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Di Chiara M, Glaudemans B, Loffing-Cueni D, Odermatt A,
Al-Hasani H, Devuyst O, Faresse N, Loffing J. Rab-GAP TBC1D4
(AS160) is dispensable for the renal control of sodium and water
homeostasis but regulates GLUT4 in mouse kidney. Am J Physiol
Renal Physiol 309: F779–F790, 2015. First published September 2,
2015; doi:10.1152/ajprenal.00139.2015.—The Rab GTPase-activat-
ing protein TBC1D4 (AS160) controls trafficking of the glucose
transporter GLUT4 in adipocytes and skeletal muscle cells. TBC1D4
is also highly abundant in the renal distal tubule, although its role in
this tubule is so far unknown. In vitro studies suggest that it is
involved in the regulation of renal transporters and channels such as
the epithelial sodium channel (ENaC), aquaporin-2 (AQP2), and the
Na�-K�-ATPase. To assess the physiological role of TBC1D4 in the
kidney, wild-type (TBC1D4�/�) and TBC1D4-deficient (TBC1D4�/�)
mice were studied. Unexpectedly, neither under standard nor under
challenging conditions (low Na�/high K�, water restriction) did
TBC1D4�/� mice show any difference in urinary Na� and K� excretion,
urine osmolarity, plasma ion and aldosterone levels, and blood pressure
compared with TBC1D4�/� mice. Also, immunoblotting did not reveal
any change in the abundance of major renal sodium- and water-trans-
porting proteins [Na-K-2Cl cotransporter (NKCC2) NKCC2, NaCl
cotransporter (NCC), ENaC, AQP2, and the Na�-K�-ATPase]. How-
ever, the abundance of GLUT4, which colocalizes with TBC1D4 along
the distal nephron of TBC1D4�/� mice, was lower in whole kidney
lysates of TBC1D4�/� mice than in TBC1D4�/� mice. Likewise,
primary thick ascending limb (TAL) cells isolated from TBC1D4�/�

mice showed an increased basal glucose uptake and an abrogated insulin
response compared with TAL cells from TBC1D4�/� mice. Thus,
TBC1D4 is dispensable for the regulation of renal Na� and water
transport, but may play a role for GLUT4-mediated basolateral glucose
uptake in distal tubules. The latter may contribute to the known anaerobic
glycolytic capacity of distal tubules during renal ischemia.

hypertension; ion transport; distal tubule; glucose

ARTERIAL BLOOD PRESSURE CONTROL critically depends on the
regulation of renal sodium (Na�) and water excretion. The fine
tuning of renal Na� and water excretion occurs in the renal
distal tubules that are localized downstream of the macula
densa and comprise the distal convoluted tubule (DCT), the
connecting tubule (CNT), and the collecting duct (CD) (36,
44). In the DCT, the apical Na� transport is mediated by the
thiazide-sensitive NaCl cotransporter (NCC), whereas in the
CNT and CD transport is mediated by the amiloride-sensitive

epithelial Na� channel (ENaC). In several species, including
mice and humans, NCC and ENaC are coexpressed in the short
end portion of the DCT, called DCT2 (44). The basolateral
Na� transport is mediated by the ubiquitously expressed Na�-
K�-ATPase. The renal water reabsorption depends on the
abundance of aquaporin-2 (AQP2) water channels in the lumi-
nal membrane of the CNT and CD. The activity of NCC,
ENaC, Na�-K�-ATPase, and AQP2 is regulated (at least in
part) by an aldosterone- and/or vasopressin-induced insertion
of these proteins into the plasma membrane, suggesting that the
control of intracellular trafficking of these proteins is a critical
mechanism for the renal maintenance of salt and water homeo-
stasis and hence blood pressure (36, 39).

The intracellular trafficking of protein-bearing membrane
vesicles is controlled by the activity of Rab proteins, which
belong to the family of small GTPases (53). So far more than
50 mammalian Rab proteins have been identified. Each of
these may regulate a specific step in the intracellular transport
of membrane vesicles, including their budding from a donor
compartment, their transport along the cytoskeleton, and their
fusion with an acceptor compartment (58). Rab proteins in turn
are controlled by RabGTPase-activating proteins (Rab-GAP),
which change the conformation of Rab proteins from a GTP-
bound (active) to a GDP-bound (inactive) state through hydro-
lysis (7, 53). One of these Rab-GAP proteins is TBC1D4,
which belongs to the family of TBC (Tre-2/Bub2/Cdc16)
domain-containing proteins (21). Previous work has identified
TBC1D4 as an Akt kinase substrate of 160 kDa (AS160) that
regulates the insulin-dependent trafficking of the glucose trans-
porter GLUT4 in adipose tissue and skeletal muscle (28). In its
nonphosphorylated state, TBC1D4 (AS160) inhibits GLUT4
trafficking and hence prevents glucose uptake. Upon stimula-
tion with insulin, protein kinase B (PKB)/Akt phosphorylates
TBC1D4, which in turn induces its sequestration by 14-3-3
proteins and further activates Rab proteins. Consequently, this
favors Rab-mediated transport of GLUT4 storage vesicles to
the cell surface, which finally promotes glucose uptake into the
cells (28, 50).

In addition to adipose and skeletal muscle tissue, TBC1D4 is
also present in the pancreas, lung, heart, brain, and kidney (8,
16, 31, 35, 57). Based on in vitro observations, it was sug-
gested that TBC1D4 modulates the activity and trafficking of
transporters and channels involved in sodium and water han-
dling. In MDCK and COS cells, Alves et al. demonstrated that
endogenous TBC1D4 interacts with the Na�-K�-ATPase
�-subunit and that overexpression of TBC1D4 induces an
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intracellular retention of the Na�-K�-ATPase (3). Liang et al.
showed that, in renal epithelial cells of the cortical collecting
duct, aldosterone promotes serum-glucocorticoid-regulated ki-
nase 1 (SGK1)-mediated phosphorylation of TBC1D4 and thus
regulates the trafficking and insertion of ENaC into the cell
membrane (34). Likewise, TBC1D4 knockdown with small-
interfering RNA increases AQP2 expression in the plasma
membrane of collecting duct-derived mpkCCD cells (27, 29).
However, all of these studies were performed in heterologous
expression systems or cell lines in vitro. The role of TBC1D4
in the kidney in vivo still remains unclear.

In this study, we used TBC1D4 knockout mice to elucidate
the role of TBC1D4 in renal control of sodium and water
homeostasis. Our data suggest that TBC1D4 is dispensable for
the control of renal Na� and water handling under standard
conditions and under conditions that stimulate endogenous
aldosterone and vasopressin production. However, we provide
in vivo and ex vivo experimental evidence that TBC1D4 does
control the GLUT4-dependent glucose uptake in renal distal
tubule cells, which may contribute to their known glycolytic
capacity.

MATERIALS AND METHODS

Animals. All animal studies were conducted according to the Swiss
animal welfare regulations and after approval by the veterinarian
office of the Canton of Zurich, Switzerland. For the experiments,
age-matched wild-type (TBC1D4�/�) and TBC1D4-deficient
(TBC1D4�/�) (13, 35) mice were used. For the physiological data
collection, mice were kept in single mouse metabolic cages (Techni-
plast, Buguggiate, Italy) for 4 days. Data (body weight, food and
water intake, urine excretion) were evaluated every 24 h. Mice were
fed a standard diet (SD) (Ssniff Spezialdiaeten, Soest, Germany) with
0.19% Na� mixed with double-distilled H2O 1:1. For low Na�/high
K� diet (LNa/HKD), 7.7% of KCl was added to a low Na�-diet
(�0.03% Na� and 0.97% K�) to reach a K� content of 5%. Mice
were kept for 10 days on LNa/HKD before experimental analysis.
Mice had free access to tap water. Only for the water restriction
experiment, the water bottle was removed and mice were given access
to water only via food, which was added to the dried powder diet in
a 1:1 ratio. Mice were kept for 24 h on this regime before experimen-
tal analysis.

Blood pressure measurements. Systolic blood pressure (SBP) was
determined in conscious mice using the non-invasive tail cuff method
(BP2000; Visitech Systems, Apex, NC) (54) and the provided soft-
ware for data analysis. Mice were adapted for 3 days before the
experiments. Measurements were carried out daily between 10:00
A.M. and 12:00 P.M. SBP was calculated in millimeters mercury out
of an average of 20 possible corrected single measurements per day
and mouse for three consecutive days.

Biochemical measurements. Urinary aldosterone levels were mea-
sured using the aldosterone EIA kit (Cayman Chemicals, Ann Arbor,
MI). Values were normalized to urine volumes and expressed in
nanograms per 24 h. Urinary ion concentrations (Na�, K�, Mg2�)
were determined using an automated 850 professional IC ion chro-
matograph (Metrohm, Herisau, Switzerland) and/or by flame photom-
etry (EFOX 5053; Eppendorf, Hamburg, Germany). Creatinine levels
were measured as described (52). Urinary osmolarity was measured
with a digital osmometer (Roebling, Berlin, Germany). Due to evap-
oration of urine during the sampling period, measured urine parame-
ters are higher than expected to be in vivo. At the end of the
experiments, mice were anesthetized with 4% isoflurane (CliniPharm,
Zurich, Switzerland). Blood glucose was measured from a drop of the
tail tip with the Accu-Chek Aviva System (Roche, Basel, Switzer-
land). Blood (300 �l) was drawn from the right atrium or the

abdominal vein; 100 �l of blood were immediately measured in a
blood gas analyzer (ABL800 Flex; Radiometer, Copenhagen, Den-
mark) through capillary tubes; and 200 �l blood were centrifuged at
800 g for 3 min at 4°C to harvest the plasma. Plasma insulin levels
were determined using the mouse insulin ELISA kit and the ultrasen-
sitive mouse insulin ELISA kit (ALPCO Diagnostics, Salem, NH).
Plasma aldosterone and corticosterone levels were measured by mass
spectrometry as described (52). For harvesting of kidneys, mice were
perfused through the heart with 1� PBS. Kidneys were immediately
frozen in liquid nitrogen and stored at �80°C.

Generation of TBC1D1 antibody. An anti-TBC1D1 antibody was
generated by immunizing rabbits with a synthetic peptide correspond-
ing to an NH2-terminal amino acid sequence of mouse TBC1D1
(EAITFTARKHPFPNEVSVDFC). The COOH-terminal cystein (C)
residue was added to allow coupling of the peptide to keyhole limpet
hemocyanin. Antisera were affinity purified against the immunizing
peptide and used for immunoblotting as described below. Peptide
synthesis, immunization of rabbits, and antibody purification were
custom made (Pineda Ab-Service, Berlin, Germany).

Preparation of tissues, subcellular preparation, and
immunoblotting. Whole kidney homogenization was performed as
described (52). For preparation of cytosolic- and membrane-enriched
protein fractions, 400 �l of the kidney homogenate were centrifuged
at 100,000 g for 1 h at 4°C. The supernatant (cytosolic fraction) was
transferred to a new tube, and the pellet (membrane fraction) was
sonicated (Bandelin Sonoplus) for 15 s at 15% power in 300 �l lysis
buffer. Protein concentrations were assed with a Bradford assay
(Uptima, Montluçon Cedex, France). Lysates were separated by
SDS-PAGE and transferred to nitrocellulose membranes (Whatman
Protran; GE Healthcare, Chalfont, UK). Membranes were blocked in
blocking buffer (LI-COR Biosciences, Bad Homburg, Germany)
(room temperature, 30 min) and incubated with primary antibodies
overnight at 4°C. All primary antibodies used are listed in Table 1.
Noncommercially available antibodies were characterized in the ref-
erenced studies. For visualization, blots were incubated with a dye-
conjugated secondary IgG (room temperature, 2 h). The Odyssey
infrared-scanner detection system from LI-COR was used. Densito-
metric analyses were performed with the supplied software.

Quantitative real-time PCR. For total RNA extraction, kidneys
were homogenized using the rotor-stator Polytron PT 2100 homoge-
nizer (Kinematica, Lucerne, Switzerland) in RNA lysis buffer of the
SV total RNA isolation system kit (Promega, Madison, WI). RNA
extraction protocol was continued following the manufacturer’s in-
structions. Relative mRNA expression levels were determined
through quantitative real-time PCR with the LightCycler 480 II
(Roche). Data were analyzed using the LightCycler 480 Instrument
Software version 1.5. The following primers were used: TBC1D4
(NM_001081278) 5=-GCGCCAACGAATCTCTGGTGGAT-3=
and 5=-GCATGGGGCAGGTCTCGCAC-3=, GLUT4 (NM_00-
9204) 5=-ACACTGGTCCTAGCTGTATTCT-3= and 5=-
CCAGCCACGTTGCATTGTA-3=, and insulin receptor (IR)
(NM_010568.2) 5=-TCACGGAGTATGTCCCCAGTAGGC-3= and
5=-ATACCAGGGCACACCTCTCCAGG-3=, forward and reverse
primer, respectively.

Microarray analyses on complex object parametric analysis and
sorting DCTs. TBC1D4�/� and TBC1D4�/� mice (35) were crossed
with transgenic (tg) PV-EGFPwt/tg mice expressing enhanced green
fluorescent protein (EGFP) under control of the parvalbumin promoter
(38). Male, 8-wk-old TBC1D4�/� � PV-EGFPwt/tg and TBC1D4�/� �
PV-EGFPwt/tg (4 mice/genotype) were then used to isolate EGFP-posi-
tive DCTs in large scale by complex object parametric analysis and
sorting (COPAS) as described (41). For transcriptomic analysis, RNA
was isolated from isolated DCTs by using the high-pure RNA
isolation kit (Roche). RNA quality was assessed with the 2100
Bioanalyzer (Agilent, Santa Clara, CA) and NanoDrop ND-1000
(NanoDrop Technologies, Wilmington, DE), and labeled cDNA
from 100 ng RNA was generated by the Functional Genomics
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Center Zurich (FGCZ). Microarray experiments comparing sam-
ples of TBC1D4�/� � PV-EGFPwt/tg and TBC1D4�/� � PV-
EGFPwt/tg mice were performed on Affymetrix 1.1 Mouse Gene
Array (Santa Clara, CA), and gene levels were analyzed with the
b-fabric system of the FGCZ. The microarray data will be depos-
ited in the Gene Expression Omnibus database (accession no.:
GSE67701) of the National Institutes of Health (www.nih.gov).

