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Adipocytes hydrolyze triglycerides and secrete free fatty acids and
glycerol into the circulation. The molecular mechanism involved in
glycerol transport from adipocytes has not been elucidated. Here,
we investigated glycerol and glucose metabolism in mice lacking
aquaporin 7 (Aqp7), a member of the aquaglyceroporins expressed
in adipose tissue, and demonstrated that Aqp7 functions as a
glycerol gateway molecule in vivo. Aqp7-knockout (KO) mice had
lower plasma glycerol levels compared with WT mice but had
normal plasma free fatty acid levels. The increase in plasma
glycerol level in response to �3-adrenergic agonist was severely
impaired in KO mice. Epinephrine-stimulated glycerol secretion
was also impaired in Aqp7 knockdown adipocytes. During pro-
longed fasting, plasma glycerol was elevated and the plasma
glucose level was maintained in WT mice. In contrast, KO mice
showed a disrupted increase of plasma glycerol and rapid reduc-
tion of plasma glucose during prolonged fasting. Our findings
indicate that the lack of effective glycerol transport from adipo-
cytes by glycerol gateway molecule causes defective adaptation to
prolonged fasting.

adipocyte � gluconeogenesis � lipolysis � knockout mice

Aquaporins (AQPs) are integral membrane proteins that
facilitate water movement across the cell membrane (1–3).

The discovery of AQPs allowed the recognition of the signifi-
cance of water channels in maintaining water homeostasis (4, 5).
The fact that the lack of AQP2 causes nephrogenic diabetes
insipidus in rodents (6, 7) and humans (8) has emphasized the
significance of water channel in physiology and homeostasis.
Some of AQPs are known to permeabilize glycerol as well as
water (9, 10) and are subcategorized as aquaglyceroporins. We
previously cloned a cDNA belonging to aquaglyceroporin from
a human adipose tissue cDNA library, designated as AQP
adipose (AQPap) (11–15). Subsequently, other groups demon-
strated that AQPap was a human homologue of Aqp7.

Triglycerides in adipocytes are hydrolyzed to fatty acids and
glycerol, and both are released into the circulation (16–20). The
molecular mechanism involved in the transport of glycerol from
adipocytes remains unclear. Previously, we reported that exer-
cise-induced increase of plasma glycerol was impaired in a
subject carrying a loss of function mutation of AQP7 (14). We
postulated that AQP7 might function as a glycerol channel
molecule in adipose tissue. Here, we generated mice lacking
Aqp7 and demonstrated that these knockout (KO) mice showed
impaired glycerol release and severe fasting-induced hypoglyce-
mia. These results indicate that AQP7 functions as a glycerol
channel in vivo.

Materials and Methods
Animals. The targeting vector for Aqp7 KO was constructed by
using the pGT vector containing the neomycin resistance gene.
The Aqp7 targeting vector was designed to replace 8.0 kb of
genomic locus with the Neo cassette. This 8.0-kb targeting region
was located in exons 1, 2, and 3 containing the translation
initiation sites. The targeting construct was electroporated into
mouse embryonic stem (ES) cells (129�SvJ). ES cell clones,

having undergone homologous recombination with the targeting
vector, were verified by Southern blotting. Targeted ES cells
were microinjected into C57BL�6 mice. Chimeric mice were
bred to C57BL�6N mice, and chimeric males gave offspring that
carried the disrupted mouse Aqp7 allele through the germ line.
We analyzed mice backcrossed to C57BL�6N for five genera-
tions. All experiments were performed in 7- to 10-week-old male
mice. The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of Graduate
School of Medicine of Osaka University.

Northern Blot Analysis. Total RNA was isolated from mice tissues
and cultured cells by using RNA STAT-60 (Tel-Test, Friends-
wood, TX). Ten micrograms of total RNA was electrophoresed
on 1% agarose�formaldehyde gel and transferred to nylon
membranes (Hybond-N�, Amersham Pharmacia Life Science).
The membrane was hybridized with the indicated cDNA probe
labeled with [�-32P]dCTP. The hybridized membrane was ex-
posed to x-ray film.

Analysis of Metabolic Parameters. Plasma glucose, insulin, and free
fatty acid (FFA) levels were measured by the Glucose CII-Test
(Wako Pure Chemical, Osaka), the Glazyme Insulin EIA kit
(Sanyo, Tokyo), and the Nescauto NEFA kit (Azwell, Osaka),
respectively. Glycerol concentrations in plasma, medium, and
tissue were determined by using a fluorometric�colorimetric
enzyme method. Plasma glucagon and cortisol levels were
measured by ELISA with the Glucagon EIA kit (Yanaihara,
Shizuoka, Japan) and the Cortisol Enzyme Immunoassay kit
(Assay Designs, Ann Arbor, MI), respectively.

