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Abstract Novel affinity-purified antibodies against human
SGLT1 (hSGLT1) and SGLT2 (hSGLT2) were used to local-
ize hSGLT2 in human kidney and hSGLT1 in human kidney,
small intestine, liver, lung, and heart. The renal locations of
both transporters largely resembled those in rats and mice;
hSGLT2 and SGLT1 were localized to the brush border mem-
brane (BBM) of proximal tubule S1/S2 and S3 segments,
respectively. Different to rodents, the renal expression of
hSGLT1 was absent in thick ascending limb of Henle
(TALH) and macula densa, and the expression of both
hSGLTs was sex-independent. In small intestinal enterocytes,
hSGLT1 was localized to the BBM and subapical vesicles.

Performing double labeling with glucagon-like peptide 1
(GLP-1) or glucose-dependent insulinotropic peptide (GIP),
hSGLT1 was localized to GLP-1-secreting L cells and GIP-
secreting K cells as has been shown in mice. In liver, hSGLT1
was localized to biliary duct cells as has been shown in rats. In
lung, hSGLT1 was localized to alveolar epithelial type 2 cells
and to bronchiolar Clara cells. Expression of hSGLT1 in Clara
cells was verified by double labeling with the Clara cell
secretory protein CC10. Double labeling of human heart with
aquaporin 1 immunolocalized the hSGLT1 protein in heart
capillaries rather than in previously assumed myocyte sarco-
lemma. The newly identified locations of hSGLT1 implicate

Ivan Sabolić and Hermann Koepsell, both senior authors, contributed to
this study with equal intellectual and organizational input.

Electronic supplementary material The online version of this article
(doi:10.1007/s00424-014-1619-7) contains supplementary material,
which is available to authorized users.

I. Vrhovac :D. Balen Eror :D. Breljak : I. Sabolić (*)
Molecular Toxicology Unit, Institute for Medical Research and
Occupational Health, Ksaverska cesta 2, 10000 Zagreb, Croatia
e-mail: sabolic@imi.hr

D. Klessen
Institute of Anatomy and Cell Biology, University of Würzburg,
Würzburg, Germany

C. Burger
Merck KgaA, Darmstadt, Germany

O. Kraus
Clinical Hospital Sisters of Mercy, Zagreb, Croatia

N. Radović
Clinical Hospital Dubrava, Zagreb, Croatia

S. Jadrijević
Clinical Hospital Merkur, Zagreb, Croatia

I. Aleksic : T. Walles
Department of Thoracic and Cardiovascular Surgery, University
Hospital of Würzburg, Würzburg, Germany

C. Sauvant
Department of Anesthesiology and Critical Care Medicine,
University Hospital Halle, Halle, Saale, Germany

H. Koepsell (*)
Department of Molecular Plant Physiology and Biophysics,
Julius-von-Sachs-Institute, Institute of Anatomy and Cell Biology,
University of Würzburg, Koellikerstr. 6, 97070 Würzburg, Germany
e-mail: Hermann@Koepsell.de

Pflugers Arch - Eur J Physiol (2015) 467:1881–1898
DOI 10.1007/s00424-014-1619-7

http://dx.doi.org/10.1007/s00424-014-1619-7


several extra renal functions of this transporter, such as fluid
absorption in the lung, energy supply to Clara cells, regulation
of enteroendocrine cells secretion, and release of glucose from
heart capillaries. These functions may be blocked by revers-
ible SGLT1 inhibitors which are under development.

Keywords Clara cells . Enteroendocrine cells . Human
organs . Immunolocalization . mRNA expression .

Na+-D-glucosecotransport .Proximal tubules .Sexdifferences

Introduction

Transmembrane movements of glucose in mammalian cells
are performed by members of the SLC2 transporter family
(glucose transporters or uniporters (GLUTs)) that mediate
facilitative diffusion of D-glucose [51] and by members of
the SLC5 family (sodium-glucose cotransporters or
symporters (SGLTs)) that mediate cotransport of D-glucose
with sodium [56]. The Na+-D-glucose cotransporters of the
SLC5 family are able to concentrate D-glucose in cells. The
best characterized and most strongly expressed SGLT sub-
types are SGLT1 (gene SLC5A1) and SGLT2 (SLC5A2).
SGLT1 and SGLT2 differ in sodium-D-glucose stoichiometry,
substrate selectivity, sites of expression, and regulation. Sev-
eral species differences between identical SGLT subtypes
have been identified. Thus, human SGLT3 (hSGLT3) is a
glucose-gated ion channel, whereas porcine SGLT3 is a
Na+-D-glucose cotransporter [12]. Human SGLT1 (hSGLT1)
is upregulated, whereas rabbit SGLT1 is downregulated by
stimulation of protein kinase C [56]. In kidney of female rats,
higher expressions of SGLT1 (rSglt1) and SGLT2 (rSglt2)
were observed compared to male rats [2, 44], whereas an
opposite sex difference (males > females) was found for
expression of SGLT2 (mSglt2) in the mouse kidney [44]. At
variance, no gender dependence was observed concerning the
expression levels of SGLT1 in the rat small intestine [2].

The current understanding of physiological functions of
SGLT1 and SGLT2 in humans is almost entirely restricted to
their role in small intestine and/or kidney [56]. It is based on
functional characterizations of the overexpressed human
transporters, on pathological phenotypes of patients contain-
ing nonfunctional mutants in small intestine and kidney [56],
and on characterizations of intestinal and renal phenotypes of
mice in which mSglt1 or mSglt2 had been removed [16, 53].
Because a detailed immunocytochemical localization of
SGLT1 and SGLT2 in human small intestine, kidney, and
other organs has not been performed, the functions of these
transporters have been discussed assuming that the distribu-
tions of these transporters in humans are identical to rodents
[56]. Furthermore, it remained unclear whether the expression
levels of hSGLT1 and hSGLT2 in kidney are sex-dependent as
has been observed in rodents.

Our knowledge concerning the expression of hSGLT1 and
hSGLT2 in organs apart from kidney and intestine is almost
exclusively based on the analyses of mRNAs. In addition to
intestine and kidney, hSGLT1 mRNA has been detected in
heart, testes, prostate, colon, trachea, brain, spinal cord,
spleen, lung, liver, uterus, and pancreas [8, 36, 59]. In addition
to kidney, hSGLT2 mRNA has been found in testis, cerebral
arteries, and cerebellum [8, 56, 59].

In the present study, we generated polyclonal antibodies
against specific peptide sequences of the hSGLT1 and
hSGLT2 proteins. After verifying their selectivity and subtype
specificity, we investigated the location of hSGLT1 protein in
human small intestine and kidney and of hSGLT2 protein in
kidney of both sexes. In both organs, hSGLT1 and hSGLT2
proteins showed similar locations but sex-independent expres-
sion levels compared to those in rodents, including the pres-
ence of hSGLT1 in enteroendocrine K and L cells, as previ-
ously shown in mice [16]. To select additional organs for
immunocytochemical localization studies, we performed
mRNA determinations by reverse transcriptase-polymerase
chain reaction (RT-PCR) in liver, lung, heart, adipose tissue,
and brains. We detected hSGLT1 mRNA in liver, lung, and
heart and demonstrated hSGLT1 protein in luminal mem-
branes of hepatic duct cells, in alveolar epithelial type 2 cells,
bronchiolar Clara cells, and heart capillaries. The findings
implicate so far unrecognized physiological and pathophysi-
ological roles of SGLT1 in lung and heart.

Materials and methods

Materials

RNA from human tissues was purchased from Clontech Lab-
oratories, Inc. (Cedarlane, CA). The fluorescence fading re-
tardant Vectashield was purchased from Vector Laboratories
Inc. (Burlingame, CA), the molecular weight markers for
Western blotting from Bio-Rad (Hercules, CA), methotrexate
hydrate (MTX; M8407) from Sigma (St. Louis, MO), and
blasticidin (R210-01) from Life Technologies (Darmstadt,
Germany). Superfrost/Plus microscope slides were from Ther-
mo Fisher Scientific (USA). All other materials were obtained
as described earlier [2, 16, 42, 44].

Antibodies

In these studies, the following primary antibodies were used:
Our novel (noncommercial) polyclonal antibodies against ami-
no acids 581-599 (QEGPKETIEIETQVPEKKK-C) of the
hSGLT1 protein (hSGLT1-Ab) and against amino acids 591-
609 (ESAMEMNEPQAPAPSLFRQ-C) of the hSGLT2 protein
(hSGLT2-Ab) were raised in rabbits, as described before for rat
antibodies [13, 14]. Generation of polyclonal antibodies against
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amino acids 576-595 (EEKSQEETDDGVEEDYPEKS-C) of
human SGLT3 (hSGLT3-Ab) and against amino acids 585-600
(PKDTIEIDAEAPQKEK-C) of rat SGLT1 (rSglt1-Ab) has
been described earlier [2, 12]. The antibodies were
affinity-purified using the respective antigenic peptides
coupled via a C-terminal cysteine to polyacrylamide par-
ticles using the SulfoLink Kit from Pierce (Bonn, Germa-
ny). In addition, in one experiment (Fig. 11 i-k), we used
a commercial antibody raised in goat against a peptide of
hSGLT1 (hSGLT1-comAb) from Everest Biotech (Ox-
fordshire, UK; EB09310)). In preliminary experiments
using different organs, we observed that the immunostain-
ing efficiency and specificity of hSGLT1-comAb were
comparable to that obtained with hSGLT1-Ab and that
hSGLT1-comAb immunoreactivity could be blocked with
the antigenic peptide EBP09310 supplied by the company
(data not shown). Polyclonal antibody to rat water channel
aquaporin 1 (AQP1-Ab), which cross-reacts with the hu-
man protein, was noncommercial [43]; in heart, AQP1 is
expressed in endothelial cells of the microvasculature [40,
41]. Commercial monoclonal antibodies to pan-actin (ac-
tin-Ab), α-tubulin (tubulin-Ab), and human Na/K-ATPase
α1-subunit (Na/K-ATPase-Ab) were from Merck
Millipore (Darmstadt, Germany; MAB1501R), Sigma
(St. Louis, MO; T5168), and Santa Cruz Biotechnology
(Santa Cruz, CA; sc-48345), respectively. Commercial
monoclonal antibody to human lysosomal membrane gly-
coprotein CD68 (CD68-Ab) was from DakoCytomation
(Glostrup, Denmark; M0876); this glycoprotein is highly
expressed in macrophages [49]. Commercial polyclonal
anti-human Clara cell protein CC10 antibody (CC10-Ab)
was from Santa Cruz (sc-9770); the CC10 protein binds
surfactant and has anti-inflammatory effects [20, 49].
Polyclonal antibodies against human glucose-dependent
insulinotropic peptide (Y-20; sc-23554; GIP-Ab) and
glucagon-like peptide 1 (C-17; sc-7782; GLP-1-Ab) were
obtained from Santa Cruz.

The following secondary antibodies were purchased
commercially: CY3-labeled goat anti-rabbit IgG (GAR-
CY3) and donkey anti-goat IgG (DAG-CY3) antibodies,
and alkaline phosphatase-labeled goat anti-rabbit IgG
(GAR-AP) and goat anti-mouse IgG (GAM-AP) antibod-
ies were from Jackson ImmunoResearch Laboratories
(West Grove, PA). Fluorescein isothiocyanate (FITC)-la-
beled goat anti-rabbit IgG (GAR-FITC) and goat anti-
mouse IgG (GAM-FITC) ant ibodies were from
Kirkegaard and Perry (Gaithersburg, MD). FITC-labeled
chicken anti-goat IgG (CAG-FITC) and chicken anti-
rabbit IgG (CAR-FITC) antibodies were from Santa Cruz.
Alexa Fluor 555-labeled goat anti-rabbit IgG (GAR-
AF555) and Alexa Fluor 488-labeled chicken anti-goat
IgG (CAG-AF488) were purchased from Life Technolo-
gies (Darmstadt, Germany).

Preparation of cells stably transfected with hSGLT1, hSGLT2,
hSGLT3, or human peptide transporter 1 (hPEPT1)

Baby hamster kidney (BHK)-21 cells were obtained from the
American Type Culture Collection (ATCC) company. The
cells were stably transfected with hPEPT1 (gene SLC15A1,
negative control), hSGLT1 (SLC5A1), hSGLT2 (SLC5A2), or
hSGLT3 (SLC5A4). Genes were cloned into pCI-neo plasmid
(Promega) containing CMV promoter and cotransfected with
pCI plasmid which contains dhfr gene at position of neo gene.
A ratio of 20:1 (transporter expression plasmid/dhfr coding
plasmid) was used for transfections. About 107 cells were
transfected using the calcium phosphate method (Invitrogen)
with 20 μg plasmid DNA. Transfected cells were selected in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10 % inactivated and dialysed FCS, 1 mg/ml G418, and 20–
200 nMMTX. Single clones were tested for stable expression
of the transporters using gene-specific primers (hPEPT1) and
radioactive uptake assays with [14C] α-methyl-D-
glucopyranosid (AMG) for SGLT-transfected cells.

Cells were cultivated at 37 °C (10 % CO2) in DMEM
containing 5 % fetal calf serum, 20 nM MTX, and 1 mg/ml
G418. For preparation of total cell membranes (TCM) and
immunocytochemistry, cells were grown to confluency on
Petri dishes, harvested by scraping, collected by centrifugation
for 5 min at 1,000×g, smeared on glass slides, fixed for 30min
with 4 % p-formaldehyde (PFA), rinsed with phosphate-
buffered saline (PBS), and further processed in immunocyto-
chemical procedure as described for tissue cryosections (vide
infra).

Human tissues

The employed procedures for collections and the use of hu-
man tissues were approved by the Institutional Ethics Com-
mittees in Zagreb (Croatia) and Würzburg (Germany). In-
formed patient consent was obtained beforehand. Tissue sam-
ples from kidneys, jejunum, liver, and abdominal fat were
obtained from the hospitals in Zagreb. The samples were
obtained from the adult male and female patients that
underwent surgical operations to remove tumors or during
organ transplantation. Care was taken to collect virtually
healthy tissue outside the resected tumors. The patients were
between 30 and 47 years old. The female patients had regular
menstrual cycles; however, the tissues were collected without
considering the cycle stage. Before surgery, the patients did
not receive chemotherapy or other anti-tumor treatments.
Lung and heart tissues were obtained from the university
hospital inWürzburg. Lung tissue (about 1 cm3) was obtained
from the tissue margins of resected lung lobes following
routine thoracic surgery. Atrial heart tissue was derived from
patients undergoing routine amputation of the left atrial ap-
pendage as prophylaxis for postoperative thromboembolic
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events. Left ventricular tissue was obtained from patients
which underwent myectomy for septal hypertrophy during
aortic valve replacement for treatment of aortic stenosis. Im-
mediately following surgical removal, tissue samples were
either fixed using 4 % PFA for immunocytochemistry (all
organs) or transfered in ice-cold PBS buffer to the laboratory,
where it was homogenized and TCM were isolated (kidney
and small intestine).

Fixation, freezing, and cryosectioning of tissues

Pieces of the human tissues were fixed for 24 h at 4 °C in PBS
containing 4 % PFA. The fixative was removed by four rinses
with PBS and one rinse with PBS containing 0.02 % NaN3

(each rinse 10–15 min). Until use, the tissues were stored
refrigerated at 4 °C in PBS containing 0.02 % NaN3. Before
cryosectioning, tissues were incubated overnight with PBS
containing 30 % sucrose, embedded in Tissue-TeK (Sakura,
Japan), and frozen at −25 °C. Four micrometer-thick cryosec-
tions were cut in a Leica CM 1850 cryostat (Leica Instru-
ments, Nussloch, Germany). Sections were collected on
Superfrost/Plus microscope slides, dried at room temperature
for 2–3 h, and kept refrigerated at 4 °C until further use.

Immunostaining of tissue cryosections

Rehydration of cryosections, antigen retrieval, and incubation
steps with the primary and secondary antibodies were de-
scribed in details before [2]. The optimal antigen retrieval in
cryosections of most tissues was achieved by heating in a
microwave oven in 10 mM citrate buffer, pH 6, for 20 min,
whereas cryosections of the heart tissue were heated in the
same buffer for 5 min to obtain optimal staining, other steps
being identical to previously described [2].

For single staining with either hSGLT1-Ab, hSGLT2-Ab,
or hSGLT3-Ab, the SGLT-transfected cells or tissue cryosec-
tions were incubated with the antibody overnight in a refrig-
erator with PBS containing optimized concentrations of the
respective affinity-purified antibody (1:1,000–1:200), follow-
ed by rinsing in PBS buffers and incubation for 1 h at room
temperature with GAR-CY3, and rinsing in PBS buffers [2].

For double staining with hSGLT1-Ab and hSGLT2-Ab
(Fig. 3), cryosections were first incubated overnight in a
refrigerator with hSGLT1-Ab, rinsed, incubated for 2 h at
room temperature with GAR-FITC, rinsed, incubated over-
night in a refrigerator with hSGLT2-Ab, rinsed, incubated for
20 min at room temperature with GAR-CY3, and rinsed in
PBS. In other double staining experiments, cryosections were
stained with the first primary antibody overnight in a refrig-
erator, then with the corresponding secondary antibody at
room temperature for 1 h, then with the second primary
antibody in a refrigerator overnight, followed by the respec-
tive secondary antibody at room temperature for 1 h. A care

has been taken that the respective pair of primary antibodies
was of different kinds (polyclonal vs. monoclonal) or from
different hosts (two polyclonal antibodies). Accordingly, the
following pairs of primary antibodies were used in these
experiments: hSGLT1-Ab/tubulin-Ab, hSGLT1-Ab/CC10-
Ab, CC10-Ab/tubulin-Ab, hSGLT1-Ab/CD68-Ab, hSGLT1-
Ab/Na/K-ATPase-Ab, hSGLT2-Ab/Na/K-ATPase-Ab,
AQP1-Ab/Na/K-ATPase-Ab, and hSGLT1-comAb/AQP1-
Ab.

For double staining with GIP-Ab and hSGLT1-Ab or GLP-
1-Ab and hSGLT1-Ab, sections were first incubated with
GIP-Ab or GLP-1-Ab overnight in a refrigerator, rinsed with
PBS buffers, incubated with CAG-AF488 for 1 h at room
temperature, rinsed with PBS buffers, incubated with
hSGLT1-Ab overnight in a refrigerator, rinsed with PBS,
incubated with GAR-AF555 for 1 h at room temperature,
and washed. For each tissue, optimal dilution of primary
antibodies was defined in preliminary experiments (data not
shown), whereas optimal dilutions of secondary antibodies
followed recommendations of the manufacturers.

To test staining for specificity against the respective anti-
genic epitope, hSGLT1-Ab or hSGLT2-Ab was incubated for
4 h at room temperature with the respective immunizing
pept ide (0.3–0.5 mg/ml) before using them for
immunostaining.

After staining, sections were overlayed with Vectashield,
coverslipped, sealed with nail polish, and inspected for im-
munofluorescence. Sections shown in most immunocyto-
chemical figures were examined with an Opton III RS fluo-
rescence microscope (Opton Feintechnik, Oberkochen, Ger-
many) and photographed using a software-guided digital cam-
era Spot RT Slider (Diagnostic Instruments, Sterling Heights,
MI, USA). Sections shown in Fig. 7 were examined by laser
scanning fluorescence microscopy as described [16]. The
confocal laser scanning image system LSM510 from Zeiss
(Jena, Germany) was employed using the argon laser for green
fluorescence (λex=488 nm, LP 505 nm) and the helium–neon
laser for red fluorescence (λex=543 nm, Bp 560–612 nm). For
examination, the Zeiss LSM-510 software 2.5 SP2 stack,
multi-track, 8 bit scan mode was used.

The images were imported into Adobe Photoshop 6.0 for
processing and labeling. In some images, fluorescence obtain-
ed after staining with one fluorescent antibody was converted
into black and white mode using the same software.

Preparation of total cell membranes from cells and tissues

Cell suspensions and tissues were homogenized using a
Powergen 125 homogenizer (Fischer Scientific), and TCM
were isolated by differential centrifugation as described [2,
42, 44]. TCM from the kidney were isolated from the cortex
and outer stripe tissues. Human jejunum was open longitudi-
nally, rinsed with cold PBS, and the mucosa was collected by
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scraping. For preparation of TCM from homogenates, cell
debris was removed by 15-min centrifugation at 6,000×g,
and TCM (pellet) were collected by centrifugation of the
supernatant for 1 h at 150,000×g. The TCM preparations were
resuspended in 150 mM mannitol, 2.5 mM EGTA, 12 mM
Tris/HCl, pH 7.4, and stored at −70 °C until use. Protein was
measured by the dye-binding assay [7].

SDS-PAGE and Western blotting

Sample treatment for SDS-PAGE and conditions for
immunoreactions with hSGLT1-Ab and hSGLT2-Ab inWest-
ern blots were processed in details described previously [2, 42,
44]. The same conditions were used for both antibodies. In
short, proteins weremixed with Laemmli buffer in the absence
of reducing agent, denaturated for 15 min at 65 °C, separated
by SDS-PAGE in 10 % acrylamide mini gels, and wet-
transfered to Immobilon membrane (Millipore, Bedford,
MA). The Immobilon membranes were incubated with
hSGLT1-Ab (1:1,000 in blotting buffer), hSGLT2-Ab
(1:1,000), or actin-Ab (0.5 μg/ml) overnight in a refrigerator,
rinsed in antibody-free blotting buffer, incubated in blotting
buffer containing 0.1 μg/ml GAR-AP or 0.5 μg/ml GAM-AP,
respectively, rinsed, and stained for alkaline phosphatase ac-
tivity using the 5-bromo-4-chloro-3-indolyl phosphate
(BCIP)/nitro blue tetrazolium (NBT) assay. The labeled pro-
tein bands were evaluated by densitometry as described [2,
44]. To demonstrate the specificity for antigenic epitope,
hSGLT1-Ab, hSGLT1-comAb, and hSGLT2-Ab were prein-
cubated for 4 h at room temperature with 0.5 mg/ml of the
respective peptide used for immunization before performing
immunoreaction.

RT-PCR

RNA concentration was determined and cDNA was synthe-
sized using iScript cDNA synthesis kit (Bio-Rad, CA, USA)
according to the manufacturer’s instructions. RT-PCR was
performed according to iQ SYBR-Green Supermix RT-PCR
system protocol (Bio-Rad, CA, USA). Initial denaturationwas
performed at 95 °C for 3 min. PCR amplification cycle was
performed as follows: denaturation step at 95 °C for 15 s,
annealing step at 59 °C for 30 s, and elongation step at 72 °C
for 30 s. The latter cycle was repeated 45 times. The
nontemplate control reactions, where the cDNA is substituted
with DNase/RNase-free water, were included in each PCR
reaction indicating the absence of possible contamination.
Primers used for RT-PCR reactions were created to span
introns in order to avoid false-positive results due to contam-
ination with genomic DNA by using PrimerBLAST software
(www.ncbi.nlm.nih.gov). The sequences of specific primers
used for RT-PCR reactions and predicted RT-PCR product
sizes are indicated in Table 1. The RT-PCR products were

tested for correct size by melting point analysis and agarose
gel electrophoresis. Subsequently, the respective PCR prod-
ucts were excised, extracted, and analyzed in a 3130 Genetic
Analyzer (Applied Biosystems, CA, USA).

Presentation of data and statistical analysis

The presented immunocytochemical pictures are representa-
tive for three to four independent tissue samples, whereas the
densitometric values shown in Fig. 5b, d represent means±
SEM of Western blot data obtained with TCM samples iso-
lated from eight male and six female kidneys. Statistical
significance of differences between females and males was
evaluated by Student’s t test at 5 % significance level.

Results

Novel subtype-selective polyclonal antibodies
against hSGLT1 and hSGLT2

The SGLT subtype selectivity of the novel antibodies against
hSGLT1 and hSGLT2 was analyzed using BHK-21 cells that
were stably transfected with hSGLT1, hSGLT2, or hSGLT3.
BHK-21 cells stably transfected with the human H+-peptide
cotransporter hPEPT1 were used as negative control. Effec-
tive expression was verified by Northern blotting (hSGLT1,
hSGLT2, hSGLT3, hPEPT1; data not shown), by immunocy-
tochemistry and Western blotting (Fig. 1: hSGLT1, hSGLT2,
hSGLT3) using the novel antibodies against hSGLT1 and
hSGLT2 and a previously described antibody against hSGLT3
[12], and by uptake measurements using [14C]α-
me thy lg lucopyranos ide (hSGLT1, hSGLT2) o r
[3H]glycylglycine (hPEPT1) (data not shown). To compare
the hSGLT-subtype selectivity in immunocytochemistry, the
stably transfected cells were processed using the same proto-
col as the investigated human tissues. Figure 1 shows subtype-
specific immunocytochemical staining of hSGLT1 by
hSGLT1-Ab, of hSGLT2 by hSGLT2-Ab, and of hSGLT3
by hSGLT3-Ab. The same result was observed for
immunolabeling of 70–80 kDa protein bands in Western blots
of TCM that had been isolated from the transfected cells. With
both methods, no cross-reactivity was observed among the
antibodies.

Identification of organs with distinct expressions of hSGLT1
and hSGLT2 using RT-PCR

To focus our immunocytochemical studies to human tissues
which show distinct expression of hSGLT1 and/or hSGLT2
on the mRNA level, we analyzed the mRNA expression of
hSGLT1 and hSGLT2 in kidney, small intestine, heart, liver,
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lung, adipose tissue, and different brain regions (Fig. 2). As
expected [55], hSGLT1 mRNA was detected in kidney and
small intestine, whereas a strong hSGLT2 mRNA signal was
observed only in kidney. Consistent with the literature [8, 59],
we also obtained distinct hSGLT1-related RT-PCR signals in
heart, liver, and lung. The identity of the amplification prod-
ucts with hSGLT1 was verified by DNA sequencing. Under
the employed experimental conditions, no hSGLT1-related
RT-PCR signals were obtained in adipose tissue and brain.

Localizations of hSGLT1 and hSGLT2 in human kidney

Using the novel antibodies against hSGLT1 and hSGLT2, we
first investigated expression of these transporters in human
kidney. Figure 3 shows that the nephron distribution of
hSGLT1 and hSGLT2 is similar to that in rodents, showing

expression of hSGLT2 protein in the proximal tubule S1 and
S2 segments and expression of hSGLT1 in the proximal
tubule straight (S3) segment [2, 44]. Both transporters were
clearly localized to the brush border membrane (BBM)
(Fig. 3b, c, d, e, g, i). Immunostaining of proximal tubules
by hSGLT1-Ab and hSGLT2-Ab in sections (Fig. 3h, j) and of
∼75 kDa bands in Western blots of TCM (Fig. 3k, l) could be
blocked by the antigenic peptides. A double immunostaining
with hSGLT1-Ab and hSGLT2-Ab indicated that the expres-
sion of hSGLT1 and hSGLT2 has no overlap between nephron
segments (compare Fig. 3a, d and b, f). Various blood vessels
remained unstained with either hSGLT antibody (data not
shown).

In view of our recent findings in rats, where rSglt1 was
localized also in the luminal membrane of macula densa and
thick ascending limb of Henle (TALH) cells [2], we have

Table 1 Primer sequences used for RT-PCR

Gene Primers (5′−3′) NCBI accession no. Location RT-PCR product (bp)

hSGLT1 F: GCATCGCCTGGGTGCCCATT NM_000343.3 1560-1579 541
(SLC5A1) R: GCACCGTGCTGCTCTAGCCC mRNA 2081-2100

NT_011520.12 11885768-11885787 10,857
DNA 11896605-11896624

hSGLT2 F: GGTGCTGCTACTGGGCTGGC NM_003041.3 334-353 433
(SLC5A2) R: TCCCACGGCTGGATCCTCGG mRNA 747-766

NT_010393.16 31437061-31437080 1,882
DNA 31438923-31438942

hβActin F: ACAGAGCCTCGCCTTTGCCG NM_001101.3 30-49 587
(ACTB) R: GACGCAGGATGGCATGGGGG mRNA 597-616

NT_007819.17 5560155-5560174 1,435
DNA 5558350-5558369

Fig. 1 Demonstration that hSGLT1-Ab and hSGLT2-Ab react subtype-
specific in immunocytochemistry and Western blots. Subtype specificity
of hSGLT1-Ab and hSGLT2-Ab, and of a previously described antibody
against the homologous glucose sensor hSGLT3 [12], was tested by
immunocytochemistry using PFA-fixed BHK-21 cells (left panel). The
BHK-21 cells were stably transfected with the indicated transporters
using cells that were transfected with the human H+-peptide cotransporter

hPEPT1 as negative control. For immunocytochemistry, cells were
smeared on glass slides, fixed with PFA, and an antigen retrieval and
antibody staining were performed as described for tissue cryosections. On
the right panel, Western blots are shown that were performed with total
cell membranes (TCM) isolated from the transfected BHK-21 cells. Bar,
20 μm
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performed a more detailed localization of both hSGLT1 and
hSGLT2 proteins along the human nephron (Fig. 4). As

shown in the panel hSGLT1 (Fig. 4a–f), the hSGLT1-Ab-
related immunoreactivity was detected exclusively in the

Fig. 2 Expression of hSGLT1
and hSGLT2 mRNAs in several
human tissues. RT-PCR was per-
formed on human RNAs pur-
chased from Clontech (USA)
using the primers shown in Ta-
ble 1. Agarose gel electrophoresis
of the RT-PCR products indicates
the sizes of the expected amplifi-
cation products. The identity of
the amplified hSGLT1 fragments
(541 bp) in kidney, small intes-
tine, heart, liver, and lung and of
the amplified hSGLT2 fragments
in kidney (433 bp) was verified by
nucleotide sequencing

Fig. 3 Localization of hSGLT1
and hSGLT2 proteins in human
kidney, as shown in double- and
mono-stained cryosections; effect
of immunizing peptide-blocked
antibodies. In double-stained
mode (a–f), sections were first
stained with hSGLT1-Ab and
GAR-FITC (a–c, green
fluorescence), then with hSGLT2-
Ab and GAR-CY3 (d–f, red
fluorescence). In mono-stained
mode (g–j), sections were stained
with native (g) or peptide-blocked
(h) hSGLT1-Ab or with native (i)
or peptide-blocked (j) hSGLT2-
Ab. CTX, cortex;OS, outer stripe;
G glomeruli; PCT, proximal con-
voluted tubule (S1/S2 segments);
S3, proximal tubule straight seg-
ments in medullary rays (c) and
OS; P, immunizing peptide. Bars,
20 μm. The Western blots in K
and L were preformed with TCM
that had been isolated from OS or
CTX. The immunolabeling in
Western blots was performed with
hSGLT1-Ab (k) or hSGLT2-Ab
(l) with native (−P) or peptide-
blocked (+P) antibodies. Per lane,
60 μg of protein was applied
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proximal tubule S3 segments in medullary rays (d) and outer
stripe (e). The cells in other nephron segments, including
macula densa (b) and TALH (c–f), remained unstained. As
shown in the panel hSGLT2 (Fig. 4a*–f*), the hSGLT2-Ab-
related immunoreactivity was detected only in the cortical
proximal tubules, e.g., in the S1 segment (Fig. 4a*) and S1/
S2 segments of the proximal convoluted tubules (PCT;
Fig. 4a*–c*), whereas the staining in other nephron segments,
including macula densa, was absent.

Similar staining patterns were observed in sections obtain-
ed from male and female kidneys. To determine whether the
expression levels for hSGLT1 and hSGLT2 in human kidneys
are sex-dependent, as observed for these transporters in ro-
dents [2, 42, 44], we compared the hSGLT1 protein abun-
dance in TCM from renal outer stripe and hSGLT2 protein
abundance in TCM from renal cortex inWestern blots (Fig. 5).

Different to rats and mice, no sex difference in the expression
of hSGLT1 and hSGLT2 proteins was detected.

Localization of hSGLT1 in enterocytes of human small
intestine

In Western blots of TCM isolated from human intestinal
mucosa, the hSGLT1-Ab labeled a single broad protein band
of 70–80 kDa, which was absent after blocking the antibody
with the antigenic peptide (Fig. 6a). Immunostaining of
SGLT1 in human small intestine was similar as described in
rats [2, 18, 48]; with hSGLT1-Ab, the brush border of jejunal
enterocytes in villi was heavily stained (Fig. 6b, d, e). Similar
to Western blots, the immunocytochemical staining was
blocked with the antigenic peptide (Fig. 6c and inset in 6d).
We often observed a punctuate intracellular staining below the

Fig. 4 Double staining of hSGLT1 (red fluorescence) and the Na/K-
ATPase (green fluorescence) (upper panel, a–f) and hSGLT2 (red
fluorescence) and the Na/K-ATPase (green fluorescence) (lower panel;
a*–f*) in various segments of the male human nephron. a and a*, b and
b*, superficial cortex; c and c*, deep cortex; d and d*, medullary rays; e
and e*, outer stripe; f and f*, inner stripe. G, glomerulus; PCT, proximal
convoluted tubules; S1, the initial proximal tubule segment; S3, proximal
tubule straight segment; TALH, thick ascending limb of Henle; MD,
macula densa; DT, distal tubule; CCD, cortical collecting duct; OMCD,
outer medullary collecting duct; IMCD, inner medullary collecting duct.

Upper panel: hSGLT1 was stained exclusively in the BBM of S3 seg-
ments in medullary rays (d) and outer stripe (e). Glomeruli (a and b),
various PCT profiles in the cortex (a–c), macula densa (b), TALH in
various zones (c–f), and cortical distal tubules (a) were variably stained
for Na/K-ATPase but were negative for hSGLT1. Lower panel: hSGLT2
was strongly stained in the BBM of S1 and other cortical PCT profiles
(a*–c*), but the S3 segments in medullary rays (d*) and outer stripe (e*)
remained unstained. Other nephron segments in the cortex (a*–c*) and
outer (e*) and inner stripe (f*) were also negative for hSGLT2. Bar,
20 μm for all images
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enterocyte brush border (Fig. 6e, arrows). This staining
suggests that hSGLT1 is associated with subapical vesi-
cles, which may contribute to posttranscriptional regula-
tion of SGLT1 via endocytotic and exocytotic events [54,
56]. Figure 6f shows that hSGLT1-Ab also stained the
brush border of the cells in crypts. Blood vessels in various
intestinal segments remained unstained with hSGLT1-Ab
(data not shown). Like in rats, the staining distribution and
intensity of hSGLT1 in human small intestine were similar
in men and women (data not shown).

Localization of hSGLT1 in K and L Cells of human small
intestine

In mice, the expression of mSglt1 has been described in K and
L cells of small intestine, and data have been reported which
suggest that mSglt1 mediates a glucose-dependent secretion
of insulinotropic hormone (GIP) in K cells and glucagon-like
peptide 1 (GLP-1) in L cells [16, 34, 38]. Here, we investi-
gated whether hSGLT1 is expressed in K and L cells of human
intestine. We performed double staining with rabbit-raised
hSGLT1-Ab and either a goat-raised GIP-Ab or GLP-1-Ab.
The immunoreactions were visualized with fluorophore-
labeled secondary antibodies against rabbit or goat. The fluo-
rescence was visualized by laser scanning microscopy using
an optical section thickness of 0.1 μm. In Fig. 7,
enteroendocrine cells are shown in which coexpression of
hSGLT1 with GIP or GLP-1 was detected. K cells expressing
hSGLT1 and GIP were observed in villi (Fig. 7a) and crypts
(Fig. 7b). In these cells, hSGLT1-related immunoreactivity
was always detected at the apical cell domain. In some cells,
a limited immunoreactivity of hSGLT1-Ab was also associat-
ed with GIP-Ab-positive intracellular compartments (Fig. 7b).
L cells expressing hSGLT1 and GLP-1 were also observed in
villi (Fig. 7c, d) and crypts (not shown). Also in the L cells,
hSGLT1 was always located at the apical cell domain
(Fig. 7c, d). For GLP-1 containing intracellular compartments,
different hSGLT1-Ab immunoreactivity was observed, vary-
ing from no (not shown) to weak (Fig. 7c) or strong (Fig. 7d)
staining.

Localization of hSGLT1 in biliary duct cells of human liver

In liver, hSGLT1-Ab stained bile duct epithelial cells (Fig. 8a,
arrows). The immunostaining was observed at the apical
membrane and in intracellular organelles (Fig. 8a, inset).
Staining of the bile ducts with hSGLT1-Ab was blocked with
the antigenic peptide (Fig. 8b). Hepatocytes (Fig. 8a, b, ar-
rowheads) and small or large blood vessels (Fig. 8a, asterisk)
exhibited no staining.

Localizations of hSGLT1 in alveolar type 2 cells and in Clara
cells of human lung

In peripheral tissue of human lung, individual polymorphic
cells in alveolar walls were strongly stained with hSGLT1-Ab
(Fig. 9a, arrows). This staining was blocked by antigenic
peptide (Fig. 9b). To distinguish whether the stained cells
represent macrophages (dust cells) or alveolar type 2 cells,
we performed double staining with hSGLT1-Ab and with an
antibody to CD68 protein (CD68-Ab) in macrophages [49]
(Fig. 9c–e). The hSGLT1-positive cells (Fig. 9c, arrowheads),
which seem to represent the surfactant-producing type 2 alve-
olar cells, were different from the CD68-positive

Fig. 5 Abundance of hSGLT1 and hSGLT2 protein in TCM isolated
from outer stripe (a, b) and cortex (c, d) of the human male and female
kidneys. Western blots were labeled with hSGLT1-Ab (a) or hSGLT2-Ab
(c) and were performed with 40 μg protein per lane. Labeling with actin-
Ab was used as a loading control. The representative Western blots are
shown in a and c, whereas the densitometric quantifications of the
hSGLT-related ∼75 kDa protein bands, and of the actin-related ∼42 kDa
band, are shown in b and d. The data in b and d were collected from two
independent experiments with different membrane preparations from a
total of eight male and six female kidneys. No significant differences
between males and females were observed
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macrophages (Fig. 9d, arrowheads), as clearly shown in the
merged c and d figures (Fig. 9e). In the hSGLT1-positive cells,
immunoreactivity was localized predominantly in the densely
populated intracellular organelles (inset in Fig. 9c).

Immunostaining of bronchioles with hSGLT1-Ab revealed
nonspecific staining of peribronchial elastical fibers (Fig. 10a,
arrows, and c–h) that was not blocked by the antigenic peptide
(Fig. 10b). In contrast, peptide-blockable immunostaining
with SGLT1-Ab was observed at the luminal membrane of
some bronchiolar epithelial cells (arrowheads in Fig. 10a, c, e,
f, h). Double staining with hSGLT1-Ab and tubulin-Ab
(Fig. 10c–e) indicated that the hSGLT1-Ab-positive cells (C-
E, arrowheads) are different from the tubulin-positive ciliated
cells (c–e, arrows), suggesting that they represent Clara cells.
Employing double staining with hSGLT1-Ab and an antibody
against the protein CC10, which is secreted by Clara cells [20,
46], SGLT1-Ab immunoreactivity of the Clara cells was ver-
ified. In some Clara cells, strong immunoreactivity of
hSGLT2-Ab was localized apically, and CC10-Ab immuno-
reactivity was observed in the subapical domain of the same
cells (Fig. 10f–h). In another population of Clara cells, which
were randomly distributed among the ciliated cells (Fig. 10i–
k), a strong peptide-blockable immunoreactivity with CC10-

Ab and hSGLT1-Ab colocalized in intracellular organelles
(Fig. 10l–n, arrowheads). Performing immunocytochemical
studies with a commercial polyclonal antibody against
hSGLT1 raised in goat (hSGLT1-comAb), we confirmed the
localization of hSGLT1 in Clara cells and alveolar type 2 cells
(Online Resource Fig. S1). To evaluate for potential species
differences, we also investigated the expression and location
of rSglt1 in rat lung (Online Resource Fig. S2). For immuno-
localization of rSglt1 in rat lung, we used the previously
characterized antibody rSglt1-Ab [2]. Similar to human, we
localized rSglt1 in Clara cells and alveolar type 2 cells.

Localization of hSGLT1 in capillaries of human heart

Immunostaining of sections of humanmyocard with hSGLT1-
Ab revealed distinct staining of elongated structures between
myocytes that could be blocked by antigenic peptide
(Fig. 11a, b, arrows). Double staining with AQP1-Ab and
Na/K-ATPase-Ab showed that the elongated structures be-
tween myocytes were also positive for AQP1 which binds to
endothelial cells of heart capillaries [40, 41] (Fig. 11c–e, large
arrows), whereas Na/K-ATPase-positive sarcolemma and in-
tercalated discs (Fig. 11d, arrowheads and thin arrows) were

Fig. 6 Immunocytochemical
localization of hSGLT1 in
enterocytes of human small
intestine. a Western blot of TCM
isolated from jejunum of male
humans. The blot was stained
with native (−P) or immunizing
peptide-blocked (+P) hSGLT1-
Ab. Each lane contained 40 μg
protein. The native antibody la-
beled the ∼75-kDa protein band,
which was absent after the anti-
body had been blocked by the
peptide. b, e, f Immunostaining of
tissue cryosections with native
hSGLT1-Ab (−P). c Immuno-
staining with the peptide-blocked
(+P) hSGLT1-Ab. d Double
staining with hSGLT1-Ab (red)
and actin-Ab (green). Strong im-
munoreactivity of the enterocyte
brush border membrane (BBM) in
villi (b, d, and e, arrowheads) and
crypts (f, arrowheads) could be
blocked by the antigenic peptide
(c and inset in d). Large magnifi-
cation indicated punctuated
hSGLT1-Ab staining of
enterocytes below the BBM (e,
arrows). Bars 50 μm (b and d) or
25 μm (f)
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negative for AQP1 (Fig. 11e). Double staining with hSGLT1-
Ab and Na/K-ATPase-Ab (Fig. 11f–h) showed that hSGLT1-

Ab does not bind to plasma membranes and intercalated disks
of myocytes suggesting that the hSGLT1-Ab-positive

Fig. 7 Expression of hSGLT1 in
enteroendocrine K cells secreting
GIP and L cells secreting GLP-1.
Sections from small intestine of
male humans were first incubated
with the antibodies against GIP
(GIP-Ab) or GLP-1 (GLP-1-Ab)
that were raised in goat, followed
by the respective FITC-labeled
secondary antibody (green), and
then with hSGLT1-Ab raised in
rabbit, followed by the CY3-
labeled secondary antibody (red).
Fluorescence was observed by
laser scanning fluorescence mi-
croscopy using an optical section
thickness of 0.1 μm. Phase con-
trast microscopy was performed
to facilitate identification of the
cell borders of stained
enteroendocrine cells. a K cell in
a villus coexpressing hSGLT1 at
the luminal membrane. The pic-
tures also show one cell in the
villus expressing hSGLT1 at in-
tracellular compartments. bK cell
in a crypt coexpressing
hSGLT1 at the BBM and at in-
tracellular compartments. c L cell
in a villus coexpressing
hSGLT1 at the BBM and at in-
tracellular compartments. d L cell
in a villus coexpressing
hSGLT1 at the BBM. The picture
also shows a cell at the transition
between villus and crypt express-
ing hSGLT1 at the BBM and at
intracellular compartments

Fig. 8 Localization of hSGLT1
in human liver. The liver
cryosections were immunostained
with the native (a) or peptide-
blocked hSGLT1-Ab (b). Bile
duct cells are indicated by arrows,
hepatocytes by arrowheads, and a
small blood vessel by an asterisk.
Peptide-blockable hSGLT1-Ab
immunoreactivity was observed
at the apical domain of bile duct
cells. In these cells, a vesicular-
type staining with hSGLT1-Ab
was also observed in some intra-
cellular organelles (inset in a).
Bar, 20 μm
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elongated structures represent microvessels. Because both
hSGLT1-Ab and AQP-1-Ab were raised in rabbits, and the
immunoreactivity with the hSGLT1-Ab in the heart tissue
was for unknown reason sensitive to heating and relatively
weak, double staining with these antibodies was difficult to
perform.We thus performed double staining with a commercial
polyclonal peptide antibody against hSGLT1 raised in goat
(hSGLT1-comAb) and AQP1-Ab (Fig. 11i–k). Colocalization
of immunoreactivity with hSGLT1comAb and AQP1-Ab
(Fig. 11k) confirmed that hSGLT1 is colocalized in the
AQP1-positive [40, 41] endothelial cells of the heart capillaries.

In a previous publication, we described peptide-blockable
immunoreactivity of an antibody raised against a peptide of rat
Sglt1 in small vessels of heart muscle [14]. Because we
observed later that the antibody used in this study showed
peptide-blockable cross-immunoreactivity with another pro-
tein in kidney [2], the localization of rSglt1 in small vessels of
heart turned out to be ambiguous. Performing double immu-
nostaining of cryosections from rat heart with a commercial
antibody against rSglt1 raised in goat (rSglt1-comAb; Everest
Biotech, Oxfordshire, UK; EB11236) and with the rabbit-
raised AQP1-Ab, we also demonstrated immunoreactivity of
rSglt1-comAb in endothelial cells of capillaries (Online Re-
source Fig. S3). The data thus indicate that in the human and
rat heart, SGLT1 protein is localized in capillaries.

Discussion

In this manuscript, immunochemical characterization of
SGLT1 and SGLT2 in human organs was determined

employing new subtype-specific antibodies that can be used
for Western blotting and immunostaining. With previously
reported antibodies against SGLT1 and SGLT2, no high qual-
ity immunocytochemistry has been described in human tis-
sues [11, 56]. Thus, the knowledge concerning the locations of
hSGLT1 and hSGLT2 proteins in human was based on few in
situ hybridization experiments [59] and on the assumption that
the immunochemical data in other species represent the situ-
ation in humans [56]. Because selective inhibitors of SGLT2
that inhibit renal glucose reabsorption have been introduced
for treatment of type 2 diabetes [1, 27–29, 32], and an inhib-
itor of SGLT1 that blocks small intestinal glucose absorption
and increases secretion of GLP-1 has been proposed as new
antidiabetic drug [37, 58], a detailed immunocytochemical
localization of hSGLT1 and/or hSGLT2 in human kidney,
small intestine, and other organs was overdue.