Fixation, tissue processing, and immunohistochemistry. Parafor-
maldehyde (3%) dissolved in a 0.1 M cacodylate buffer was used to
fix mouse kidneys through the abdominal aorta as described previ-
ously (37). For immunohistochemistry, all primary antibodies (Table
1) were incubated overnight at 4°C on 4- to 5-�m cryosections.
Immunofluorescent pictures were taken with the Leica DM6000B
microscope and the LSM510Meta (CarlZeiss, Oberkochen, Germany)
confocal microscope. Pictures were processed using the Leica Appli-
cation Suite Advanced Fluorescence Lite (LAS AF Lite) 2.6.0 soft-
ware from Leica Microsystems.

Primary thick ascending limb cell isolation and culture. Primary
thick ascending limb (TAL) cells were prepared from microdissected
tubules of 3- to 6-wk-old male mice as described (22). In short, �50
TAL segments were placed on 0.33-cm2 collagen-coated PTFE filter
membranes (Transwell-COL, pore size 0.4 �m; Corning, Tewksbury,
MA) in culture medium (DMEM-F-12; GIBCO-BRL, Breda, The
Netherlands) supplemented with 15 mM HEPES (GIBCO-BRL), 0.55
mM sodium pyruvate (GIBCO-BRL), 0.01% nonessential amino
acids (GIBCO-BRL), 2% FBS, and a batch of SingleQuots (Lonza
BioWhittaker, Verviers, Belgium), pH 7.4, and incubated in a humid-
ified chamber at 37°C and 5% CO2. A monolayer of TAL cells
developed from the tubular fragments after 12–15 days. Subsequently,
the cells were cultured for 2 days in the absence of FBS to allow full
differentiation.

2-[3H]deoxyglucose uptake in mouse primary TAL cultures.
GLUT4-specific glucose transport activity was assessed in primary
TAL cultures (n 	 5–8) obtained from TBC1D4�/� and TBC1D4�/�

mice (n � 3, each) in the presence or absence of insulin. The uptake
protocol was adapted from glucose uptake experiments in fat and
muscle cells (14, 31). The day before the experiment, the cultures
were incubated overnight in serum- and insulin-free medium. The
following day, each culture was washed three times using uptake
buffer (150 mM NaCl, 10 mM HEPES, CaCl2, 5 mM KCl, and 1 mM
MgCl2). Next, the TAL cultures were incubated for 30 min in uptake
buffer supplemented with 100 �M D-glucose with or without 300 nM

insulin. The transport of glucose was determined by 2-[3H]deoxyglu-
cose (Perkin-Elmer, Waltham, MA) uptake experiments (uptake buf-
fer supplemented with 0.5 �Ci/ml 2-[3H]deoxyglucose and 100 �M
D-glucose). After 15 min, the uptake was stopped by adding 50 �M
cytochalasin B (Sigma Aldrich, St. Louis, MI), an irreversible
GLUT1-4 blocker, following 4 � 5 min washing in uptake buffer. The
cells were lysed in 1% SDS and added to 3 ml Emulsifier-Safe liquid
scintillation cocktail (Perkin-Elmer). Intracellular radioactivity was
quantified by liquid scintillation counting using the Packard Tri-Carb
2900 (Perkin-Elmer). As a control, 10 �M indinavir (Sigma Aldrich)
(26), a specific GLUT4 inhibitor, was used to determine the GLUT4-
specific transport in cultures from TBC1D4�/� and TBC1D4�/�
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Fig. 1. TBC1D4 mRNA and protein are not detectable in kidneys of TBC1D4-
deficient (TBC1D4�/�) mice. Detection of TBC1D4 mRNA levels by qRT-
PCR (A) and protein abundance by immunoblotting (B) in whole kidney
lysates from wild-type (TBC1D4�/�) and TBC1D4�/� mice. Values are
normalized to either GAPDH (mRNA) or 
-actin (protein) and expressed as
means � SE, n � 5 mice/group. ***P � 0.001.

Table 1. Primary antibodies used for IB and IHC

Antibody Host

Dilution

Source ReferenceIB IHC

TBC1D4 Rabbit 4,000 1,000 Loffing 35
TBC1D1 Rabbit 1,000 This study This study
GLUT4 Rabbit 10,000 1,000–5,000 Millipore Catalog-No. 07-1404
GLUT4 Rabbit 10,000 2,000–10,000 Sigma Catalog-No. G4173
Akt Rabbit 1,000 Cell Signaling Catalog-No. 9272
pAkt Rabbit 1,000 Cell Signaling Catalog-No. sc7976
ERK1/2 Rabbit 500 SCBT Catalog-No. sc7976
pERK1/2 Rabbit 500 SCBT Catalog-No. sc101760
Na�-K�-ATPase Rabbit 10,000 Feraille 21
NKCC2 Rabbit 1,000 10,000 Loffing 56
tNCC Rabbit 10,000 Loffing 52
pT53 NCC Rabbit 5,000 Loffing 52
pT58 NCC Rabbit 5,000 Loffing 52
pS71 NCC Rabbit 5,000 Loffing 52
�-ENaC Rabbit 1,000 Loffing 52

-ENaC Rabbit 7,500 Loffing 56
�-ENaC Rabbit 7,500 20,000 Loffing 56
AQP2 Rabbit 5,000 20,000 Loffing 56

-actin Mouse 10,000 Sigma Catalog-No.A1978

IB, immunoblotting; IHC, immunohistochemistry; p, phosphorylated; t, total; AQP2, aquaporin-2.
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mice. Glucose uptake with cytochalasin B served to normalize the
values. All values were expressed in picomoles per hour per square
centimeter.

Statistical analyses. Statistical analyses were performed with the
GraphPad Prism Software (San Diego, CA). Data are represented as
means � SE and were tested for significance using one- or two-way
ANOVA followed by unpaired Student’s t-test and Bonferroni or false
discovery rate (FDR) correction where appropriate. P � 0.05 was
considered statistically significant.

RESULTS

TBC1D4 deletion does not affect renal salt and water
handling. To investigate the function of TBC1D4 in the kid-
ney, we used constitutive TBC1D4 knockout mice
(TBC1D4�/�) (35) and compared them with age-matched
wild-type TBC1D4�/� mice. Quantitative RT-PCR and immu-
noblotting confirmed the effective deletion of TBC1D4 in the
kidneys of TBC1D4�/� mice (Fig. 1, A and B). As previously
described, TBC1D4�/� mice did not reveal any gross abnor-
malities (31, 35, 57). On standard diet, mice of both genotypes
revealed similar body weights, food and water intake, plasma
pH and ion (Na�, K�, Cl�) concentrations, as well as plasma
aldosterone and corticosterone levels (Table 2). Likewise,
urinary volume excretion, osmolarity, and ion excretion (Na�,
K�) did not differ between genotypes. Accordingly, blood
pressure measurements using the noninvasive tail-cuff method
revealed no difference between TBC1D4�/� and TBC1D4�/�

mice (Table 2).
TBC1D4 deletion does not affect renal expression of salt-

and water-transporting proteins. To determine if the lack of
TBC1D4 affects renal ion-transporting proteins in distal tubule
segments, we assessed the abundance of NKCC2, NCC, ENaC,
Na�-K�-ATPase, and AQP2 (Fig. 2). Densitometric analysis
did not reveal any significant differences in the protein abun-
dance of NKCC2, NCC, the three ENaC subunits �, 
, �,
AQP2, and the Na�-K�-ATPase between control and

TBC1D4�/� mice (Table 3). Moreover, using phosphospecific
antibodies, we did not obtain any evidence that the phosphor-
ylation of NCC at the positions T53, T58, and S89 was
changed. Phosphorylation of NCC at these sites were shown to
correlate with NCC activity (52).

TBC1D4 deletion is not compensated by an increased ex-
pression of TBC1D1 or other TBC1D proteins. TBC1D1 is a
close homolog of TBC1D4 that has similar Akt phosphoryla-
tion sites and does also regulate GLUT4 trafficking (11, 48).
Interestingly, TBC1D1 is also highly expressed in the kidney
(14). Therefore, we next tested whether the lack of TBC1D4
might be compensated by an altered expression of TBC1D1.
However, we could not find any modulation in renal TBC1D1
protein abundance between TBC1D4�/� and TBC1D4�/�

mice (Fig. 3). Consistent with this observation, preliminary
experiments in TBC1D4/TBC1D1 double-knockout mice (13)
did not reveal any evidence for an altered renal salt and water
handling in these mice. Furthermore, we performed microarray
analyses on COPAS-isolated DCTs of TBC1D4�/� and
TBC1D4�/� mice to check whether other members of the
TBC1 protein family might be upregulated in response to
TBC1D4 deficiency. Because DCTs were shown to have a very
high TBC1D4 protein abundance (35), we expected that a

Table 2. Physiological, blood, and urine parameters of
TBC1D4�/� and TBC1D4�/� mice on standard diet

WT KO P Value

Physiology
SBP, mmHg 100.9 � 2.7 (4) 96.3 � 4.4 (4) 0.399
Body wt, g 31.9 � 2.2 (8) 30.9 � 0.7 (7) 0.668
Food intake, mg·g body

wt�1·24 h�1 109.9 � 20.5 (4) 113.7 � 26.8 (3) 0.913
Water intake, �l·g body

wt�1·24 h�1 151.7 � 39.2 (4) 138.1 � 9.2 (3) 0.784
Blood

pH 7.37 � 0.03 (8) 7.36 � 0.03 (7) 0.988
Na�, mM 148 � 0.42 (8) 146.9 � 0.40 (7) 0.075
K�, mM 4.19 � 0.11 (8) 3.87 � 0.20 (7) 0.162
Cl�, mM 110.1 � 1.25 (8) 110.7 � 1.34 (7) 0.752
Corticosterone, nM 658.71 � 91.25 (7) 811.55 � 76.52 (6) 0.235
Aldosterone, nM 0.64 � 0.13 (7) 0.86 � 0.17 (6) 0.328
Glucose, mM 8.05 � 0.45 (14) 8.78 � 0.84 (10) 0.418
Insulin, ng/ml 0.40 � 0.04 (7) 0.35 � 0.01 (7) 0.234

Urine
Urine excretion, ml/24 h 1.0 � 0.2 (18) 1.0 � 0.2 (19) 0.936
Osmolarity, mosmol/kgH2O 2,993 � 205.3 (9) 3,430 � 447.9 (9) 0.390
Na� (norm. to Creat.) 21.91 � 2.61 (23) 23.93 � 3.95 (20) 0.618
K� (norm. to Creat.) 52.97 � 6.37 (23) 54.39 � 6.49 (20) 0.879
Ratio Na�/K� 0.45 � 0.04 (23) 0.46 � 0.04 (20) 0.839
Aldosterone, ng/24 h 13.36 � 4.31 (7) 13.30 � 4.46 (6) 0.957

Values are mean � SE. WT, wild type; KO, knockout; Creat, creatinine.
Statistical differences between TBC1D4�/� and TBC1D4�/� mice were as-
sessed by unpaired t-test.

Fig. 2. TBC1D4 deficiency does not affect the abundance and/or phosphory-
lation of renal Na� and water-transporting proteins. Detection by immuno-
blotting of NKCC2, total NaCl cotransporter (NCC), and NCC phosphorylated
at threonine-53 (pT53), threonine-58 (pT58), and serine (pS89), �-, 
-, and
�-epithelial Na� channel (ENaC), aquaportin-2 (AQP2), and the Na�-K�-
ATPase in membrane preparation from kidneys of TBC1D4�/� and
TBC1D4�/� mice kept on a standard diet. Detection of 
-actin served for
normalization of the densitometric data provided in Table 3.
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differential regulation of gene products between TBC1D4�/�

and TBC1D4�/� mice might be most prominent in this seg-
ment. However, although the microarray data confirmed the
loss of TBC1D4 expression, they did not reveal any significant
differential regulation for all analyzed gene products of the
TBC1D family (Table 4).

TBC1D4 is dispensable for the renal adaptation to a LNa/
HKD or water restriction. Previous in vitro data had suggested
that TBC1D4 is involved in the aldosterone- and vasopressin-
dependent regulation of ENaC and AQP2, respectively (27, 29,
34). Therefore, we next tested whether the TBC1D4�/� mice
may show a defect in urinary ion and water excretion and/or
the expression of ENaC and AQP2 when challenged by con-
ditions known to increase endogenous aldosterone and vaso-
pressin production. First, we fed mice with a LNa (�0.03%)/
HKD (5%) to maximally stimulate the renin-angiotensin-aldo-
sterone system (RAAS). Similar to standard diet, no difference
between TBC1D4�/� and TBC1D4�/� mice was detected
concerning urinary ion and hormone excretion and plasma
hormone levels (Table 5). Likewise, the protein abundances of
NKCC2, NCC (total and pT53, pT58, and pS89), ENaC,
AQP2, and Na�-K�-ATPase were similar between

TBC1D4�/� and TBC1D4�/� mice even on LNa/HKD (Fig. 4
and Table 3). Finally, we analyzed whether TBC1D4�/� mice
were able to concentrate urine during water restriction. To
avoid a maximum activation of compensatory mechanisms that
may mask subtle effects of the gene deletion on urinary ion
excretion, we chose a previously described protocol with a
mild but not complete water deprivation (59). The drinking
bottle with tap water was removed, but water was added to the
dry chow as described in MATERIALS AND METHODS. Compared
with the period of ad libitum water access, the food intake
slightly increased (Fig. 5A), whereas the urine volumes signif-
icantly dropped during the water restriction period (Fig. 5B).
Urine osmolarity (Fig. 5C), water balance (Fig. 5D), urinary
cation excretion (Na�, K�, Mg2�) (Fig. 5E), and the Na�-
to-K� ratio did not differ between the genotypes. Likewise,
urinary aldosterone levels were similar in TBC1D4�/� and
TBC1D4�/� mice (Fig. 5F).

TBC1D4 colocalizes with GLUT4 along the nephron and
regulates its expression. TBC1D4 is coexpressed with and
regulates GLUT4 in classical (fat and muscle) (10, 28) and
nonclassical (heart and pancreas) insulin-responsive tissues (8,
57). Previous studies reported also TBC1D4 and GLUT4

Table 3. Summary of densitometric analyses performed on immunoblots of kidneys from TBC1D4�/� and TBC1D4�/� mice
kept either on standard diet or LNa/HKD

Standard Diet LNa/HK

WT KO P value WT KO P value

NKCC2 100 � 7.4 100 � 14.8 0.999 100 � 8.9 74.5 � 12.4 0.132
tNCC 100 � 12.3 113.0 � 14.4 0.506 100 � 27.1 65.5 � 19.2 0.329
NCC pT53 100 � 12.0 114.7 � 14.0 0.439 100 � 24.7 62.7 � 13.4 0.221
NCC pT58 100 � 5.8 107.9 � 17.8 0.68 100 � 18.4 125.6 � 28.1 0.467
NCC pS89 100 � 9.9 113.3 � 18.2 0.534 100 � 15.5 118.3 � 19.2 0.480
��ENaC (90 kDa) 100 � 8.7 91.5 � 13.5 0.606 100 � 22.9 115.1 � 27.2 0.703
��ENaC (35 kDa) 100 � 13.7 107.4 � 12.8 0.700 100 � 34.7 116.4 � 17.4 0.668

�ENaC 100 � 12.9 103.7 � 23.6 0.893 100 � 11.9 98.9 � 13.6 0.950
��ENaC (90 kDa) 100 � 8.4 125.6 � 13.5 0.133 100 � 11.5 103.2 � 10.7 0.844
��ENaC (70 kDa) 100 � 11.1 110.8 � 7.4 0.434 100 � 15.5 99.3 � 12.7 0.973
AQP2 (35 kDa) 100 � 16.4 122.6 � 14.0 0.314 100 � 9.9 82.7 � 10.7 0.268
AQP2 (25 kDa) 100 � 16.1 105.0 � 7.0 0.781 100 � 15.4 80.3 � 13.9 0.370
Na�-K�-ATPase 100 � 13.0 110.1 � 4.1 0.471 100 � 4.4 93.3 � 3.4 0.264
TBC1D1 100 � 4.8 94.0 � 14.6 0.706 100 � 8.8 77.7 � 16.1 0.260
AKT 100 � 9.4 139.7 � 23.4 0.141 100 � 8.3 107.6 � 6.2 0.483
pAKT (S473) 100 � 3.6 100.7 � 15.6 0.961 100 � 22.9 188 � 32.6 0.057
ERK1/2 100 � 9.1 104.4 � 2.5 0.650 100 � 5.3 103.6 � 5.8 0.660
pERK1/2 100 � 10.2 131.7 � 16.1 0.134
GLUT4 (S) 100 � 8.4 71.4 � 7.2 * 0.024 100 � 12.5 63.4 � 7.2 * 0.034
GLUT4 (M) 100 � 10.3 70.2 � 6.5 * 0.029 100 � 13.5 61.0 � 7.3 * 0.035

All values were normalized to 
-actin and expressed as means � SE; n � 5 mice/group. LNa/HK, low Na�/high K�; S and M indicate the GLUT4 antibodies
from Sigma-Aldrich and Millipore, respectively. *P � 0.05.
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Fig. 3. TBC1D4 deficiency does not induce increased
abundance of the close homolog TBC1D1. A: detection
by immunoblotting of TBC1D1 in whole kidney lysates
from TBC1D4�/� and TBC1D4�/� mice kept on a
standard diet. B: detection of 
-actin served for normal-
ization of the densitometric data shown as bar graphs.
Open bar, TBC1D4�/� mice; filled bar, TBC1D4�/�.
All values are means � SE, n 	 5 mice/group.
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expression in the kidney (2, 5, 9, 15, 35). Therefore, we aimed
at determining whether TBC1D4 colocalizes with GLUT4 in
renal epithelial cells and whether the expression of the trans-
porter is affected in TBC1D4�/� mice as reported for skeletal
muscle and adipose cells (13, 31, 57). We first analyzed the

localization of GLUT4 mRNA expression along the nephron
and correlated it with TBC1D4 expression data. GLUT4
mRNA levels in microdissected tubules showed the highest
expression in the TAL (Fig. 6A); therefore, the TAL was used
as reference segment (100%). We found that GLUT4 expres-
sion was low in proximal segments (�10%) and in the glom-
erulus (�20%), intermediate in the CNT/CD (�41%), and
high in the DCT (�74%) (Fig. 6A). TBC1D4 mRNA showed
a similar distribution (Fig. 6B). Immunostainings for GLUT4
and nephron segment-specific marker molecules on consecu-
tive cryosections confirmed GLUT4 abundance in NKCC2-
positive medullary and cortical TAL, NCC-positive DCT, and
AQP2-positive CNT/CD (Fig. 6C). Moreover, we analyzed
renal GLUT4 abundance by immunoblotting using membrane
fractions. As shown in Fig. 6D, TBC1D4�/� mice displayed a
significant reduction of �30% of GLUT4 protein expression
levels. This reduction of GLUT4 abundance in TBC1D4�/�

mice was confirmed with a second GLUT4 antibody (data not
shown) and by immunohistochemistry (IHC) (Fig. 6E). Renal
GLUT4 mRNA levels did not differ between the genotypes
(Fig. 6F), pointing to a posttranslational regulation of GLUT4
abundance. Overall, these data suggested that TBC1D4 is an
important regulator of GLUT4 in renal epithelial cells, as
evidenced by its colocalization and the reduction of GLUT4
expression in TBC1D4�/� mouse kidney.

TBC1D4 deletion increases basal glucose uptake in primary
TAL cells. To investigate the functional impact of TBC1D4 on
glucose uptake in renal distal tubule epithelial cells, we iso-
lated and grew primary TAL cells as previously described (22).

Table 4. Microarray analysis of mRNA expression levels of TBC1D family members in COPAS-isolated DCTs of
TBC1D4�/� and TBC1D4�/� mice

Gene WT KO Overall FDR Corrected Selected FDR Corrected

TBC1D1 6.81 � 0.05 6.83 � 0.03 1 0.982
TBC1D2 4.85 � 0.11 4.86 � 0.07 1 0.982
TBC1D2B 4.81 � 0.09 4.86 � 0.09 1 0.982
TBC1D4 6.75 � 0.07 2.47 � 0.11 9.15�8* 1.82�6*

TBC1D5 5.37 � 0.04 5.32 � 0.03 1 0.982
TBC1D7 6.52 � 0.05 6.48 � 0.06 1 0.982
TBC1D8 4.16 � 0.12 4.17 � 0.01 1 0.982
TBC1D8B 5.8 � 0.02 5.91 � 0.05 1 0.529
TBC1D9 5.64 � 0.02 5.69 � 0.03 1 0.808
TBC1D9B 6.71 � 0.03 6.73 � 0.06 1 0.982
TBC1D10A 4.67 � 0.06 4.87 � 0.07 1 0.584
TBC1D10B 4.85 � 0.06 4.89 � 0.04 1 0.982
TBC1D10C 2.99 � 0.08 3.01 � 0.11 1 0.982
TBC1D12 6.24 � 0.04 6.11 � 0.08 1 0.808
TBC1D13 6.67 � 0.08 6.66 � 0.04 1 0.982
TBC1D14 7.58 � 0.05 7.60 � 0.03 1 0.982
TBC1D15 5.94 � 0.08 5.93 � 0.10 1 0.982
TBC1D16 4.37 � 0.13 4.18 � 0.06 1 0.808
TBC1D17 5.57 � 0.08 5.54 � 0.07 1 0.982
TBC1D19 7.16 � 0.05 7.14 � 0.06 1 0.982
TBC1D20 6.42 � 0.07 6.42 � 0.01 1 0.982
TBC1D21 1.84 � 0.04 1.86 � 0.05 1 0.982
TBC1D22A 5.14 � 0.07 5.18 � 0.05 1 0.982
TBC1D22B 6.64 � 0.04 6.50 � 0.07 1 0.775
TBC1D23 5.45 � 0.06 5.28 � 0.03 1 0.456
TBC1D24 5.93 � 0.07 5.86 � 0.04 1 0.982
TBC1D25 5.59 � 0.04 5.59 � 0.05 1 0.982
TBC1D30 2.81 � 0.08 2.85 � 0.04 1 0.982

Values are means � SE; n 	 4 mice/group. COPAS, complex object parametric analysis and sorting; DCT, distal convoluted tubule; FDR, false
discovery rate. After FDR correction of selected TBC1D genes (n 	 28), only TBC1D4 resulted as differentially regulated mRNA in DCTs of TBC1D4�/�

mice. *P � 0.0017.

Table 5. Physiological, blood, and urine parameters of
TBC1D4�/� and TBC1D4�/� mice on LNa/HKD

�/� (n 	 5) �/� (n 	 5) P Value

Physiology
Body wt, g 22.0 � 0.3 22.2 � 0.7 0.778
Food intake, mg·g body

wt�1·24 h�1 234.9 � 24.8 217.8 � 15.0 0.570
Water intake, �l·g body

wt�1·24 h�1 348.7 � 43.4 298.1 � 18.7 0.316
Renin mRNA levels,

arbitrary units
0.27 � 0.0 0.28 � 0.1 0.827

Blood
Corticosterone, nM 304.41 � 26.70 416.15 � 59.98 0.127
Aldosterone, nM 5.24 � 1.05 5.15 � 1.45 0.96
Glucose, mM 7.08 � 0.56 5.3 � 0.34 0.026
Insulin, ng/ml 0.66 � 0.07 0.55 � 0.06 0.253

Urine
Urine excretion, ml/24 h 4.1 � 0.8 3.3 � 0.7 0.357
Osmolarity, mosmol/kgH2O 3,090 � 491.3 3,274 � 305.3 0.759
Na� (normal. to Creat.) 5.28 � 0.74 5.61 � 0.43 0.713
K� (normal. to Creat.) 894.31 � 68.64 909.04 � 94.25 0.903
Ratio Na�/K� 0.006 � 0.00 0.007 � 0.00 0.622
Aldosterone, ng/24 h 373.09 � 51.29 353.88 � 64.80 0.819

Values are means � SE. Statistical differences between TBC1D4�/� and
TBC1D4�/� mice were assessed by unpaired t-test.
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TAL cell culture was chosen because the RT-PCR data indi-
cated that TAL cells express the highest GLUT4 levels of all
distal tubule segments and because the previously established
cell culture protocols ensured sufficient polarized and well-
differentiated cells for functional analysis. Although the total
protein abundance of GLUT4 was reduced in the kidneys of
TBC1D4�/� mice, we found that glucose uptake under basal
conditions was significantly higher in TAL cells of
TBC1D4�/� compared with TBC1D4�/� mice (Fig. 7A). Fur-
thermore, insulin-induced glucose uptake, which was well
observed in TBC1D4�/� cells, was completely abrogated in
the TBC1D4�/� TAL cells (Fig. 7A). To determine the fraction
of GLUT4-mediated glucose uptake in response to insulin, we
treated the cells with indinavir, a reversible blocker of GLUT4.
Costimulation of insulin and indinavir abolished the insulin
stimulatory effects in wild-type and restored the glucose uptake
of TBC1D4-deficient cells to normal (Fig. 7A). This suggested
that the higher glucose uptake observed in TBC1D4�/� cells
under basal condition was due to an impaired GLUT4 regula-
tion. To reveal a potential dysfunction of insulin signaling in
TBC1D4�/� mice kidney, we analyzed the insulin receptor
expression. As shown in Fig. 7B, TBC1D4�/� mice presented
similar mRNA levels of the insulin receptor as TBC1D4�/�

mice. Furthermore, the downstream effectors of insulin signal-
ing, Akt and ERK1/2, were not differentially abundant and/or
phosphorylated between TBC1D4�/� and TBC1D4�/� mice
(Fig. 7C). These data suggested that the dysregulation of
glucose uptake in TBC1D4-deficient TAL cells was not due to
alterations in insulin signaling upstream of TBC1D4. These
data were further supported by the microarray data that did not
provide any evidence for a differential regulation of mRNAs
encoding for proteins involved in glucose transport and/or
insulin signaling.

DISCUSSION

With th use of a TBC1D4-deficient mouse model, this study
evaluated the physiological significance of the Rab-GAP
TBC1D4 in the kidney. In contrast to evidence from previous
in vitro data, our findings did not support the idea that TBC1D4
is crucial for the physiological regulation of renal Na� and
water handling. However, our findings provide clear evidence
that TBC1D4 controls GLUT4-mediated glucose uptake in
renal distal tubules, which points to a hitherto not assumed role
of TBC1D4 in the kidney.

In a mouse cortical collecting duct cell line, TBC1D4
knockdown increases amiloride-sensitive Na� currents and the
cell surface abundance of ENaC (34). Likewise, TBC1D4 was
shown to interact with the �-subunit of the Na�-K�-ATPase
and to retain the pump at intracellular sites in heterologous
expression systems (3). Taken together, these findings suggest
that TBC1D4 may decrease tubular Na� reabsorption. Con-
versely, the deletion of TBC1D4 may cause ENaC-dependent
renal Na� retention and may eventually increase blood pres-
sure as observed in humans and mouse models with ENaC
hyperactivity (42, 51). Surprisingly, we did not find any evi-
dence for an altered renal Na� transport in TBC1D4�/� mice.
TBC1D4�/� mice had the same body weight, food and water
intake, as well as urinary Na� and K� excretion and arterial
blood pressure as TBC1D4�/� mice. TBC1D4�/� mice did not
even reveal any difference in phenotype compared with
TBC1D4�/� mice when challenged by a LNa/HKD, which is
supposed to maximally increase endogenous aldosterone pro-
duction. This contrasts with constitutive or kidney-specific
Nedd4-2 and SGK1 knockout mouse models, which show an
overt renal transport defect with altered arterial blood pressure
as soon as they are challenged by an altered dietary salt intake
(19, 46).

Urine concentration critically depends on vasopressin-de-
pendent water reabsorption via apical AQP2 water channels in
the renal collecting system. Deficits in vasopressin-dependent
signaling and AQP2 regulation are associated with severe
defects in renal water handling as has been observed in patients
and in mouse models (30, 45). In mpkCCD cells, the knock-
down of TBC1D4 cells was shown to increase the cell surface
abundance of the water channel AQP2, suggesting that
TBC1D4 may contribute to the control of renal water handling
(27, 29). However, in line with the results on renal Na� uptake,
we were unable to provide any evidence that the loss of
TBC1D4 in vivo influences the regulation of renal water
reabsorption and/or of AQP2. Compared with TBC1D4�/�

mice, the TBC1D4�/� mice did not show any difference in
urine concentration or AQP2 abundance, neither under stan-
dard conditions nor in response to water restriction.

Fig. 4. Challenging TBC1D4�/� and TBC1D4�/� mice with a low Na�/
high-K� diet does not provoke any differences in the abundance and/or
phosphorylation of renal Na� and water-transporting proteins between geno-
types. Detection by immunoblotting of NKCC2, total NCC, and NCC T53,
pT58, and pS89, �-, 
-, and �-ENaC, AQP2, and the Na�-K�-ATPase in
membrane preparation from kidneys of TBC1D4�/� and TBC1D4�/� mice
kept for 10 days on a low Na� (�0.03%), high K� (5.0%) diet. Detection of

-actin served for normalization of the densitometric data provided in Table 3.
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Taking into account previous in vitro findings that suggest a
strong role of TBC1D4 in the regulation of ENaC, Na�-K�-
ATPase, and AQP2 (3, 27, 29, 34), our findings are surprising.
In skeletal muscle cells, other members of the TBC1D protein
family such as TBC1D1 have overlapping functions with
TBC1D4 and contribute to the regulation of GLUT4 (11, 13).
This may account for a reciprocal compensation between these
two proteins or even across the entire Rab-GAP TBC1D
protein family. However, using immunblotting for TBC1D1
and microarray analyses, we did not detect any evidence that
the loss of TBC1D4 is compensated by the upregulation of any
of the TBC1D proteins (Table 4) and/or any other mRNA
involved in protein trafficking, renal ion and water transport, as
well as glucose metabolism. Thus, although we cannot com-
pletely exclude the activation of compensatory mechanisms in
the TBC1D4 knockout mice, our study indicates that TBC1D4
is dispensable for the physiological regulation of ENaC, Na�-
K�-ATPase, and AQP2 in the kidney in vivo.

In the kidney, GLUT4 expression has been documented in
renal vessels (9), glomeruli, the TAL (9, 15), proximal and
distal tubules (2), and in juxtaglomerular cells (5). However,
the reported expression patterns varied between studies, which
may be explained by the use of different probes and that either

mRNA or protein expressions were analyzed. Here, we com-
bined qRT-PCR analysis on microdissected tubule segments
with IHC studies to establish a detailed description of GLUT4
abundance along the nephron. With the use of two different
GLUT4 antibodies, GLUT4 was found to be highly abundant
along the entire distal nephron, whereas proximal tubules and
glomeruli expressed very little, if any, GLUT4. The predomi-
nant localization of GLUT4 along the distal nephron matches
with the capability of the distal tubules for anaerobic glycoly-
sis, which requires substantial glucose uptake into the cells (23,
47). In fact, although the proximal tubules depend mainly on
aerobic metabolism, the distal tubules possess a high anaerobic
capacity (6, 25) and express the necessary glycolytic enzymes
such as hexokinase, pyruvate kinase, phosphofructokinase
(23), insulin receptors, insulin-like receptors, and downstream
signaling pathways, including insulin receptor substrate, and
PKB/Akt (12, 32, 43). Furthermore, the renal distal tubules
have a high epithelial transport activity, which is reflected in a
high mitochondrial density and strong expression of the Na�-
K�-ATPase (44). Thus, GLUT4-dependent glucose uptake
may fuel the high energy demand of distal tubules. Interest-
ingly, vasopressin and other cAMP-increasing hormones were
also shown to regulate GLUT4 phosphorylation in medullary
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Fig. 5. TBC1D4 deficiency does not impair
the renal adaptation to water restriction (WR).
Response of TBC1D4�/� (open bars) and
TBC1D4�/� (filled bars) mice to 48-h ad
libitum (ad lib) access to water and to 24-h
mild water restriction as described in MATE-
RIALS AND METHODS. Mice were kept in met-
abolic cages to record food intake (A), urine
volume (B), urine osmolarity (C), total water
intake (D), urinary cation concentration nor-
malized to urinary creatinine concentrations
(E), and urinary aldosterone excretion (F).
Total water intake was calculated from water
intake and water content in the food. All
values are means � SE; n � 5 mice/group.
*P � 0.05.
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TALs, suggesting a concerted regulation of ion transport and
glucose uptake (24).

Consistent with numerous previous studies on muscle cells
and adipocytes (33, 49), our IHC experiments showed a pre-
dominant intracellular localization of GLUT4. However, they
did not allow a clear apical and/or basolateral plasma mem-
brane localization. Nevertheless, given that the proximal tu-
bules recover most of the filtered glucose from the urine and

that therefore the tubular fluid at distal tubules is usually
glucose free, it is reasonable to assume that glucose uptake by
GLUT4 can only be achieved via the basolateral cell side.
Future studies will need to address this in more detail. These
studies may also determine whether GLUT4 translocates from
intracellular sites to the cell surface in response to insulin, as it
was shown in adipocytes and skeletal muscle cells (13, 31, 57).
Our experiments further demonstrated a strong correlation
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Fig. 6. TBC1D4 and GLUT4 colocalize along
the distal nephron, and TBC1D4 deficiency
reduces renal GLUT4 protein abundance. Ex-
pression levels of GLUT4 mRNA (A) and
TBC1D4 mRNA (B) in microdissected glom-
eruli and tubule segments of TBC1D4�/�

mice. The mRNA levels were analyzed by
qRT-PCR, normalized to GAPDH mRNA ex-
pression levels, and then expressed in percent
of the expression levels in the segment with
the highest expression levels [thick ascending
limb (TAL)]. Values are means � SE, n � 3
mice for each segment. C: immunohistochem-
ical detection of either GLUT4 (top) or
NKCC2, NCC, and AQP2 (bottom) in consec-
utive cryosections of the renal cortex and me-
dulla of wild-type mice. GLUT4 is found in
the NKCC2-positive medullary and cortical
TAL, NCC-positive distal convoluted tubule
(DCT), and AQP2-positive connecting tubule
(CNT)/collecting duct (CD). D: detection by
immunoblotting of GLUT4 (Millipore) in
membrane preparation from kidneys of
TBC1D4�/� and TBC1D4�/� mice kept on a
standard diet. Detection of 
-actin served for
normalization of the densitometric data pro-
vided in the corresponding bar graph and in
Table 3. Values are means � SE; n 	 5
mice/group, *P � 0.05. E: immunohistochem-
ical detection of GLUT4 (Millipore) in renal
cortex of a TBC1D4�/� and a TBC1D4�/�

mouse; presented images are representative
for all analyzed mice (n 
 3)/group. F: quan-
titative analysis by qRT-PCR of GLUT4
mRNA levels in kidneys of TBC1D4�/� and a
TBC1D4�/� mice. Values are normalized to
GAPDH mRNA levels and expressed as
means � SE; n � 5 mice/group.
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between GLUT4 and TBC1D4 abundance along the nephron,
indicating a possible functional interaction of both proteins not
only in fat and skeletal muscle (18, 55) but also in the kidney.
In line with these findings, we were able to convey that renal
GLUT4 abundance and glucose uptake in distal tubular epi-
thelial cells depend on TBC1D4. Indeed, renal GLUT4 abun-
dance was reduced in TBC1D4�/� mice. This reduction oc-
curred at the protein and not at the mRNA level, suggesting an
increased posttranslational protein turnover, similar to what
has been described in adipocytes and/or skeletal muscle cells of
TBC1D4�/� mice (13, 31, 57). Surprisingly, this decrease in
GLUT4 protein abundance was not reflected in a reduction of
GLUT4-dependent glucose uptake in distal tubule cells. In fact,
isolated primary TAL cells of TBC1D4�/� mice even showed
a higher basal glucose uptake than TAL cells of TBC1D4�/�

mice, which could not be further stimulated with insulin.
Intriguingly, increased GLUT4-mediated glucose uptake, de-
spite reduced total GLUT4 protein levels, was consistently
observed also in white fat cells of TBC1D4�/� mice although
the effect on skeletal muscle cells was more variable (13, 31,
57). The underlying mechanism for the inverse regulation of
GLUT4 protein abundance and GLUT4 activity in adipocytes
and renal epithelia and the apparent cell type specificity are
unclear but may include a differential regulation of GLUT4
protein synthesis and/or turnover, cell surface targeting, and/or

the intrinsic activity of the transporter as discussed by Lansey
et al. (31).

What might be the functional consequence of the increased
basal GLUT4-dependent glucose uptake in distal tubular epi-
thelial cells? First of all, it may contribute to the altered
systemic glucose handling in this (13) and other (31, 57)
TBC1D4�/� mouse models and in humans with TBC1D4
mutations (17, 40), which was formerly only attributed to the
classical insulin-target tissues such as fat and skeletal muscle
(13, 57). Likewise, the abrogated response of TBC1D4-defi-
cient TAL cells supports the hypothesis that the observed
systemic insulin resistance in TBC1D4�/� mice (13, 31, 57)
could be partially related to the kidney. Aside from these
systemic metabolic effects, the loss of TBC1D4 may improve
basolateral glucose uptake and, with that, the glycolytic capac-
ity of distal tubules, which may in turn contribute to their
decreased vulnerability during renal ischemia compared with
proximal tubules (25). In fact, recent studies showed a de-
creased intracellular retention of the Na�-K�-ATPase in distal
tubules of TBC1D4�/� mice in response to renal ischemia. The
effect was attributed to a loss of a direct intracellular retention
of the Na�-K�-ATPase by TBC1D4. However, improved
GLUT4-dependent glucose uptake and hence energization of
the cells may have also contributed to an improved cell surface
targeting of the Na�-K�-ATPase. Consistent with this idea, the
distal tubules of TBC1D4�/� mice showed a lower ischemia-
induced apoptosis rate than those of TBC1D4�/� mice, al-
though the effect did not reach statistical significance (4). The
availability of transgenic mice with “floxed” GLUT4 alleles (1)
may allow the testing of the role of GLUT4 in distal tubules in
systemic glucose handling as well as in their known ischemic
tolerance (25).

In conclusion, the disruption of the TBC1D4 gene in mice
neither significantly affects the renal control of salt and water
homeostasis and blood pressure, nor the abundance of ENaC,
AQP2, and the Na�-K�-ATPase in the kidney. These findings
are in contrast to what has previously been suggested based on
studies on cells in vitro. Nevertheless, TBC1D4�/� mice do
have a distinct renal phenotype. Specifically, TBC1D4 defi-
ciency is associated with an increased GLUT4-dependent glu-
cose uptake in distal tubule cells under baseline conditions,
which may improve their energy supply and anaerobic glyco-
lytic capacities and may become relevant during renal hypoxia
and/or during enhanced tubular workloads.
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Fig. 7. TBC1D4 deficiency increases basal glucose uptake but abrogates
insulin-stimulated glucose uptake in TAL cells. A: analysis of basal and
insulin-stimulated 2-[3H]deoxyglucose (3HDOG-glucose) uptake in primary
TAL cell cultures isolated from TBC1D4�/� (open bars) and TBC1D4�/�

(filled bars) mice. Insulin (300 nM) was applied for 15 min either alone (ins)
or together with the specific GLUT4 inhibitor indinavir (ind, 10 �M). Values
are means � SE; n � 3 cell cultures/group. *P � 0.05 and ***P � 0.001. B:
quantitative analysis by qRT-PCR of insulin receptor (IR) mRNA levels in
kidneys of TBC1D4�/� and a TBC1D4�/� mice. Values are normalized to
GAPDH mRNA levels and expressed as means � SE; n � 5 mice/group. C:
detection by immunoblotting of AKT, AKT pS473, ERK1/2, and pERK1/2 in
whole kidney lysates from TBC1D4�/� and TBC1D4�/� mice kept on a
standard diet. Detection of 
-actin served for normalization of the densitomet-
ric data provided in Table 3.
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