Assessment of Metabolic Regulation. Glucose or insulin tolerance
tests were conducted as described in ref. 21. Briefly, for glucose
tolerance test, mice were fasted for 6 h and a basal blood sample
was taken, followed by i.p. injection of D(�)-glucose (2 mg per
g of body weight). Blood samples were collected from tail vein
at 15, 30, 60, and 120 min after injection. For insulin tolerance
test, baseline glucose levels were measured in fed mice, then the
mice were injected i.p. with human regular insulin (0.75 milli-
units per g of body weight). Blood samples were collected from
the tail vein at 15, 30, 60, and 90 min after injection. For the in
vivo lipolysis assay, fed mice were i.p. injected with BRL26830A
(a selective �3-adrenergic agonist) at 5 �g per g of body weight.
Plasma glycerol and FFA were measured by tail bleeding at 0, 10,
and 20 min after the injection. For the glycerol administration
tests, 6-h fasted mice were i.p. injected with glycerol at 1 mg per
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g of body weight. Plasma glucose levels were then measured at
indicated time points after glycerol injection.

Evaluation of Insulin Signaling. Twelve-hour-overnight-fasted mice
were injected with either human regular insulin (1 unit per g of
body weight) or saline through the inferior vena cava, and the
gastrocnemius muscle, epididymal fat, and liver were excised at
2, 3, and 4 min after injection, respectively. Tissue samples were
homogenized and centrifuged at 15,000 � g for 30 min in ice-cold
homogenization buffer (50 mM Hepes, pH 7.4�1% Triton
X-100�10% glycerol�10 mM sodium pyrophosphate�0.1 M so-
dium fluoride�10 mM EDTA�5 mM sodium orthovanadate�10
�g/ml aprotinin�5 �g/ml leupeptin�1.5 mg/ml benzamidine�2
mM PMSF). Supernatants were collected, and protein concen-
tration was measured with the BCA protein assay kit (Pierce),
using BSA as the standard. A 30-�g protein sample was boiled
for 5 min, cooled on ice, and subjected to 12.5% SDS�PAGE,
followed by transblotting to a nitrocellulose membrane. Western
blot analysis was carried out by using antibodies to Akt and
Phospho-Akt (Cell Signaling Technology, Beverly, MA).

Determination of Hormone-Sensitive Lipase (HSL) Activity. The HSL
activity assay was performed as described in refs. 22 and 23. In
brief, epididymal fat tissues were homogenized in ice-cold buffer
(250 mM sucrose�10 mM Tris�HCl, pH 7.5�1 mM EDTA�10
�g/ml aprotinin�10 �g/ml leupeptin�1 �g/ml pepstatin A) and
centrifuged at 100,000 � g for 45 min. The supernatant was used
for enzyme assay. The protein samples were incubated at 37°C
for 30 min in a final volume of 200 �l of a reaction mixture
containing 105 �M tri[3H]oleoylglycerol (99.4 �Ci��mol; 1 Ci �
37 GBq), 23.7 �M lecithin, 12.5 �M sodium taurocholate, 1 M
NaCl, and 85 mM potassium phosphate (pH 7.0).

Cell Culture. The mouse 3T3-L1 cell line was obtained from
Health Science Research Resources Bank (Osaka). 3T3-L1
preadipocytes were grown to confluence and induced to differ-
entiate into adipocytes as described in ref. 12.

Design and Transfection of siRNA. Two pairs of siRNA were
chemically synthesized by Qiagen, annealed, and transfected into
3T3-L1 adipocytes by using Lipofectamine 2000 (Invitrogen) as
described in ref. 24. The sequences of the sense siRNAs were as
follows: Aqp7 siRNA, 5�-UGCCGCAGUGACUUUCAC-
CdTdT-3�; control siRNA, 5�-UUCUCCGAACGUGU-
CACGUdTdT-3�. Twenty-four hours after transfection, cells
were subjected to total RNA extraction and lipolysis assay, as
described below.

In Vitro Lipolysis Assay. 3T3-L1 adipocytes cultured in 12-well
plates were treated with 0.5% fatty acid-free BSA containing 1
�M epinephrine. The medium was collected exactly at 0, 15, and
30 min after stimulation.

Statistical Analysis. Results were expressed as the mean � SEM
of n separate experiments. Differences between groups were
examined for statistical significance by using Student’s t test or
ANOVA with Fisher’s protected least significant difference test.

Results
To disrupt the Aqp7 gene, we replaced exons 1–3, which contain
the 5� UTR and the translation initiation site, by the neomycin
resistance gene (Fig. 1A). We confirmed disruption of the target
allele by Southern blotting, using EcoRI-digested genomic DNA
(Fig. 1B), and also confirmed the lack of Aqp7 mRNA in white
(WAT) and brown (BAT) adipose tissue of KO mice (Fig. 1C).

Fig. 1. Targeted disruption of the mouse AQP7 gene. (A) Schematic representation of the gene targeting strategy. Partial restriction map of the mouse AQP7
(Aqp7) locus for the WT allele (Top). The targeting construct for Aqp7 was generated by replacing the region of exons 1–3 containing the translation initiation
site ATG with the Neo cassette (NeoR) (Middle). The transcriptional direction of the NeoR gene is indicated by the arrow. The expected disrupted allele was
obtained by homologous recombination (Bottom). E and B indicate EcoRI and BamHI restriction enzyme sites, respectively. (B) EcoRI-digested genomic Southern
blot analysis. The 9.7-kb band corresponds to the WT allele (���), and the 5.7-kb corresponds to band to the disrupted allele (���), using the probe denoted
in A. (C) Northern blotting of WAT, BAT, kidney, and liver. ���, WT; ���, heterozygous; ���, homozygous mice.
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Furthermore, no Aqp7 mRNA was found in KO mice testis,
which is known to express Aqp7 (data not shown). No ectopic
expression of other aquaglyceroporins, such as Aqp3 and Aqp9,
was detected in adipose tissues of KO mice (Fig. 1C).

KO mice had significantly lower plasma glycerol concentra-
tions, both in fed and 12-h-fasted conditions, than WT control
mice (Fig. 2A). However, there were no differences in plasma
FFA concentrations between WT and KO mice under both fed
and fasted states. KO mice exhibited a higher content of glycerol
in adipose tissue under the fasted state (Fig. 2B). However, they
gained body weight at a rate equivalent to that of WT mice until
10 weeks of age (data not shown). No significant difference was
observed in the tissue weight and gross appearance of adipose
tissue between KO and WT mice. Normal expression levels were
detected in KO mice for peroxisome proliferator-activated re-
ceptor � (Ppar�), CCAAT�enhancer-binding protein � (Cebp�),
and adipocyte fatty acid binding protein 4 (Fabp4), which are
genes for adipocyte differentiation markers (Fig. 2C).

In the fasting state, adipocytes hydrolyze triglycerides and
rapidly liberate glycerol and FFAs into the circulation. Next, we
investigated the effects of BRL26830A, a �3-adrenergic agonist,
which enhances lipolysis in adipose tissue, in WT and KO mice.
Administration of BRL26830A increased plasma glycerol con-
centrations in WT mice. However, such increases were impaired
in KO mice (Fig. 3A). The increase of plasma FFA in KO mice
in response to �3-adrenergic agonist was similar to that in WT
(Fig. 3A). To confirm that the lack of Aqp7 retards the release
of glycerol from adipocytes, we knocked down Aqp7 in 3T3-L1
adipocytes by using siRNA. Introduction of siRNA markedly
decreased Aqp7 mRNA expression level but had no effect on the
mRNA level of Ppar�, which is a master regulator of adipocyte
differentiation (Fig. 3B). Epinephrine-stimulated release of glyc-
erol was significantly suppressed in Aqp7 siRNA-transfected
adipocytes (Fig. 3C). However, epinephrine-stimulated release
of FFAs was similar (Fig. 3C).

The activity of hormone-sensitive lipase, which is a key
regulator of lipolysis (22), was similar in WT and KO mice in the
12-h fasting state (WT, 539.5 � 40.3 pmol�min�1 per mg of
protein; KO, 565.5 � 14.1 pmol�min�1 per mg of protein). These
results indicate that Aqp7 is crucial for the effective release of
glycerol from adipocytes.

Plasma glucose concentrations were significantly lower after
12-h fasting in KO mice but were similar in the fed condition
(Fig. 4A). Plasma insulin levels of KO mice were suppressed in
the fasting state, similar to WT mice (Fig. 4A). We further
examined glucose metabolism and insulin sensitivity in these
mice. Changes in plasma glucose concentrations in glucose-
tolerance test (Fig. 4B) and insulin-mediated suppression of
plasma glucose (Fig. 4C) were similar in the two groups.
Insulin-stimulated phosphorylation of Akt in WAT, liver, and
muscle was also similar (Fig. 4D). These results suggest that
insulin signaling is normal in KO mice.

Next, we examined the metabolic changes in WT and KO mice
during long periods of starvation; mice were kept fasted for 18 h
after the 12-h feeding (Fig. 5). The reduction of body weight was
similar in the WT and KO mice (data not shown). Plasma
glycerol concentrations increased during starvation in WT mice

Fig. 2. Low plasma glycerol concentrations and high adipose glycerol con-
tents in KO mice. (A) