito manifestar lo

siguicnte antc cl auto emanado por cse Despacho, dentro del plazo legal de prérroga previsto en

cl articulo 45 de la Decisidn 486, en los siguientes términos:

1. Iin primer lugar, con el 4nimo de brindar mayor claridad a la materia reivindicada, me

permito presentar un Capitule Reivindicatorio Modificado, que rcemplaza en su totalidad al

Capitulo Reivindicatorio presentado voluntariamente el 10 de julio de 2013.

Asi entonces, ¢l Capitulo Reivindicatorio Modificado contiene los siguientes cambios:

- se climino la Reivindicacion 2;

- cn la Reivindicacion 1 se eliminé el grupo halo del alcance de los sustituyentes del

anillo A;

- se rcenumeran antiguas Reivindicaciones 3, 4 y 5, como nuevas Reivindicaciones

2, 3y 7, respectivamente;
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- sc introducen las nucvas Reivindicaciones 4-6, las cuales encuentran soporte en el
alcance de la Reivindicacién 1 y reclaman especificamente los Ejemplos 65, 66 y

69.

Valga anotar que las modificaciones efectuadas al Capitulo Reivindicatorio cumplen a cabalidad
con lo estipulado en el Articulo 34 de la Decision 486, ya que ¢stas de ninguna manera implican
una ampliacion de la proteccion correspondiente a la divulgacion contenida en la solicitud inicial,

éstas por ¢l contrario, corresponden a una dréstica limitacién de la materia reivindicada.

2. a- La Examinadora argumenta que el titulo no debe incluir el término “usos”. La

Eixaminadora sugiere realizar la correccion necesaria.

b- Considero superada la anterior objecién, en tanto que la expresion “y usos de los

mismos” fuc retirada del titulo, quedando de la siguiente forma:
“DERIVADOS DE GLUCOSIDO”

3. a- I.a Examinadora sciiala que las patentes EP1609785 (D1) y US2001/041674 (D2)

alcctan ¢l nivel inventivo de la presente invencion.

l.a lixaminadora sefiala que D1 y D2 se consideran el estado de la técnica cercano porque
divulgan compuestos derivados de C-Glucésidos y sus sales que tienen la misma actividad como

inhibidores cn ¢l cotransportador dependiente de“sodivo de glucosa de SGLT.

I.a Examinadora sciiala quc los compuestos de la invencién difiercn de los de D1 en que tienen el
grupo 3,4-dihidro-2H-benzoxazina o el grupo 2,3-dihidro-1,4-benzodioxina. Sin embargo, la
Iixaminadora sosticne que no se cvidencia la existencia de algin efecto sorprendente por el hecho

dc incluir cstos grupos.

Adicionalmente, la Examinadora sefiala que en el Capitulo Descriptivo se evidencia que el
compucsto numero 22 tiene como sustituyente el grupo benzofurano, al igual que los compuestos
de D1 y D2. Dicho compuesto presenta una actiyidad de 0.4nM, que es comparable con la de los
compucstos rcivindicados (8,60 y 62) que muestr;ip actividades de 0.25 nM, 2.2 nM y 0.5 nM,

rcspectivamente.
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Dc otro parte, la Ixaminadora sostiene que D1 comprende compuestos sustituidos por Cly CH;
cn la misma posicién (para) que la de los reivindicados en la presente solicitud, asi como
ciclopropilo aunque no esté ubicado en la misma posicion, ademas ensefia grupos como alcoxi y
OI cn posicion (para) como lo muestra el Capitulo Reivindicatorio. Asi mismo, D2 ensefia el

sustituyente OH cn posicién (para).

Asi las cosas, la Examinadora argumenta que a la luz de las ensefianzas de D1 y D2, la persona
medianamente versada en la materia pudo realizar las sustituciones propuestas en la presente
invencion con la cxpectativa de que los compues'tos.reclamados conserven la misma actividad
como inhibidores en el cotransportador dependiente de sodio de glucosa de SGLT, derivando de

mancra obvia la presente invencion.

b- 1) En primer lugar, me permito llamar respetuosamente la atencidn sobre la
materia reclamada en cl Capitulo Reivindicatorio Modificado adjunto, en particular sobre la
Rcivindicacion 1, la cual reclama exclusivamente compuestos de formula V, utiles para el

tratamiento de enfermedades y condiciones mediadas por el co-transportador de sodio-D-glucosa

(SGLT), ast:
AN
MO 223,
o e

HO OH
o V);
cn donde:
cl anillo A es fenilo, el cual esta sustituido con un sustituyente seleccionado entre alquilo
Ci4 y cicloalquilo Csy; donde Y, estd situado en posicion meta respecto al anillo de
tctrahidropirano y el sustituyente estd situado en posicion para respecto al anillo de
tctrahidropirano;

la cstructura representada por la siguiente féormula:

sc sclecciona del grupo que consiste de:

LD R

y Y, es Clla.
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1) Ahora bien, D1 divulga compuestos derivados de C-glicésido que
presentan la siguiente férmula estructural:

R8

Contrario a la presente invencion, los ejemplos de D1 mas cercanos a la presente invencion
ilustran compucstos en los cuales el grupo A es un grupo fenilo sustituido por grupos como

alcoxi, haldgeno, hidrogeno, hidroxilo, ciano, sulfamido, amido, alcoxiamino, carboxilo,

alcoxicarboxilo, los cuales resultan totalmente diferentes a alquilo C;.4 v cicloalquilo Cs.7, tal

como lo reclama la presente invencion. Ademds, en los compuestos de formula V de la presente
invencion tales sustituyentes se encuentran necesariamente en la posicion para de dicho Anillo

A, lo quc no se ensefia ni mucho menos se sugiere en DI.

Adcmas, D1 cnsefia compuestos donde el anillo B (correspondiente al Anillo A’ de la presente
invencion) corresponde a grupos benzoheterociclicos saturados o insaturados de 8 a 10 miembros
quc ticnen de 1 a 4 heterodtomos seleccionados entre N, S y O, en donde dichos grupos
benzoheterociclicos pueden incluir benzofurano, benzotiofeno, indol, benzoxazol, benzotiazol,

benzimidazol, quinolona, isoquinolona, quinazolina y tetrahidroisoquinolina, y donde X se

cncucntra cnlazado a B sobre la porcion heterociclica del anillo fusionado (B como se definid

antcriormente), a diferencia de la presente invencion en la que el grupo Y, estd directamente

£ 1)

enlazado a la porcién fenilica del anillo fusionado ( ) el cual representa los

JOGIN oS
grupos %L ° y K N en la Reivindicacion 1, y ademas dicha porcion esta

unida al grupo fenilo A cn posicidn especifica meta respecto del tetrahidropirano:

OH ] Y Y

. -

HO OH
OH
(Formula I de la presente invencion)
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De¢ hecho, vale la pena sefialar que ninguno de los 250 ejemplos de D1 ilustra particularmente
un compucsto cn donde el grupo fenilo (anillo A) esté unido directamente a un grupo 2,3-
dihidrobenzo| 1,4b]dioxina o 3,4-dihidro-2H-benzo[1,4bJoxazina a través de un metileno que se
cncuentra unido neccsariamente a la parte bencilica del anillo B, como en la presente invencion.
Iis decir, nada en D1 guiaria o conduciria a la persona medianamente versada en la materia a

utilizar particularmente dichos grupos.

A la luz dc lo anterior, vale la pena preguntarse ;Por qué la persona medianamente versada en la
matcria buscando compucstos utiles para el tratamierito de enfermedades y condiciones mediadas
por ¢l co-transportador de sodio-D-glucosa (SGLT) habria utilizado necesariamente los grupos
2,3-dihidrobenzo[1,4b]dioxina o 3,4-dihidro-2H—b.enzo[1,4b]oxazina al momento de preparar los
compucstos de la presente invencién, cuando ninguno de los ejemplos de D1 incluia dichos
grupos? Bs decir, jcual ensefianza particular de D1 motivaba a la persona medianamente versada
cn la materia a utilizar dichos grupos que ni siquiera estaban sugeridos en los ejemplos? Solicito

que cl Despacho se pronuncie sobre estos aspectos.

Contrario al analisis de la SIC, considero respetuosamente que la tinica forma en que la persona
normalmente versada en la materia habria podido sintetizar los compuestos de la presente

invencion es a través de 1a combinacion arb1trar1a i accidental de multiples sustituyentes. Es

decir, nada en cl contenido de DI sugiere a una persona versada en la materia a desarrollar
particularmente compuestos de Férmula V como los reclamados en la presente invencion, donde

cl grupo A sc encuentra sustituido por alquilo C;.4 o cicloalquilo Cs.7 en posicién para de A,y Ya

sc encucntra en posicidon meta de A enlazando un grupo 2,3-dihidrobenzo[1.4b]dioxina o 3.4-

dihidro-2H-benzo[1.4bJoxazina a través de la porcion fenilo en dichos grupos. De hecho, la

persona medianamente versada en la materia, sin indicacion alguna, y siguiendo las ensefianzas

dc D1, habria cstado inclinada a producir compuestos estructuralmente diferentes a los aqui

reclamados, como por ejemplo, compuestos que comprendan necesariamente benzofurano,
benzotiofeno, benzoxazol o benzotiazol, en el anillo biciclico fusionado de la presente invencién

(2,3-dihidrobenzo[1.4b]dioxina o 3 4—dihidro-2H—B'enzo[1 A4bloxazina). Asi, , nada en D1 sugeria

0 motivaba a la persona medianamente versada en la materia a sintetizar particularmente

compucstos con las caracteristicas estructurales reclamadas en la presente invencion.

4

Con respecto a D2, valce la pena resaltar que dicha anterioridad ensefia compuestos de Formula 1

atiles como agentes antidiabéticos, como se muestra a continuacion:
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OR4

Iin particular, D2 ensefia que ¢l grupo R’ se selecciona entre un grupo -CH,OH y -CH,0CO,-
alquiloC,s. Por el contrario, y a diferencia de las ensefianzas de D2, dicho grupo en la presente
invenciéon corresponde particularmente a H.  Ademds, el grupo Al de D2 corresponde

particularmente a los siguicntes grupos:

Iin donde X se sclecciona entre O, N, S. Por lo tanto, nada en D2 sugiere especificamente los
grupos 2,3-dihidrobenzo[1,4b]dioxina o 3,4-dihidro-2H-benzo[1,4bJoxazina y mucho menos que
dichos grupos estan unidos al resto de la molécula a través un grupo metileno enlazado a la
porcién fenilo del anillo fusionado, tal como lo reclama la presente invencién. De hecho, D2
cnscfia compuestos en donde ¢l grupo fenilo se encuentra unido al grupo A; mediante un grupo
alquil-carbonilo (propionilo), el cual necesariamente comprende un grupo C=0O, lo cual es
complctamente diferente de las caracteristicas estructurales reclamadas en los compuestos de la
presenic  invencién, puesto que éstos reclaman necesariamente un  grupo  2.3-

dihidrobenzo[1.4bldioxina o 3.4-dihidro-2H-benzo[1.4bloxazina unido a un grupo fenilo

mediante un metileno.

Por lo tanto, nada en D2 sugiere a una persona versada en la materia a desarrollar particularmente

compuestos de Férmula V como los reclamados en la presente invencion, donde el grupo A se

cncuentra sustituido por alquilo Cj.4 o cicloalquilo C;.7 en posicioén para de A, y Ya se encuentra

cn posicidn meta de A y enlazado a un grupo 2,3-aihidrobenzo[1,4b]dioxiﬁa 0 3.4-dihidro-2H-

benzo[1,4bloxazina a través del grupo fenilo. De hecho, la persona medianamente versada en la
materia, sin indicacién alguna, y siguiendo las ensefianzas del arte previo citado por la

Jixaminadora, habria estado inclinada a producir compuestos estructuralmente diferentes a los

aqui reclamados, como por ejemplo, compuestos que comprendan necesariamente un grupo
alquil-carbonilo unido al grupo fenilo y que también comprendan un anillo tetrahidropirano

sustituido cn la posicién adyacente al oxigeno con grupos como -CH,OH y -CH,OCO,-alquiloC;.
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5. Asi, ninguna de las cnsefianzas en D2 sugeria o motivaba a la persona medianamente versada
cn la materia a sintetizar particularmente compuestos con las caracteristicas estructurales

rceclamadas cn la presente invencion.

lin cste sentido, ¢l anélisis de las ensefianzas combinadas de D1 y D2, permite concluir
dircctamente que la divulgacion de dichos documento sélo resulta suficiente para habilitar o
permitir a la persona medianamente versada en la materia sintetizar compuestos estructuralmente
diferentes a los aqui rcivindicados, como lo evidencié anteriormente. De hecho, y contrario a la
opinién de la SIC, la persona medianamente versada en la materia siguiendo las ensefianzas de
D1 y/o D2, no habria cncontrado sugerencia o motivacién alguna que lo condujeran a desarrollar

y producir especificamente los compuestos aqui reclamados.

1i1) De otra parte, considero oportuno llamar la atencion sobre el hecho que D1
Unicamente proporciona resultados biolégicos pafa los Ejemplos 117, 134, 141, 142, 150 y 174

dc dicha anterioridad, como se muestra a continuacién;

HO

Oif

Ejemplo 117

Cl N, @]
x
" 7
HO N
, gy
OH OH
Ejemplo 134 Ejemplo 150

OH

Ejemplo 141

01l
Ejemplo 174

A la luz dec lo anterior, es claro que D1 Unicamente proporciona ensefianzas y resultados

bioldgicos para compuestos que presentan necesariamente un grupo electréfilo sobre el anillo
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central unido al tetrahidropirano, como por ejemplo Cl, OMe o OH, los cuales resultan bastante

sclectivos por SGL1T2.

LLa sclectividad sobre SGLT2 no es un resultado deseable dado que los compuestos con estas
caracteristicas de selectividad unicamente inhiben del 30 al 50% de la reabsorcién renal de
glucosa, tal como lo afirma Liu et al' en el articulo que se encuentra adjunto al presente
memorial. (Anexo 1). En particular, Liu destaca en la Tabla 1 del articulo que la inhibicién
competitiva del inhibidor de SGLT2 aumenta progresivamente la concentracion progresiva de
glucosa cn cl sitio del transportador SGLT2, lo c’ual_reduce drasticamente su efectividad (Tabla 1,
numeral 1). Asi las cosas, D1 tinicamente ensefia compuestos que resultan selectivos por SGLT2,
lo cual, como ya se evidencid anteriormente, reduce la reabsorcion renal de glucosa, generando

una baja cfectividad de dichos compuestos.

Por ¢l contrario, los compuestos de la presente invencion contienen necesariamente un grupo
clectrodonor sobre ¢l fenilo unido al tetrahidropirano (anillo A), en particular los grupos alquilo y
cicloalquilo, lo cual no se encuentra motivado por las enseflanzas del arte previo, puesto que D1
inicamente ilustra y sugicre grupos electrofilicos. Por tanto, llamo la atenciéon sobre los
siguicntes resultados, en donde se muestran los Vélores de ICsq obtenidos para SGLT2 y SGLTI,

asi:

T

Compuesto dela | SGLT2ICs (M) | SGLT1ICs (M) Selectividad
. nvenecion
22 3.7 1.6
0.42 - 16 38
Ejemplo 62

"Liu, J. Lee, T. DeFronzo, RA. Why Do SGLT?2 inhibitors inhibit only 30-50% of renal glucose reabsorption in
humans?. Diabetes. Vol 61. September 2012. 2199-2204.
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Como sc¢ puede concluir de la tabla anterior, los anteriores resultados demuestran que los
compuestos de la invencién presentan un grado de inhibicion similar tanto para el transportador
SGLT1 como para cl SGLT2, a diferencia de los compuestos del arte previo que unicamente
inhiben ¢l SGTL2. Asi, es claro que los cofnpuestos aqui reclamados, al inhibir los
transportadores SGLT1 y SGLT2, y no unicamente el SGLT2, mejoran la reabsorcion renal de

glucosa, lo que sc considera como un efecto sorprendente e inesperado al no ser sugerido ni

motivado por cl arte previo.

Por tanto, a la luz de la clara cvidencia en favor del nivel inventivo. suministrada anteriormente y
como ¢l Despacho habra de reconocer, ninguno de los efectos inesperados mencionados
anteriormente  podrian haber sido dilucidados ni mucho menos previstos a partir de la
informacion aportada por D1 y D2, dado que no hacen alusién alguna a las caracteristicas
cstructurales de los compuestos aqui reclamados. La persona medianamente versada en la
materia no habria encontrado sugerencia o motivécién alguna que la condujera directamente a
desarrollar los compuestos aqui reclamados ni mucho menos con la expectativa de que tuvieran
los cfectos sorprendentes ¢ inesperados mencionadds anteriormente.

T'eniendo cn cucnta lo anterior, considero respetuosamente que la presente invencién cumple con
¢l criterio de la SIC, expresado en su Instructivo para el Examen de Solicitudes de Patentes de
Invencion y Modelos de Utilidad, cuando menciona que “una invencion de seleccion [...] que se
considcra nueva, tiene nivel inventivo si todos los compuestos del subgrupo presentan un efecto o
actividad técnica sorprendente no descrita en el estado de la técnica y ademds inesperada”. Mas

adclante scfiala que “si el solicitante aporta datos comparativos, se aceptardn como evidencia

cxperimental de que los compuestos de la seleccién tienen ventajas respecto a los conocidos en el

cstado de la técnica™. Claramente, nada en el arte previo citado por la Examinadora proporciona

cnsciianzas o sugerencias que pudieran motivar a la persona del oficio normalmente versada en la

maltcria a obtener particularmente compuestos derivados de tetrahidropirano que contienen un

grupo 2,3-dihidrobenzo[1,4b]dioxina o 3,4-dihidro-2H-benzo[1,4bJoxazina unido a un fenilo a
través de un metileno como los aqui reclamados, y mucho menos con alguna expectativa de éxito

razonablc respecto a su actividad sobre SGLT2 y SGLTI.

Lin este sentido, vale la pena sefialar que el Manual Andino de Patentes establece que para que

pucda ncgarse la existencia de nivel inventivo, es nécesario no solamente que la combinacion de

2 Instructivo Examen de Solicitudes de Patentes de Invencién y Modelo de utilidad. Superintendencia de Industria y
Comercio. 2012. Seccion 323 . (disponible electronicamente en
http://www.sic.gov.colrecursos_user/documentos/propiedad_industrial/Formatos/P102-106.pdf)
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las cnscfianzas pucda hacerse, sino también que exista una sugerencia o razon tal, que lleve al
. . .. . . L. ~ 3 ’
técnico con conocimicntos medios a combinar las-ensefianzas de los documentos™. Ademds, el

Manual Andino de Patentes también establece que las invenciones en el campo de la quimica

ticnen nivel inventivo cuando los compuestos reclamados tienen una estructura inesperada (no

derivable por la persona medianamente versada en la materia) o cuando presentan un efecto

, . . . . . « 4
téenico inesperado o mejorado impredecible del arte previo®. Por tales razones, es claro que

en cl presente caso, no solo las caracteristicas estructurales de los compuestos reclamados es
incsperada, sino también el efecto técnico logrado por los mismos en comparacion con D1 yD2,

lo que cs una clara evidencia de nivel inventivo.

Adicionalmente, el Manual Andino de Patentes que establece que resultados y mejoras
sorprendentes constituyen indicios de no obviedad, de tal manera que propiedades ventajosas
constituyen indicios aceptables de nivel inventivo®, al tiempo que sefiala que una seleccién

cspecifica es inventiva si exhibe un efecto o propiedad técnica no descrita en el arte anterior v

que ademas cs inesperada.® De la misma forma, el Instructivo para el Examen de Solicitudes de

Patentes de Invenciéon y Modelos de Utilidad establece que una seleccion tiene nivel inventivo si

todos los productos del subgrupo presentan un efecto o actividad técnica no descrita en el estado

dc la técnica vy, ademds, es inesperada, asi como también indica que una seleccidn se considera

inventiva sdlo cuando los elementos seleccionados tienen una ventaja imprevis‘[a.7

Iin conclusion, nada en el arte previo citado por la Examinadora proporciona motivacion alguna
para sintctizar los compuestos aqui reivindicados, y mucho menos esperar que dichos compuestos
presentaran las incsperadas y sorprendentes propiedades ilustradas en los datos suministrados en

cl presente memorial y en el Capitulo Descriptivo, por lo que revisten nivel inventivo.

4. Por todo lo anterior, considero que las objeciones presentadas por la Examinadora en su
primer cxamen de fondo, han sido resueltas y por consiguiente solicito respetuosamente que el

Despacho tenga por cumplidos los requisitos de patentabilidad y proceda con la concesion de la

patente.

% Manual Andino de  Patentes.  (2004). Seccién  10.2.1  Ejemplo 1  (disponible en
http://www.comunidadandina,org/public/patentes.pdf). s

* Ibidem. Scecion 10.8.1.

% Ibidem. Scccién 4.6.1.

¢ Ibidem. Seccién 10.8.

7 Instructivo Examen de Solicitudes de Patentes de Invencion y Modelo de utilidad. Superintendencia de Industria y
Comercio. 2012. Seccion 2.64.1. (disponible electréonicamente en
http://www.sic.eov.co/recursos _user/documentos/propiedad_industrial/Formatos/P102-106.pdf)
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Atentamentce,

CARLOS R. OLARTE
C.C. No. 79.782.747 de Bogota
T.P. 74.295

LMB

Ancxos:
— Capitulo Reivindicatorio Modificado.
— Anexo 1: Articulo cientifico “Why Do SGLT? inhibitors inhibit only 30-50% of renal

glucose reabsorption in humans?”
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Expediente No. 12-068.967 /] 7/
Primer Examen de Fondo

P2012/000027
CAPITULO REIVINDICATORIO MODIFICADO
(Primer Examen de Fondo)
1. Un compuesto, o una sal farmacéuticamente aceptable del mismo, representado por

la Formula (V):

‘ A
OH YT P
o)

HO OH
OH
V)

cn donde:

cl anillo A es fenilo, el cual estd sustituido con un sustituyente seleccionado entre
alquilo Cy4 y cicloalquilo Cs.7; donde Y, estd situado en posicion mefa respecto al anillo de
tetrahidropirano y cl sustituyente estd situado en posicién para respecto al anillo de
tetrahidropirano;

la estructura representada por la siguiente formula:

sc sclecciona del grupo que consiste de:

L0 oy

Y. es CH,.
2. Un compuesto de acuerdo con la Reivindicacion 1 representado por la siguiente
férmula:

o0 una sal farmacéuticamente aceptable del mismo.

Pagina 1 de 3



Expediente No. 12-068.967
Primer Examen de Fondo

P2012/000027
3. Un compuesto de acuerdo con la Reivindicacion 1 representado por la siguiente
formula:
o una sal farmacéuticamente aceptable del mismo.
4. Un compuesto de acuerdo con la Reivindicacion 1 representado por la siguiente
formula:
OH
o una sal farmacéuticamente aceptable del mismo.
5. Un compuesto de acuerdo con la Reivindicacion 1 representado por la siguiente
formula:
OH
o una sal farmacéuticamente aceptable del mismo.
6. Un compuesto de acuerdo con la Reivindicacion 1 representado por la siguiente

férmula:
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OH
o una sal farmaccuticamente aceptable del mismo.
7. Una composicion farmacéutica que .comprende un compuesto de acuerdo a

cualquicra dc las Reivindicaciones 1 a 6, o una sal farmacéuticamente aceptable del mismo,

y un cxcipicnte farmacéuticamente aceptable.
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PERSPECTIVES IN DIABETES

Why Do SGLT2 Inhibitors Inhibit Only 30-50% of Renal
Glucose Reabsorption in Humans?

Jiwen (Jim) Liu,' TacWeon Lee,” and Ralph A. DeFronzo

Sodium glucose cotransporter 2 (SGLTZ2) inhibition is a novel and
promising trcatment for diabetes under late-stage clinical de-
velopment. It generally is accepted that SGLT2 mediates 90% of
renal glucose reabsorption. However, SGLT?2 inhibitors in clinical
development inhibit only 30-50% of the filtered glucose load. Why
are they unable to inhibit 90% of glucose reabsorption in humans?
We will try to provide an explanation to this puzzle in this per-
spective analysis of the unique pharmacokinetic and pharmaco-
dynamic profiles of SGLT2 inhibitors in clinical trials and
examine possible mechanisms and molecular properties that
may be responsible. Diabetes 61:2199-2204, 2012

ype 2 diabetes is a serious global health issue

that has reached epidemic proportions in both

developed and developing countries over the last

two decades (1). With currently available medi-
cines, many diabetic patients fail to achieve optimal glycemic
control (HbA,. <6.5-7.0%). With the exception of the
glucagon-like peptide 1 analogs and the thiazolidinediones
(2), other antidiabetic medications lose their effectiveness
to control hyperglycemia over time, partially due to the
progressive decline of B-cell function (2—4). As a conse-
quence, many patients receive multiple antidiabetic
medicines and eventually require insulin therapy, which
often fajls to achieve the desired glycemic goal and is
associated with weight gain and hypoglycemia (5,6).
Failure to achieve glycemic targets is the primary factor
responsible for the microvascular complications (reti-
nopathy, ncuropathy, nephropathy) and, to a lesser ex-
tent, macrovascular complications (2,7). In addition, the
majority of diabetic patients are overweight or obese, and
many of the current therapies are associated with weight
gain, which causes insulin resistance and deterioration in
glycemic control (2).

Given the difficulty in achieving optimal glycemic con-
trol (8,9) for many diabetic patients using current thera-
pies, there is an unmet medical need for new antidiabetic
agents. Although it has been known for 50 years (10,11)
that, renal glucose reabsorption is increased in type 2 di-
abelic patients, only recently have the clinical therapeutic
implications of this observation been recognized (2,12).

From 'Medicinal Chemistry, Amgen, Inc., South San Francisco, California;
*Metabolic Disorders, Amgen, Inc., South San Francisco, California; and
the *Division of Diabetes, University of Texas Health Scicnce Center at
San Antonio, San Antonio, Texas.

Corresponding authors: Jiwen (Jim) Liu, jiwenl@amgen.com, and Ralph A.
DeFronzo, albarado@uthscsa.edu.

Received 17 January 2012 and accepted 10 April 2012.

DOL 10.2337/db12-0052

This article contains Supplementary Data online at http://diabetes
_diabetesjournals.org/lookup/suppl/doi: 10.2337/db12-0052/-/DCL.

© 2012 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http:/creativecommons.org/licenses/by
-ne-nel/3.0/ for details.

diabetes.diabetesjournals.org

3

Inhibition of renal tubular glucose reabsorption, leading to
a reduction in blood glucose concentration through en-
hanced urinary glucose excretion, provides a novel insulin-
independent therapy (2,12) that in animal models of
diabetes has been shown to reverse glucotoxicity and
improve insulin sensitivity and B-cell function (13,14). The
majority (~80-90%) of filtered plasma glucose is reab-
sorbed in the early proximal tubule by the high-capacity,
low-affinity sodium glucose cotransporter (SGLT) 2
(15,16). The remaining 10-20% of filtered glucose is reab-
sorbed by the high-affinity, low-capacity SGLT1 trans-
porter in the more distal portion of the proximal tubule.
After glucose is actively reabsorbed by SGLT2 and SGLT1
into the proximal tubular cells, it is diffused out of the cells
from the basolateral side into blood through facilitative
GLUT 2 and 1 (15). Because the majority of glucose
reabsorption occurs via the SGLT2 transporter, pharma-
ceutical companies have focused on the development of
SGLT?2 inhibitors, and multiple SGLT2 inhibitors currently
are in human phase II and III clinical trials (17). This class
of antidiabetic medication effectively lowers blood glucose
levels and offers additional benefits, including weight loss,
low propensity for causing hypoglycemia, and reduction in
blood pressure. The SGLT2 inhibitors are effective as
monotherapy and in combination with existing therapies
(2,12,14,15,17), including insulin (18). Because of their
unique mechanism of action (12,15), which is independent
of the severity of insulin resistance and (3-cell failure, type
2 diabetic individuals with recent-onset diabetes (<1 year)
respond equally well as type 2 diabetic patients with long-
standing diabetes (>>10 years) (19).

Dapagliflozin is the most advanced SGLTZ inhibitor in
clinical trials (12,17,20). In addition, multiple other SGLT2
inhibitors are in phase II to III trials (Fig. 1) (17,21).
However, none of these SGLT2 inhibitors are able to in-
hibit >30-50% of the filtered glucose load, despite in vitro
studies indicate that 100% inhibition of the SGLT2 trans-
porter should be achieved at the drug concentrations in
humans (22,23). In this perspective, we shall examine po-
tential explanations for this apparent paradox. Resolution
of the paradox has important clinical implications with
regard to the efficacy of this class of drugs and the de-
velopment of more efficacious SGLT2 inhibitors.

PUZZLE ABOUT SGLT2 INHIBITORS

In healthy nondiabetic humans, ~160-180 g of plasma
glucose is filtered daily (glomerular filtration rate [GFR] =
180 I/day X plasma glucose = 900-1000 mg/L), and es-
sentially all of the filtered glucose is reabsorbed in the
proximal tubule of the kidneys. It is generally believed that
SGLT2 reabsorbs 80-90% of the filtered glucose load
(15,16). However, SGLT2 inhibitors in clinical devel-
opment induce a maximum of 50-80 g of urinary glucose
excretion (UGE) per day (i.e., only 30-50% of the filtered
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FIG. 1. SGLT2 inhibitors in late-stage clinical trials.

glucose load) in healthy volunteers. Some SGLT2 inhib-
itors cause a maximum daily UGE at a low dose and
cannol. augment UGE even with a >10-fold increase in
dose (22,23). For example, dapagliflozin produces a maxi-
mum UGE of ~60 g/day at a dose of 20 mg/day in healthy
human volunteers, and UGE remains at 60 g/day when the
dose is increased to 500 mg/day (23). Why can these
inhibitors not, block 90% of the filtered glucose load in
humans?

A number of cxplanations have been proposed to ex-
plain this paradox (Table 1, explanations 1-5), but they are
insufficient to account for many of the data and observa-
tions. In this perspective, we will analyze these explana-
tions and attempt to provide a more satisfactory solution
to this puzzle. We will start by examining the pharmaco-
kinetic and pharmacodynamic (PK/PD) characteristics of
SGLT2 inhibitors, which are varied and very unique.

PK/PD CHARACTERISTICS OF SGLT2 INHIBITORS

First, in healthy human volunteers, there are large differ-
e¢nces in the dose-dependent PD responses between
empagliflozin (BI 10773) and ipragliflozin (ASP-1941) (Fig.
1), despite sharing many similarities (22,24). Both SGLT2
inhibitors have similar chemical structures, human PK
profiles, and in vitro potencies. The in vitro SGLTZ half-
maximal inhibitory concentration (ICszy) of empagliflozin
and ipragliflozin is 3.1 and 7.4 nmol/L, respectively. The
halflives ({;) of empaglifiozin and ipragliflozin in the
blood are 8.6-13 and 10-14 h, respectively, and the time to
maximum plasma concentration (,,,) is 1.5~2.5 and 1.0-
2.3 h, respectively. The area under the curve (AUC) of
empagliflozin at the 2.5-mg dose is 396 nmol-h/L and that
ol ipragliflozin at the 5-mg dose is 810 nmol-h/L. However,
UGE over 24 h of empagliflozin at 2.5-mg dose is 30.6 g,
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whereas that of ipragliflozin at 5-mg dose is only 3.1 g
Differences in plasma protein binding (PPB) can result in
different PD responses, but it is likely (although not mea-
sured) that the PPB of the two compounds is similar,

TABLE 1
Potential explanations for why SGLT2 inhibitors cannot inhibit
>30-50% of the filtered glucose load

1. Competitive inhibition by the SGLT2 inhibitor progressively

"’ raises the local glucose concentration at the site of the SGLT2
.. transporter and thus reduces its effectiveness.

2. SGLTs/GLUTs other than SGLT2 are responsible for a much
greater fraction of glucose reabsorption than previously
reported.

3. The SGLT?2 inhibitors are unable to interact with the SGLT2
transporter because of their anatomical location.

4. High PPB reduces the filtered load of SGLT2 inhibitor and
results in insufficient drug concentrations in the tubular lumen
to inhibit the SGLT2 transporters.

5. Upregulation of SGLT1 or other GLUTs offsets in part the
inhibitory effect of the SGLT2 inhibitors.

6.-Renal secretion is responsible for delivering the majority of
SGLT?2 inhibitor to the site of the SGLT2 transporter.
Saturation of renal secretion limits the amount of SGLT2
inhibitor in the area.

7. SGLT2 inhibitors are secreted distal to the location of a portion
of the SGLT2 transporters and therefore cannot inhibit the

. upstream SGLT2 transporters.

8. SGLT2 expression in the renal proximal tubule is higher than
that in SGLT2-transfected cells. Significantly higher drug
concentrations are required in vivo than indicated by in vitro

" assays using SGLT2-transfected cells.

9. Excessive reabsorption of SGLT2 inhibitor in the proximal

" tubule limits the extent of SGLT2 inhibition.

10. Some combination of the above.
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because the time course PK profiles of the two compounds
(as characterized by their {;, fnax, and AUC) are almost
identical. A difference in PPB would be expected to
change the time course PK profile, because this would
change the clearance and volume of distribution of the
drugs and thus the t;. Further, there are no reports in
the literature that describe a major difference in PPB of
the SGLT2 inhibitors in current clinical development.

Second, the unbound plasma concentrations of
dapagliflozin do not secem to account for the drug’s effect
on UGE. In phase I single and multiple ascending-dose
studies of dapaglifiozin, a near-maximal UGE was main-
{ained in healthy volunteers for 24 h following a dose of 20
mg, whereas the plasma concentration decreased to
a range of 10-20 nmoVL at 24 h from a maximum con-
centration (Cpux) of 600-700 nmol/L (Fig. 2) (21). Taking
into account PPB, this corresponds to an unbound dapa-
gliflozin plasma concentration of <2 nmol/L 24 h after the
dose. This concentration is in the vicinity of the drug’s in
vitro SGLT2 1Cs0 (1.1 nmol/L), yet dapagliflozin is still ca-
pable of generating a near maximum UGE response. To
our knowledge, there are no published data that suggest
that, in vitro potency overestimates the in vivo drug con-
centration needed to inhibit SGLT2. To the contrary, much
higher concentrations of T-1095A (an O-glucoside in-
hibitor) were required to inhibit glucose uptake into brush
border membrane vesicles prepared from animal kidneys
than into cells overexpressing SGLT2 (25). It is possible
the SGLT2 expression levels in the renal proximal tubule
arc higher than those on SGLTZ2-transfected cells. This
possibility is supported by studies that have measured the
binding of tritium-labeled dapagliflozin to the same amount
of protein from mouse kidneys or transfected cells
(Amgen, unpublished data). It was found that SGLT2 ex-
pression (calculated from the amount of radioactivity
bound) in the mouse kidney tissue was several fold higher
than in the proteins of transfected cells (Supplementary
Fig. 1; T.L., unpublished observations). Because proximal
tubular proteins only comprise a small portion of the
kidney tissue, the SGLT2 expression levels in the proximal
tubule could be substantially higher than those of SGLT2-
transfected cells. Considering dapagliflozin’s high selec-
tivity and specificity for SGLT2, nonspecific binding is
unlikely to be a significant contributing factor.

Third, there are disconnects between the UGE effect of
cempagliflozin and its plasma concentration. After adminis-
tration of single doses of empagliflozin to healthy humans,
a rapid onset, of UGE response occurred and was main-
tained long after the plasma concentrations diminished to
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N
(=]
b

o
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0 6 12 18
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24

FIG. 2. Plasma dapagliflozin concentration as a function of time fol-
lowing an oral dosc of 20 mg in healthy volunteers. Conc., concentra-
tion. Modified from Fig. 4 of Komoroski et al. (23).
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very low levels (Fig. 3) (22,26). The empagliflozin plasma
concentrations peaked ~2 h postdose, whereas the maxi-
mal UGE rate occurred at about 7 h across a range of doses
(10 to 800 mg). Further, the UGE rates did not decline
nearly as rapidly as the decrease in plasma concentrations.
Following the 100- and 400-mg doses of empaglifiozin, the
UGE rates at 60 h postdose dropped about threefold from
the peak values, whereas the plasma concentrations at the
sanie doses dropped >50-fold from their peak levels during
the same period of time.

The unbound plasma drug concentration usually cor-
relates well with PD response. In the case of SGLTZ in-
hibitors, it also appears reasonable to assume that the
unbound plasma concentration reflects the concentration
in the location of the SGLT2 transporters. Unbound SGLT2
inhibitors are filtered through glomeruli and travel a short
distance to reach the SGLT2 transporters, which are lo-
cated in the early segment of the renal proximal tubule.
However, the three observations above indicate that the
UGE responses induced by the SGLT2 inhibitors do not
correlate with the drug’s unbound plasma concentrations.
Why? In the following discussion, we provide a possible
answer to this question, followed by an explanation for the
puzzle described in the title.

EXPLANATION OF THE PARADOX

As. described above, SGLT2 inhibitors, such as dapagli-
flozin and empaglifiozin, demonstrate unique PK/PD rela-
tionships. Robust UGE was maintained long after the
plasma drug concentrations diminished (22,23) (Fig. 3). If
SGLT?2 inhibitors are actively secreted (in addition to fil-
tered) into the renal proximal tubule, the renal secretion
can deliver higher drug concentrations to the area of the
SGLT2 transporter and thus contribute to the robust UGE
effect, especially when the plasma concentrations are low.
Another possible contributing factor that may explain the
prolonged UGE effect is a slow off rate of SGLT2 inhib-
itors. Compounds with a slow off rate can maintain their
PD effect even when their plasma concentrations are low.
Empaglifiozin has a slow off rate with a dissociation ¢, of
1 h both in the absence and presence of 20 mmol/L glucose
(27). If SGLT2 inhibitors also block the transporter from
inside the cells, their inhibition effect can last longer than
indicated by their dissociation ¢, (28).

6000-
4000-

2000+

PK: Plasma Conc.of
Compound (nM)
(unoww) ajey 39N :ad
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FIG. 8. Schematic PK/PD graphs of empaglifiozin (BI 10773). UGE rate-
time profiles are shown in dotted line (10 mg-PD), dashed line (100 mg-
PD), and dashed-dotted line (400 mg-PD). Plasma concentration-time
profiles are shown in solid lines. Three representative doses are shown:
10, 100, and 400 mg. Conc., concentration. Modified from Port et al.
(22) and Dugi and Mark (26).
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To the best of our knowledge, renal secretion has not
been considered as a factor for the PK/PD relationship in
the literature. There are several potential reasons for the
lack of consideration of renal secretion. First, the reported
renal clearance of SGLT2 inhibitors is low across species
and insignificant compared with their hepatic clearance
(29,30). Dapagliflozin has a low renal clearance of 5.6 mL/min
in humans, half of its GFR*fu (10.8 mI/min), in which fu
is fraction unbound (29). When renal clearance is in-
significant, and less than the product of GFR*fu, renal se-
cretion is not considered to be a significant factor for
drug—drug interaction (DDI), so it is not critical to study
renal secretion and the transporters involved for com-
pounds with low renal clearances (31). Second, even if
renal transporiers are studied, the ones most often exam-
ined for DDI are limited, such as P-glycoprotein, breast
cancer-resistant protein, organic anion transporters, and
organic cation transporters (OCTs) (31). There are many
more transporiers (peptide transporters. 1 and 2, multi-
drug resistance-associated protein 2 and 4, OCTN1, and
OCTN2, ete.) involved in renal secretion, but often they are
not, studied for DDI (31).

Low renal clearance does not mean lack of renal se-
cretion, because significant renal secretion can be masked
by renal reabsorption, if compounds have good passive
permeability (32-34). SGLT2 inhibitors generally have
good permeability, as indicated by high oral bioavailability
and permeability measurement (29). Although there is no
direct evidence in the literature to support renal secretion
of SGLT2 inhibitors, indirect evidence supports such
a mechanism. It is interesting to note that following oral
administration of a 1 mg/kg dose of TS-071 (Fig. 1), rats
exhibited kidney/plasma ratios of 35 at 4 h postdose, de-
spite the fact that TS-071 primarily is excreted by hepatic
metabolism (35). After 24 h, TS-071 was no longer detected
in rat kidneys. Renal secretion and slow off rate from
targels in the kidney can make compounds preferentially
distributed into the kidney.

Neutral drugs that have high lipophilicity (indicating
good permeability), like dapagliflozin, tend to have a low
renal clearance (33). Even though the renal clearance of
dapagliflozin is low, many drugs that have similar PPB
(indicated by GFR*fu) and similar lipophilicity (indicated
by cLogD or cLogP) to those of dapagliflozin actually have
a much lower renal clearance than dapagliflozin (34). The
reason why dapaglifiozin does not have a lower renal
clearance may be due to its renal secretion. ‘

The sustained robust UGE and different timing of peak
UGE and C,,.x of empagliflozin also suggest renal secre-
tion (Iig. 3) (22,26). If glomerular filtration were the only
way for SGLT2 inhibitors to reach the site of action, one
would expect the timing of peak UGE to match the f,,,x 0Of
the plasma concentration and UGE to decrease in concert
with the reduction of the plasma concentration. The onset
of UGE response is rapid after SGLT2 inhibition. Although
slow off rate of SGLT2 inhibitors can contribute to the
slow decrease of UGE response, it cannot explain the
vastlly slower decline of UGE response compared with
the plasma concentration.

The human metabolite profile of dapaglifiozin suggests
that, active metabolites do not significantly contribute to
the P response, because dapaglifiozin is primarily elimi-
nated as a pharmacologically inactive glucuronide metab-
olite (29). The possibility of superpotent minor metabolites
contributing to the PD effects cannot be ruled out, but
there is no evidence to support this.

2202 DIABETES, VOL. 61, SEPTEMBER 2012

If SGLT2 inhibitors are secreted by the renal tubule, this
could provide a solution to the puzzle as to why SGLT2
inhibitors are unable to inhibit 80-90% of the filtered glu-
cose load in humans. First, even though renal secretion
may deliver sufficient drug to achieve robust UGE for
a-longer duration, it can saturate at high doses and thus
limit SGLT2 inhibitors from maximally inhibiting renal
glucose reabsorption (Table 1, explanation 6). Second,
location of renal secretion relative to that of the SGLT2
transporters can affect the efficiency of SGLT2 inhibition.
Downstream renal secretion of drug cannot affect glucose
reabsorption, if the SGLT2 transporters are located up-
stream (Table 1, explanation 7). Third, full inhibition of the
SGLT2 transporter may require significantly higher con-
ceritrations of the inhibitors than suggested by the in vitro
SGLT2 potency, because the expression levels of SGLT2 in
the renal proximal tubule may be much higher than those
on the transfected cells used in the in vitro assays (Table 1,
explanation 8). Fourth, SGLT2 inhibitors delivered through
glomerular filtration may have an impact on UGE during
the initial few hours after drug administration, but exert
limited effect at later times even at high doses, because the
plasma concentration declines rapidly after the Cpax is
reached. Taken collectively, it is possible that glomerular
filtration cannot deliver impactful levels of the SGLT2
inhibitors over a long duration even when high doses of
the drugs are given. Rather, renal tubular secretion and
slow off rate of the inhibitors may be responsible for the
sustained drug levels in the proximal tubule, which in turn
results in a sustained UGE response. Full inhibition of
SGLT2 may be limited by the capacity of renal secretion
and/or the proximity of the site of renal secretion and the
SGLT?2 transporters.

It also is possible that excessive reabsorption of SGLT2
inhibitors in the proximal tubule contributes to the inability
of SGLTZ inhibitors to block >30-50% of glucose reab-
sorption (Table 1, explanation 9). Excessive active reab-
sorption through transporters could result in significantly
lower drug concentrations in the proximal tubule than the
plasma unbound concentration and thus limit the inhibition.
But the lower tubular concentration is not consistent with
the prolonged robust UGE effect, unless inhibition of the
SGLT2 transporter also can take place intracellularly.
Active reabsorption can accumulate SGLT2 inhibitors inside
the tubular cells and result in the prolonged UGE effect
(especially in combination with slow off rate), if the inhib-
itors also block from inside the cells. In this case, the ca-
pacity of the active reabsorption and/or its location relative
to the SGLT2 transporters dictates the extent of SGLT2 in-
hibition. However, there is no evidence in the literature
regarding possible intracellular inhibition of the SGLT2
transporter by the SGLT2 inhibitors in clinical trials. Passive
reabsorption does not have the same effect as active reab-
sorption, because it is driven by the drug concentration
gradient from the renal tubule to the bloodstream. There-
fore, it only makes the drug tubular concentration approach
the plasma unbound concentration.

Renal secretion (and/or reabsorption) also can explain
several other important observations. First, as discussed
above, empaglifiozin and ipraglifiozin have very different
dose-dependent UGE responses, even though they share
many similar properties, such as potency and PK proper-
ties.- It is possible that differences in renal secretion (and/
or reabsorption) and dissociation ¢y, are responsible for
the different UGE responses. Second, in contrast to
humans, SGLT2 inhibitors can block >70% of the glucose
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reabsorption in Sprague-Dawley rats. In these rats, about
3.6 g/day/200 g body weight of glucose is filtered through
glomeruli (GFR = 1.4 mL/min/100 g body weight = 4 L/day/
200 g body weight X 0.9 g/L = plasma glucose level) (36).
The maximum UGE/day/200 g body weight induced by
SGLT2 inhibitors in Spraguc-Dawley rats is 2.6 g for
dapagliflozin and PF-04971729 (37,38), 2.9 g for EGT1442
(39), and 3.7 g for canaglifiozin (40). Potency and PK
cannot. explain this species difference. This difference may
be explained by a greater renal secretory (and/or reab-
sorption) capacity and/or more upstream renal secretion
(and/or reabsorption) in rodents compared with humans.

There are other potential explanations (Table 1, explana-
tions 1-5) for this puzzle, but they are unlikely to explain the
paradox. The first explanation in Table 1 is that increased
levels of glucose in the proximal tubule, as a result of
SGLT2 inhibition, compete with the drug and thus prevent
the full inhibition of SGLT2. However, this is not consistent
with the observation that a >20-fold increase in the dose of
dapaglifiozin from 20 to 500 mg/day only prolongs the PD
effect and does not further increase the level of inhibition
(~40% inhibition of the glucose reabsorption) (23). The
second cxplanation in Table 1 is that GLUT other than
SGLT2 may be responsible for a much greater fraction of the
glucose rcabsorption. However, this cannot explain why
some paticnts with severe SGLT2 mutations excrete >150
g/day of glucose into the urine, unless the SGLT2 muta-
tion also affects other glucose transporters (i.e., SGLT5 or
SGLT1, for which genes are not located on the same
chromosome as SGLT2). In addition, LX-4211, a SGLT2/
SGLT1 dual inhibitor in phase II clinical trials, does not
generale a larger glucosuric effect than selective SGLT2
inhibitors (41). SGLT5 has been suggested as a transporter
that may be responsible for a greater fraction of glucose
reabsorption, because of its almost exclusive expression in
the renal tubule and its unidentified function. However,
recent, studies have demonstrated that SGLT5 is a man-
nose fructose transporter (27). Further, remogliflozin is
a SGLT2/SGLT5 dual inhibitor with ICs for the two
transporters of 12 and 480 nmol/L, respectively (42). In
healthy humans, remogliflozin etabonate (prodrug of
remogliflozin) could not induce more than ~40 g/day of
UGE, even when its dose was increased from 150 to 1000 mg
(43). Based upon these observations, the role of SGLT5 in
renal glucose reabsorption appears to be insignificant. Fur-
thermore, knockout, of SGLT2 in the mouse results in the
excretion of 70-80% of the filtered glucose load (16), al-
though one could argue that other GLUTs play a more
dominant, role in man. Last and most important, SGLT2 an-
tisense oligonucleotides, which knock down SGLTZ2 mRNA
expression up to 80%, have a much greater glucosuric effect
than the orally administered SGLT2 inhibitors in multiple
species, including rats and dogs as well as monkeys (44,45).

Explanations 3-5 in Table 1 also are unlikely. Based
upon animal studies that have localized the SGLT2 trans-
porter to the brush border membrane of the proximal tu-
bule (16), inability of the filtered SGLTZ2 inhibitor to
interact with the SGLT2 transporters because of their an-
atomical location seems unlikely (Table 1, explanation 3).
The high PPB of some SGLTZ2 inhibitors should not limit
the extent, of inhibition if the dose is increased (Table 1,
explanation 4). High PPB limits the percentage of unbound
drug and thus limits the amount of drug filtered through
the glomeruli. However, the amount of filtered (unbound)
drug can be increased, if the dose is increased. For ex-
ample, unbound Cp.x of dapaglifiozin increases from
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~60 nmoVL to >1 pmol/L (calculated using 91% PPB and
its PK in healthy humans) (23,29) when its dose is in-
creased from 20 to 500 mg. The similar magnitude of glu-
cosuria on days 1-3 versus day 14 after administration of
dapaglifiozin strongly argues against upregulation of other
SGLTs or other GLUTs distal to the SGLTZ transporter
(Table 1, explanation 5) (46). Moreover, phlorizin-treated
diabetic rats do not upregulate GLUT2 (47). Although
SGLT?2 inhibition does not appear to cause upregulation of
SGLTs or other GLUTs in humans, there is evidence for
increased GLUT2 expression in diabetic rodent models
(17,19). However, in healthy humans in whom upregula-
tion of GLUTs and/or SGLTs does not occur, SGLT2
inhibitors still cannot block >30-50% of renal glucose
reabsorption. In addition, if there were significant contri-
bution to glucose reabsorption from GLUTs or SGLTs
other than SGLT2, it would not explain the unique PD
effects of SGLT2 inhibitors, such as prolonged maximum
UGE response at diminished plasma levels and different
timing between the maximum PD response of empagli-
flozin and its maximum plasma concentration.

CONCLUSIONS

The SGLT2 inhibitors in human clinical trials have good
efficacy, but they do not inhibit >30-50% of the filtered
glucose load. Based upon their PK/PD relationship, we
postulate that their mechanism of action is related to se-
cretion and/or active reabsorption in the proximal tubule
and slow off rate from the SGLT2 target. Renal micro-
puncture studies with radiolabeled SGLT2 inhibitors and
comparison of drug radioactivity in the glomerular filtrate
and proximal tubule will help to define the relative con-
tributions of tubular secretion and/or reabsorption versus
glomerular filtration in establishing the drug concentration
at the site of the SGLT2 transporters in the proximal tu-
biile. A better understanding of the renal handling of the
SGLT2 inhibitors will help to develop more effective
hiedications that are capable of inhibiting a greater per-
centage of filtered glucose load and causing a greater re-
duction in HbA ..
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Why Do SGLT2 Inhibitors Inhibit Only 30-50% of Renal
Glucose Reabsorption in Humans?

Jiwen (Jim) Liu,' TaeWeon Lee,? and Ralph A. DeFronzo®

Sodium glucose cotransporter 2 (SGLT2) inhibition is a novel and
promising treatment for diabetes under late-stage clinical de-
velopment. It generally is accepted that SGLT2 mediates 90% of
renal glucose reabsorption. However, SGLT2 inhibitors in clinical
development inhibit only 30-50% of the filtered glucose load. Why
are they unable to inhibit 90% of glucose reabsorption in humans?
We will try to provide an explanation to this puzzle in this per-
spective analysis of the unique phanmacokinetic and pharmaco-
dynamic profiles of SGLT2 inhibitors in clinical trials and
examine possible mechanisms and molecular propertics that
may be responsible. Diabetes 61:2199-2204, 2012

ype 2 diabetes is a serious global health issue

that has reached epidemic proportions in both

developed and developing countries over the last

two decades (1). With currently available medi-
cines, many diabetic patients fail to achieve optimal glycemic
control (HbA,. <6.5-7.0%). With the exception of the
glucagon-like peptide 1 analogs and the thiazolidinediones
(2), other antidiabetic medications lose their effectiveness
to control hyperglycemia over time, partially due to the
progressive decline of B-cell function (2-4). As a conse-
quence, many patients receive multiple antidiabetic
medicines and eventually require insulin therapy, which
often (ails to achicve the desired glycemic goal and is
associated with weight gain and hypoglycemia (5,6).
Failure to achieve glycemic targets is the primary factor
responsible for the microvascular complications (reti-
nopathy, ncuropathy, nephropathy) and, to a lesser ex-
tent, macrovascular complications (2,7). In addition, the

majority of diabetic patients are overweight or obese, and -

many of the current therapies are associated with weight

gain, which causes insulin resistance and deterioration in

glycemic control (2).

Given the difficulty in achieving optimal glycemic con-
trol (8,9) for many diabetic patients using current thera-
pics, there is an unmet medical need for new antidiabetic
agents. Although it has been known for 50 years (10,11)
that, renal glucose reabsorption is increased in type 2 di-
abelic patients, only recently have the clinical therapeutic
implications of this observation been recognized (2,12).

[mm '"Medicinal Chemistry, Amgen, Inc., South San Francisco, California;
M(‘mbohc Disorders, Amgen, Inc., South San Francisco, California; and
the *Division of Diabetes, Umvcxsx(y of Texas Health Science Center at
San Antonio, San Antonio, Texas.

Corresponding authors: Jiwen (Jim) Liu, jiwenl@amgen.com, and Ralph A
DeFronzo, albarado@uthscsa.edu.

Received 17 January 2012 and accepted 10 April 2012,

DOL: 10.2337/db12-0052

This article contains Supplementary Data online at http://diabetes
_diabetesjournals.org/lookup/suppl/doi: 10.2337/db12-0052/-/DC1.

© 2012 by the American Diabcetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit,

and the work is not altered. Sco http:/creativecommons. org/llcenses/bv )

ne-nd/3.0/ for details.

diabetes.diabetesjournals.org

Inhibition of renal tubular glucose reabsorption, leading to
a reduction in blood glucose concentration through en-
hanced urinary glucose excretion, provides a novel insulin-
independent therapy (2,12) that in animal models of
diabetes has been shown to reverse glucotoxicity and
improve insulin sensitivity and g-cell function (13,14). The
maJorlty (~80-90%) of filtered plasma glucose is reab-
sorbed in the early proximal tubule by the hlgh—capacmy,
low:affinity sodium glucose cotransporter (SGLT)

(15,16). The remaining 10-20% of filtered glucose is reab-
sorbed by the high-affinity, low-capacity SGLT1 trans-
porter in the more distal portion of the proximal tubule.
After glucose is actively reabsorbed by SGLT2 and SGLT1

" inito the proximal tubular cells, it is diffused out of the cells

from the basolateral side into blood through facilitative
GLUT 2 and 1 (15). Because the majority of glucose
reabsorption occurs via the SGLT2 transporter, pharma-
ceutical companies have focused on the development of
SGLT2 inhibitors, and multiple SGLT2 inhibitors currently
are in human phase II and III clinical trials (17). This class
of antidiabetic medication effectively lowers blood glucose
levels and offers additional benefits, including weight loss,
low propensity for causing hypoglycemia, and reduction in
blood pressure. The SGLT2 inhibitors are effective as
monotherapy and in combination with existing therapies
(2,12,14,15,17), including insulin (18). Because of their
unique mechanism of action (12,15), which is independent
of the severity of insulin resistance and f-cell failure, type
2 ‘diabetic individuals with recent-onset diabetes (<1 year)
respond equally well as type 2 diabetic patients with long-
standing diabetes (>>10 years) (19).

" «Dapaglifiozin is the most advanced SGLT2 inhibitor in
clinical trials (12,17,20). In addition, multiple other SGLT2
inhibitors are in phase I to II trials (Fig. 1) (17,21).
However, none of these SGLT2 inhibitors are able to in-
hibit >30-50% of the filtered glucose load, despite in vitro
studies indicate that 100% inhibition of the SGLTZ trans-
porter should be achieved at the drug concentrations in
humans (22,23). In this perspective, we shall examine po-
tential explanations for this apparent paradox. Resolution
of the paradox has important clinical implications with
regard to the efficacy of this class of drugs and the de-
velopment of more efficacious SGLTZ inhibitors.

PUZZLE ABOUT SGLT2 INHIBITORS

In- healthy nondiabetic humans, ~160-180 g of plasma
glucose is filtered daily (glomerular filtration rate [GFR] =
180. L/day X plasma glucose = 900-1000 mg/L), and es-
sentlally all of the filtered glucose is reabsorbed in the
proximal tubule of the kidneys. It is generally believed that
SGLT2 reabsorbs 80-90% of the filtered glucose load
(15,16). However, SGLTZ inhibitors in clinical devel-
opment induce a maximum of 50-80 g of urinary glucose

-.‘qxcretlon (UGE) per day (i.e., only 30-50% of the filtered
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FIG. 1. SGLT2 inhibitors in late-stage clinical trials.

glucose load) in healthy volunteers. Some SGLTZ inhib-
itors cause a maximum daily UGE at a low dose and
cannol, augment UGE even with a >10-fold increase in
dose (22,23). For example, dapaglifiozin produces a maxi-
mum UGE of ~60 g/day at a dose of 20 mg/day in healthy
human volunteers, and UGE remains at 60 g/day when the
dose is increased to 500 mg/day (23). Why can these
inhibitors not, block 90% of the filtered glucose load in
humans?

A number of explanations have been proposed to ex-
plain this paradox (Table 1, explanations 1-5), but they are
insufficient, to account for many of the data and observa-
tions. In this perspective, we will analyze these explana-
tions and atlempt to provide a more satisfactory solution
to this puzzle. We will start by examining the pharmaco-
kinetic and pharmacodynamic (PK/PD) characteristics of
SGLT2 inhibitors, which are varied and very unique.

PK/PD) CHARACTERISTICS OF SGLT2 INHIBITORS

First, in healthy human volunteers, there are large differ-
ences in the dose-dependent PD responses between
empagliflozin (BI 10773) and ipragliflozin (ASP-1941) (Fig.
1), despite sharing many similarities (22,24). Both SGLT2
inhibitors have similar chemical structures, human PK
profiles, and in vitro potencies. The in vitro SGLT2 half-
maximal inhibitory concentration (ICs) of empagliflozin
and ipragliflozin is 3.1 and 7.4 nmol/L, respectively. The
half-lives (41) of empaglifiozin and ipraglifiozin in the
blood are 8.6-13 and 10-14 h, respectively, and the time to
maximum plasma concentration ({y.) is 1.5-2.6 and 1.0-
2.3 h, respectively. The area under the curve (AUC) of
empagliflozin at the 2.5-mg dose is 396 nmol-h/L and that
of ipragliflozin at the 5-mg dose is 810 nmol-h/L. However,
UGE over 24 h of empagliflozin at 2.5-mg dose is 30.6 g,

2200 DIABETES, VOL. 61, SEPTEMBER 2012
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whereas that of ipragliflozin at 5-mg dose is only 3.1 g.
Differences in plasma protein binding (PPB) can result in
different PD responses, but it is likely (although not mea-
sured) that the PPB of the two compounds is similar,

TABLE 1
Potential explanations for why SGLT2 inhibitors cannot inhibit
>30-50% of the filtered glucose load

1. Competitive inhibition by the SGLT2 inhibitor progressively
raises the local glucose concentration at the site of the SGLT2
transporter and thus reduces its effectiveness.

2. SGLTs/GLUTSs other than SGLT2 are responsible for a much
greater fraction of glucose reabsorption than previously
reported.

3. The SGLT?2 inhibitors are unable to interact with the SGLT2
transporter because of their anatomical location.

4. High PPB reduces the filtered load of SGLT2 inhibitor and
results in insufficient drug concentrations in the tubular lumen
to inhibit the SGLT2 transporters.

5. Upregulation of SGLT1 or other GLUTs offsets in part the

.. inhibitory effect of the SGLT2 inhibitors.

6. Renal secretion is responsible for delivering the majority of

_--SGLT2 inhibitor to the site of the SGLT2 transporter.
Saturation of renal secretion limits the amount of SGLT2
.inhibitor in the area.

7. SGLT?2 inhibitors are secreted distal to the location of a portion

. of the SGLT2 transporters and therefore cannot inhibit the

* upstream SGLT2 transporters.

8. SGLT?2 expression in the renal proximal tubule is higher than
that in SGLT2-transfected cells. Significantly higher drug
concentrations are required in vivo than indicated by in vitro
assays using SGLT2-transfected cells.

9. Excessive reabsorption of SGLT2 inhibitor in the proximal
tubule limits the extent of SGLT2 inhibition.

10. Some combination of the above.

diabetes.diabetesjournals.org
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because the time course PK profiles of the two compounds
(as characterized by their ¢, tmax, and AUC) are almost
identical. A difference in PPB would be expected to
change the time course PK profile, because this would
change the clearance and volume of distribution of the
drugs and thus the ;. Further, there are no reports in
the literature that describe a major difference in PPB of
the SGLT2 inhibitors in current clinical development.
Second, the unbound plasma concentrations of
dapagliflozin do not. scem to account for the drug’s effect
on UGE. In phase I single and multiple ascending-dose
studics of dapagliflozin, a near-maximal UGE was main-
tained in healthy volunteers for 24 h following a dose of 20
mg, whereas the plasma concentration decreased to
a range of 10-20 nmol/L at 24 h from a maximum con-
centration (Cpugx) of 600-700 nmol/L (Fig. 2) (21). Taking
into account, PPB, this corresponds to an unbound dapa-
gliflozin plasma concentration of <2 nmoVl/L 24 h after the
dose. This concentration is in the vicinity of the drug’s in
vitro SGLT2 1C5, (1.1 nmol/L), yet dapagliflozin is still ca-
pable of generating a near maximum UGE response. To
our knowledge, there are no published data that suggest
that in vitro potency overestimates the in vivo drug con-
centration needed to inhibit SGLT2. To the contrary, much
higher concentrations of T-1095A (an O-glucoside in-
hibitor) were required to inhibit glucose uptake into brush
border membrane vesicles prepared from animal kidneys
than into cells overexpressing SGLT2 (25). It is possible
the SGLT2 expression levels in the renal proximal tubule
arc higher than those on SGLT2-transfected cells. This
possibility is supported by studies that have measured the
binding of tritium-labeled dapaglifiozin to the same amount
ol protein from mouse kidneys or transfected cells
(Amgen, unpublished data). It was found that SGLTZ ex-
pression (calculated from the amount of radioactivity
bound) in the mouse kidney tissue was several fold higher
than in the proteins of transfected cells (Supplementary
Kig. 1; T.L., unpublished observations). Because proximal
tubular proteins only comprise a small portion of the
kidney tissue, the SGLT2 expression levels in the proximal
tubule could be substantially higher than those of SGLT2-
transfected cells. Considering dapagliflozin’s high selec-
tivity and specificity for SGLT2, nonspecific binding is
unlikely to be a significant contributing factor. '
Third, there are disconnects between the UGE effect of
empagliflozin and its plasma concentration. After adminis-
tration of single doses of empagliflozin to healthy humans,
a rapid onset of UGE response occurred and was main-
tained long after the plasma concentrations diminished to
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FIG. 2. Plasma dapagliflozin concentration as a function of time fol-
lowing an oral dose of 20 mg in healthy volunteers. Conc., concentra-
tion. Modified from Fig. 4 of Komoroski et al. (23).
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very low levels (Fig. 3) (22,26). The empagliflozin plasma
concentrations peaked ~2 h postdose, whereas the maxi-
mal UGE rate occurred at about 7 h across a range of doses
(10 to 800 mg). Further, the UGE rates did not decline
nearly as rapidly as the decrease in plasma concentrations.
Following the 100- and 400-mg doses of empagliflozin, the
UGE rates at 60 h postdose dropped about threefold from
the peak values, whereas the plasma concentrations at the
same doses dropped >50-fold from their peak levels during
the same period of time.

The unbound plasma drug concentration usually cor-
relates well with PD response. In the case of SGLT2 in-
hibitors, it also appears reasonable to assume that the
unbound plasma conceniration reflects the concentration
in the location of the SGLT2 transporters. Unbound SGLT2
inhibitors are filtered through glomeruli and travel a short
distance to reach the SGLT2 transporters, which are lo-
cated in the early segment of the renal proximal tubule.
However, the three observations above indicate that the
UGE responses induced by the SGLT2 inhibitors do not
correlate with the drug’s unbound plasma concentrations.
Why? In the following discussion, we provide a possible
answer to this question, followed by an explanation for the
puzzle described in the title.

_EXP_LANATION OF THE PARADOX

As: described above, SGLT2 inhibitors, such as dapagli-
flozin and empaglifiozin, demonstrate unique PK/PD rela-
tionships. Robust UGE was maintained long after the
plasma drug concentrations diminished (22,23) (Fig. 3). If
SGLT?2 inhibitors are actively secreted (in addition to fil-
tered) into the renal proximal tubule, the renal secretion
can deliver higher drug concentrations to the area of the
SGLT2 transporter and thus contribute to the robust UGE
effect, especially when the plasma concentrations are low.
Another possible contributing factor that may explain the
prolonged UGE effect is a slow off rate of SGLT2 inhib-
itors. Compounds with a slow off rate can maintain their
PD effect even when their plasma concentrations are low.
Empagliflozin has a slow off rate with a dissociation #;,; of
1 hboth in the absence and presence of 20 mmol/L glucose
(27). If SGLT2 inhibitors also block the transporter from
inside the cells, their inhibition effect can last longer than
indicated by their dissociation ty, (28).

PK: Plasma Conc.df .
Compound {nM)
(u/ioww) ayey 390 :ad

Time (hours)

FIG. 3. Schematic PK/PD graphs of empaglifiozin (BI 10773). UGE rate—
time profiles are shown in dotted line (10 mg-PD), dashed line (100 mg-
PD), and dashed-dotted line (400 mg-PD). Plasma concentration-time
profiles are shown in solid lines. Three representative doses are shown:
10,:100, and 400 mg. Cone., concentration. Modified from Port et al.
(22) and Dugi and Mark (26).
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RENAL GLUCOSE REABSORPTION IN HUMANS

To the best of our knowledge, renal secretion has not
been considered as a factor for the PK/PD relationship in
the literature. There are several potential reasons for the
lack of consideration of renal secretion. First, the reported
renal clearance of SGLT2 inhibitors is low across species
and insignificant, compared with their hepatic clearance
(29,30). Dapagliflozin has a low renal clearance of 5.6 mL/min
in humans, half of its GFR*{u (10.8 mL/min), in which fu
is fraction unbound (29). When renal clearance is in-
significant, and less than the product of GFR*{u, renal se-
cretion is not considered to be a significant factor for
drug-drug interaction (DDI), so it is not critical to study
renal secretion and the transporters involved for com-
pounds with low renal clearances (31). Second, even if
rcnal transporters are studied, the ones most often exam-
ined for DDI are limited, such as P-glycoprotein, breast
cancer—resistant protein, organic anion transporters, and
organic cation transporters (OCTs) (31). There are many
more transporiers (peplide transporters 1 and 2, multi-
drug resistance-associated protein 2 and 4, OCTNI, and
OCTN2, ete.) involved in renal secretion, but often they are
not studied for DDI (31).

Low renal clearance does not mean lack of renal se-
cretion, because significant renal secretion can be masked
by renal reabsorption, if compounds have good passive
permeability (32-34). SGLTZ2 inhibitors generally have
good permeability, as indicated by high oral bioavailability
and permeability measurement (29). Although there is no
direct, evidence in the literature to support renal secretion
of SGLT2 inhibitors, indirect evidence supports such
a mechanism. It is interesting to note that following oral
administration of a 1 mg/kg dose of TS-071 (Fig. 1), rats
exhibited kidney/plasma ratios of 35 at 4 h postdose, de-
spite the fact that TS-071 primarily is excreted by hepatic
metabolism (35). After 24 h, TS-071 was no longer detected
in rat kidneys. Renal secretion and slow off rate from
targets in the kidney can make compounds preferentially
distributed into the kidney.

Neutral drugs that have high lipophilicity (indicating
good permeability), like dapagliflozin, tend to have a low
renal clearance (33). Even though the renal clearance of
dapagliflozin is low, many drugs that have similar PPB
(indicated by GFR*{u) and similar lipophilicity (indicated
by cLogD or cLogP) to those of dapaglifiozin actually have
a much lower renal clearance than dapagliflozin (34). The
rcason why dapagliflozin does not have a lower renal
clearance may be due to its renal secretion.

The sustained robust UGE and different timing of peak
UGE and Cp,,, of empagliflozin also suggest renal secre-
tion (Fig. 8) (22,26). If glomerular filtration were the only
way for SGLT2 inhibitors to reach the site of action, one
would expect the timing of peak UGE to match the fy,,x of
the plasma concentration and UGE to decrease in concert
with the reduction of the plasma concentration. The onset
of UGE response is rapid after SGLT2 inhibition. Although
slow off rate of SGLT2 inhibitors can contribute to the
slow decrease of UGE response, it cannot explain the
vastly slower decline of UGE response compared with
the plasma concentration.

The human metabolite profile of dapagliflozin suggests
that active metabolites do not significantly contribute to
the P’ response, because dapaglifiozin is primarily elimi-
nated as a pharmacologically inactive glucuronide metab-
olite (29). The possibility of superpotent minor metabolites
contributing to the PD effects cannot be ruled out, but
there is no evidence to support this.
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If SGLT?2 inhibitors are secreted by the renal tubule, this
could provide a solution to the puzzle as to why SGLT2
inhibitors are unable to inhibit 80-90% of the filtered glu-
cose load in humans. First, even though renal secretion
may deliver sufficient drug to achieve robust UGE for
a longer duration, it can saturate at high doses and thus
limit SGLT2 inhibitors from maximally inhibiting renal
glucose reabsorption (Table 1, explanation 6). Second,
location of renal secretion relative to that of the SGLT2
transporters can affect the efficiency of SGLT2 inhibition.
Downstream renal secretion of drug cannot affect glucose
reabsorption, if the SGLT2 transporters are located up-
stream (Table 1, explanation 7). Third, full inhibition of the
SGLT2 transporter may require significantly higher con-
centrations of the inhibitors than suggested by the in vitro
SGLT2 potency, because the expression levels of SGLT2 in
the renal proximal tubule may be much higher than those
on the transfected cells used in the in vitro assays (Table 1,
explanation 8). Fourth, SGLT2 inhibitors delivered through
glomerular filtration may have an impact on UGE during
the initial few hours after drug administration, but exert
limited effect at later times even at high doses, because the
plasma concentration declines rapidly after the Cpax 1S
reached. Taken collectively, it is possible that glomerular
filtration cannot deliver impactful levels of the SGLT2
inhibitors over a long duration even when high doses of
the drugs are given. Rather, renal tubular secretion and
slow off rate of the inhibitors may be responsible for the
sustained drug levels in the proximal tubule, which in turn
results in a sustained UGE response. Full inhibition of
SGLT2 may be limited by the capacity of renal secretion
and/or the proximity of the site of renal secretion and the
SGLTZ transporters.

- It also is possible that excessive reabsorption of SGLT2
inhibitors in the proximal tubule contributes to the inability
of :SGLT2 inhibitors to block >30-50% of glucose reab-
sorption (Table 1, explanation 9). Excessive active reab-
sorption through transporters could result in significantly
lower drug concentrations in the proximal tubule than the
plasma unbound concentration and thus limit the inhibition.
But the lower tubular concentration is not consistent with
the prolonged robust UGE effect, unless inhibition of the
SGLT2 transporter also can take place intracellularly.
Active reabsorption can accumulate SGLT2 inhibitors inside
the tubular cells and result in the prolonged UGE effect
(especially in combination with slow off rate), if the inhib-
itors also block from inside the cells. In this case, the ca-
pacity of the active reabsorption and/or its location relative
to the SGLT2 transporters dictates the extent of SGLT2 in-
hibition. However, there is no evidence in the literature
regarding possible intracellular inhibition of the SGLT2
transporter by the SGLT2 inhibitors in clinical trials. Passive
reabsorption does not have the same effect as active reab-
sorption, because it is driven by the drug concentration
gradient from the renal tubule to the bloodstream. There-
fore, it only makes the drug tubular concentration approach
the plasma unbound concentration.

" Renal secretion (and/or reabsorption) also can explain
several other important observations. First, as discussed
dbove, empaglifiozin and ipraglifiozin have very different
dose-dependent UGE responses, even though they share
many similar properties, such as potency and PK proper-
ties. It is possible that differences in renal secretion (and/
or reabsorption) and dissociationt ty» are responsible for
the different UGE responses. Second, in contrast to
humans, SGLT2 inhibitors can block >70% of the glucose
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reabsorption in Spraguc-Dawley rats. In these rats, about
3.6 g/day/200 g body weight of glucose is filtered through
glomeruli (GFR = 1.4 mI/min/100 g body weight = 4 L/day/
200 g body weight X 0.9 g/L = plasma glucose level) (36).
The maximum UGE/day/200 g body weight induced by
SGLTZ inhibitors in Sprague-Dawley rats is 2.6 g for
dapagliflozin and PF-04971729 (37,38), 2.9 g for EGT1442
(39), and 3.7 g for canagliflozin (40). Potency and PK
cannot. explain this species difference. This difference may
be explained by a greater renal secretory (and/or reab-
sorption) capacity and/or more upstream renal secretion
(and/or reabsorption) in rodents compared with humans.

There are other potential explanations (Table 1, explana-
tions 1-5) for this puzzle, but, they are unlikely to explain the
paradox. The first explanation in Table 1 is that increased
levels of glucose in the proximal tubule, as a result of
SGLT2 inhibition, compete with the drug and thus prevent
the [ull inhibition of SGLT2. However, this is not consistent
with the observation that a >20-fold increase in the dose of
dapagliflozin from 20 to 500 mg/day only prolongs the PD
effect, and doces not. further increase the level of inhibition
(~10% inhibition of the glucose reabsorption) (23). The
sccond explanation in Table 1 is that GLUT other than
SGLT2 may be responsible for a much greater fraction of the
glucose reabsorption. However, this cannot explain why
some patients with severe SGLT2 mutations excrete >150
g/day of glucose into the urine, unless the SGLT2 muta-
tion also affects other glucose transporters (i.e., SGLTS or
SGLT1, for which genes are not localed on the same
chromosome as SGLT2). In addition, LX-4211, a SGLT2/
SGLT1 dual inhibitor in phase II clinical trials, does not
generate a larger glucosuric effect than selective SGLT2
inhibitors (41). SGLT5 has been suggested as a transporter
that, may be responsible for a greater fraction of glucose
rcabsorption, because of its almost exclusive expression in
the renal tubule and its unidentified function. However,
recent, studies have demonstrated that SGLTS is a man-
nosc fructose transporter (27). Further, remogliflozin is
a SGLT2/SGLT5 dual inhibitor with ICsy for the two
transporters of 12 and 480 nmol/L, respectively (42). In
healthy humans, remogliflozin etabonate (prodrug of
remogliflozin) could not induce more than ~40 g/day of
UGE, even when its dose was increased from 150 to 1000 mg
(43). Based upon these observations, the role of SGLT5 in
renal glucose reabsorption appears to be insignificant. Fur-
thermore, knockout of SGLT2 in the mouse results in the
excerction of 70-80% of the filtered glucose load (16), al-
though onc could argue that other GLUTs play a more
dominant role in man. Last and most important, SGLTZ an-
tisense oligonucleotides, which knock down SGLTZ2 mRNA
expression up to 80%, have a much greater glucosuric effect
than the orally administered SGLT2 inhibitors in multiple
species, including rats and dogs as well as monkeys (44,45).

Explanations 3-5 in Table ! also are unlikely. Based
upon animal studies that have localized the SGLT2 trans-
porter to the brush border membrane of the proximal tu-
bule (16), inability of the filtered SGLTZ inhibitor to
interact, with the SGLT2 transporters because of their an-
atomical location scems unlikely (Table 1, explanation 3).
The high PPB of some SGLTZ2 inhibitors should not limit
the extent of inhibition if the dose is increased (Table 1,
explanation 4). Iigh PPB limits the percentage of unbound
drug and thus limits the amount of drug filtered through
the glomeruli. However, the amount of filtered (unbound)
drug can be increased, if the dose is increased. For ex-
ample, unbound C,.. of dapaglifiozin increases from
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~60 nmoV/L to >1 wmol/L (calculated using 91% PPB and
its PK in healthy humans) (23,29) when its dose is in-
creased from 20 to 500 mg. The similar magnitude of glu-
cosuria on days 1-3 versus day 14 after administration of
dapaglifiozin strongly argues against upregulation of other
SGLTs or other GLUTs distal to the SGLTZ2 transporter
(Table 1, explanation 5) (46). Moreover, phlorizin-treated
diabetic rats do not upregulate GLUT2 (47). Although
SGLT?2 inhibition does not appear to cause upregulation of
SGLTs or other GLUTs in humans, there is evidence for
increased GLUT2 expression in diabetic rodent models
(17,19). However, in healthy humans in whom upregula-
tion of GLUTs and/or SGLTs does not occur, SGLT2
inhibitors still cannot block >30-50% of renal glucose
reabsorption. In addition, if there were significant contri-
bution to glucose reabsorption from GLUTs or SGLTs
other than SGLT2, it would not explain the unique PD
effects of SGLT2 inhibitors, such as prolonged maximum
UGE response at diminished plasma levels and different
timing between the maximum PD response of empagli-
flozin and its maximum plasma concentration.

CONCLUSIONS

The SGLT2 inhibitors in human clinical trials have good
efficacy, but they do not inhibit >30-50% of the filtered
glucose load. Based upon their PK/PD relationship, we
postulate that their mechanism of action is related to se-
créiion and/or active reabsorption in the proximal tubule
and slow off rate from the SGLT2 target. Renal micro-
puncture studies with radiolabeled SGLT2 inhibitors and
comparison of drug radioactivity in the glomerular filtrate
and proximal tubule will help to define the relative con-
tributions of tubular secretion and/or reabsorption versus
glomerular filtration in establishing the drug concentration
at the site of the SGLT2 transporters in the proximal tu-
bule. A better understanding of the renal handling of the
SGLT2 inhibitors will help to develop more effective
medications that are capable of inhibiting a greater per-
centage of filtered glucose load and causing a greater re-
duction in HbAj..
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