Employing the new antibodies, we localized hSGLT2 to
BBM of the proximal tubule S1 and S2 segments and hSGLT1
to BBM of the straight (S3) segment. A similar nephron
distribution has been observed in rats and mice [2, 19, 22,
26, 44]. However, at variance to rats [2] and mice (Vrhovac
et al., unpublished data), in humans no immunoreactivities for
hSGLT1 were observed in the luminal membrane of TALH
and macula densa cells. So far, the functional role of Sglt1 in
the macula densa of rodents has not been investigated. It is
possible that Sglt1-mediated Na+-D-glucose cotransport at
high glucose concentrations in the distal tubule depolarizes
macula densa cells and increases tubuloglomerular feedback
(TGF) and/or renin secretion. It has been shown in diabetic
rats that blockage of Sglt2 in the proximal tubule activated
TGF and reduced glomerular filtration, and the authors

Fig. 9 Localization of hSGLT1 in alveoles of human lung. a Peripheral
lung tissue was immunostainedwith hSGLT1-Ab. b Immunostainingwas
performed with the antigenic peptide-blocked hSGLT1-Ab. c–e Double
immunostaining for hSGLT1 and macrophage marker protein CD68.
Cryosections of the peripheral lung tissue were first immunostained with
SGLT1-Ab and GAR-CY3 (c) and then with CD68-Ab and GAM-FITC

(d). The images in c and d are merged in e. Red alveolar cells stained by
hSGLT1-Ab are indicated by arrows. They are differentiated from mac-
rophages which are green-stained by CD68-Ab (arrowheads). The cells
stained by hSGLT1-Ab represent alveolar type 2 cells in which hSGLT1
is associated with densely packed intracellular organelles (inset in c).
Bars, 20 μm
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speculated that this effect may be palliative for diabetic ne-
phropathy [50, 52]. Because the activation of TGF after
blockage of Sglt2 may not only be due to increased NaCl
delivery to the macula densa but may be enhanced by in-
creased delivery of glucose leading to Sglt1 mediated depo-
larization of macula densa cells, palliative effects of Sglt2
inhibitors on nephropathy may be only relevant for rodents.
Because a small decrease of systolic blood pressure was
observed after treatment of diabetic humans and mice with

SGLT2 inhibitors [27, 32, 52], the Sglt1-mediated depolariza-
tion of macula densa cells may not be relevant for blood
pressure. An additional difference in the expression of Sglts
in rodents and SGLTs in humans is related to sex; in rats,
higher expressions of rSglt1 and rSglt2 proteins were ob-
served in the female kidney [2, 42, 44], and the male-
dominant expression of mSglt2 protein was found in the
mouse kidney [44], whereas in the human kidney, sex differ-
ences were not detected for both SGLTs (this study).

Fig. 10 Localization of hSGLT1 in terminal bronchioli of human lung. a
Immunostaining of a bronchiolus with hSGLT1-Ab. Staining of the apical
domains of epithelial cells is indicated by arrowheads. b Immunostaining
of a bronchiolus with the immunizing peptide-blocked hSGLT1-Ab. The
apical hSGLT1-Ab immunoreactivity in the epithelial cells was absent.
The elastic fibers around bronchioli exhibited strong autofluorescence
under red (a, arrows) or green fluorescence (c–e), which remained
unchanged by the immunizing peptide (b, arrows), and were therefore
considered nonspecific. c–e Double staining with hSGLT1-Ab (c) and
tubulin-Ab (d) and merged c and d pictures (e). The cells expressing
hSGLT1 (arrowheads in c and e) are different from the tubulin-positive
ciliated cells (arrows in d and e). f–hDouble staining with SGLT1-Ab (f,

arrowheads) and CC10-Ab, a marker protein for Clara cells (g,
arrowheads), and merged f and g images (h) indicate that hSGLT1 is
expressed in Clara cells (arrowheads). In these Clara cells, staining of
hSGLT1 is more apical compared to CC10, which is concentrated largely
subapically (arrowheads in h). i–k Double staining with CC10-Ab (i,
arrowheads) and tubulin-Ab (j, arrows) and merged images i and j (k).
CC10-Ab-stained Clara cells (arrowheads in k) were randomly scattered
among tubulin-positive ciliated cells (arrows in k). l–n In a group of Clara
cells, the CC10-Ab-related (l, arrowheads) and hSGLT1-Ab-related (m,
arrowheads) immunoreactivities were colocalized in intracellular organ-
elles randomly scattered all over the cells, as indicated by yellow staining
in merged l and m pictures (n, arrowheads). Bars, 20 μm for all images
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The use of new hSGLT1-Ab indicated in human small
intestine a distribution similar to that in rodents [2, 18, 48].
In human jejunum, strong immunoreactivity for hSGLT1 was
observed at the BBM of enterocytes in the villi, whereas less
pronounced but significant immunoreactivity was obtained
also at the BBM of enterocytes in the crypts. In human
jejunum, we also observed hSGLT1-Ab immunoreactivity in
a compartment below the BBM as has been also recognized in
rats [18]. This subapical location is consistent with the intra-
cellular location of hSGLT1 described in CaCo-2 cells which
are frequently used as model for human enterocytes [24]. The
location at intracellular vesicles of the enterocytes is also
consistent with the observation that the amount of SGLT1 in
the BBM increased rapidly after gavage of mice with glucose
[16]. Employing laser scanning fluorescence microscopy in
human small intestine, we determined a similar localization of
hSGLT1 in GIP-expressing K cells and GLP-1-expressing L
cells as in mice [16, 34, 38]. Whereas hSGLT1-Ab

immunoreactivity was always observed in the luminal mem-
branes of the cells expressing GIP or GLP-1, a colocalization
of hSGLT1 with GIP or GLP-1 in intracellular vesicles was
only observed in some cells. This heterogeneity may indicate
different subpopulations or different functional states of K and
L cells. It is a challenge for future studies to determine whether
SGLT1 exhibits a functional role in intracellular vesicles
loaded with GIP or GLP-1. The localization of hSGLT1 in
the luminal membranes of K and L cells has biomedical
relevance because inhibitors of SGLT1 are supposed to impair
or block the glucose-dependent stimulation of the secretion of
these enterohormones [33, 45]. The observation that in mice
SGLT1 inhibitors decreased the GLP-1 concentration in the
blood only within a narrow time window after glucose chal-
lenge but increased blood GLP-1 later on [16, 37] may be
explained by inhibition of glucose absorption in the proximal
small intestine leading to an increase of the glucose concen-
tration in distal small intestine, where the GLP-1-secreting L

Fig. 11 Localization of hSGLT1 in human heart. a Immunostaining of
human heart with hSGLT1-Ab revealed staining of elongated structures
between muscle fibers. b This immunoreaction was blocked when
hSGLT1-Ab had been preincubated with the antigenic peptide. c–e Dou-
ble staining with an antibody against water channel AQP1-Ab, which is
expressed in heart capillaries (c, arrows), and with Na/K-ATPase-Ab,
which is expressed in the plasma membrane (sarcolemma) of heart
muscle cells (d, arrowheads) and in intercalated discs (d, thin arrows).
e Merged pictures c and d. The data showed that these two antibodies

could be used to distinguish between the AQP1-positive capillaries and
Na/K-ATPase-positive plasma membranes in human heart. f–h Double
staining with hSGLT1-Ab (f, arrows) and Na/K-ATPase-Ab. h Merged
picture of f and g showing that hSGLT1-Ab does not stain plasma
membranes of myocytes and intercalated disks. i–k Double staining with
the commercial antibody against hSGLT1 (EB09310-Ab) (i, arrows) and
AQP1-Ab (j, arrowheads). k Merged picture of i and j, confirming that
hSGLT1 and AQP1 are colocalized in heart capillaries (yellow-stained
structures). Bar, 20 μm for all images

1894 Pflugers Arch - Eur J Physiol (2015) 467:1881–1898



cells are localized. Bacteria in distal small intestine metabolize
glucose to short chain fatty acids which are strong secreta-
gogues of the L cells [37].

Potential sites of SGLT2 expression in addition to kidney,
and of expression of SGLT1 in addition to small intestine and
kidney, are of physiological interest and biomedical impor-
tance. The secondary active Na+-D-glucose cotransporters
may supply metabolic energy at sites with permanent or
occasional high energy demand and may influence Na+ gra-
dients and water movements across membranes. Since the
reversible inhibitors for SGLT2 employed for treatment of
diabetes and the inhibitor of SGLT1 which is currently tested
for treatment of diabetes enter the blood, they could inhibit
SGLTs at locations other than kidney and intestine [1, 28, 29,
37, 58]. Considering the difficulty to perform unequivocal
immunolocalization of proteins with low expression, we per-
formed semiquantitative RT-PCR in some tissues where the
expression of SGLT1 has been demonstrated in humans or
animals in order to select tissues with high hSGLT1 expres-
sion for immunocytochemical investigation [5, 6, 8–10, 13,
17, 23, 25, 30, 36, 56, 57, 59]. We observed relatively large
amounts of hSGLT1 mRNA in liver, heart, and lung but did
not detect hSGLT1 mRNA in brain and fat tissue. Consistent
with previous reports in humans and mice [8, 44, 55], we did
not detect hSGLT2mRNA in small intestine, liver, heart, lung,
fat tissue, and brain. We do not claim that our negative results
exclude any expression of SGLT1 and/or SGLT2 because very
small mRNA amounts coding for these transporters may have
not been detected in the investigated commercial RNA sam-
ples. In particular, we consider the possibility that small
amounts of hSGLT1 are expressed in brain capillaries and/or
in neurons as has been suggested for other species [2, 13, 36,
57].

As previously observed in rat [2], we detected hSGLT1
protein in biliary duct cells of human liver where it was
located at the apical membrane. In rat, it has been shown that
glucose enters the bile passively from hepatocytes and is
reabsorbed in bile ducts by phlorizin-inhibitable Na+-D-glu-
cose cotransport [9, 17]. Employing an ex vivo study with bile
duct units isolated from rat liver, it has been shown that the
secondary active reabsorption of glucose in the bile ducts
provides the osmotic driving force for water reabsorption via
aquaporins [31]. This mechanismmay explain the observation
that the bile flow decreases in diabetic rats [8] and may
contribute to cholestasis during diabetes. Applying a revers-
ible SGLT1 inhibitor that enters the systemic circulation for
the treatment of diabetes [37, 58] may increase the bile secre-
tion and help to prevent cholestasis in the diabetic patients.
However, increasing the glucose concentration in the bile fluid
by blocking SGLT1 may increase the risk for bacterial
infection.

In human lung, we localized hSGLT1 within epithelial cell
type 2 in alveoles and within Clara cells in bronchioles.

Twenty-five years ago, Basset and coworkers obtained the
first evidence for SGLT-type transport in the lung. They
described that phlorizin-inhibitable Na+-D-glucose cotransport
in perfused rat lung contributes to fluid absorption [4, 5]. In
1992, Kemp and Boyd reported that freshly isolated type 2
alveolar epithelial cells from guinea pig expressed phlorizin-
inhibitable sodium-dependent transport of AMG, a specific
substrate of SGLTs [23]. The present demonstration that
SGLT1 is also expressed in type 2 alveolar cells in human
suggests that the functional observations made in rodents are
relevant for humans and that the observed phlorizin-inhibited
AMG transport was mediated by SGLT1. The contribution of
SGLT1 to fluid absorption in the peripheral lung suggests that
inhibitors of SGLT1 reaching the blood may increase the
amount of fluid in the alveoles and may increase the risk for
bacterial infections. Because SGLT1-mediated glucose uptake
may provide energy for the synthesis of surfactant, inhibitors
of SGLT1 may also impair surfactant production.

In equine trachea, Joris and Quinton described glucose-
induced short circuit currents that were blocked by phlorizin
[21]. This suggested the expression of an SGLT-type trans-
porter in the tracheal epithelium. At variance, Pezzulo and
coworkers did not detect glucose-induced short circuit cur-
rents in cultivated human bronchial epithelial cells but pre-
sented data suggesting that glucose flux across bronchial
epithelial cells is mediated via passive glucose transporters
[35]. Because SGLT1 expression may have been lost during
cultivation, or there may be a species difference between horse
and human, it remained unclear whether SGLT1 is expressed
in human tracheal and/or bronchial epithelial cells. In the
present study, we showed that hSGLT1 is expressed in Clara
cells where it is located at the luminal membrane and within
an intracellular compartment. We also observed different ex-
pression levels and intracellular distributions of hSGLT1 in
different subpopulations of Clara cells. The Clara cells are
polymorphic and can transform into mucin-producing cells
[15]. They build up most of the nonciliated cells in the
bronchioles. Clara cells contain various cell subpopulations
including stem cells which are important for the maintenance
and repair of bronchiolar epithelium and may transform to
cancer cells [39, 47]. In addition to mucin, the Clara cells
secrete surfactant proteins, antimicrobiotic peptides, cyto-
kines, and chemokines [39]. Via secretion of cytocrines and
CC10 protein and other properties, they are involved in pro-
tection from environmental toxins and in control of inflam-
mation [20, 47]. Future studies are required to determine
whether hSGLT1 in the Clara cells contributes to glucose
absorption in the bronchioles and in which subpopulations
of the Clara cells hSGLT1 are expressed. It has to be investi-
gated which of the different Clara cell functions depend on the
SGLT1-mediated delivery of intracellular glucose.

Our finding that hSGLT1 is located in human heart capil-
laries has physiological and pathophysiological impact. The
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presence of hSGLT1 mRNA in human heart was first de-
scribed by Zhou and coworkers [59] and later confirmed by
others [3, 55]. In situ hybridization data in human heart,
performed by Zhou and coworkers, were interpreted to indi-
cate the presence of hSGLT1 mRNA in cardiomyocytes.
However, in the figure which they presented to demonstrate
the hSGLT1 mRNA expression in cardiomyocytes, strong
hybridization signals can be seen in longitudinal structures
that could represent blood vessels (see Fig. 5a in ref. [59]).
Banerjee and coworkers also performed immunostaining of
murine heart with the antibody against mSglt1; however, the
presented pictures (see Fig. 1e in ref. [3]) do not allow to
differentiate whether plasmamembranes of myocytes or small
vessels between myocytes were stained. The hSGLT1-
staining of capillaries in human heart, observed with two
different antibodies in the present work, is consistent with a
previously performed immunocytochemical localization of
rSglt1 in rat heart [14]. Because the antibody against rat Sglt1
used in that study turned out to show some nonspecific bind-
ing in rat kidney [2], we reevaluated the expression and
localization of rSglt1 in rat heart using a commercial antibody
against rSglt1. Since this antibody was raised in goat, it
allowed double staining with an antibody against water chan-
nel AQP1 which is expressed in endothelial cells of heart
capillaries. Although the amount of mRNA coding for SGLT1
is lower in rat compared to human, in rat, rSglt1 could be
localized to heart capillaries. SGLT1 in the capillaries of heart
muscle of human and rat may influence cardiac function. It
has been shown that the contractive force of isolated muscle
strips from human hearts without and with heart failure was
increased by insulin in the presence of glucose, and this
insulin-induced increase was reduced when the passive glu-
cose transporter GLUT4 or SGLT1 was inhibited [54]. Given
that hSGLT1 is expressed in the heart capillaries, the described
experiments performed with muscle strips in glucose-
containing media are not well suited to determine the role of
glucose delivery in the heart. Perfused heart preparations of rat
could be used to estimate the role of SGLT1 for glucose
delivery in health and disease.
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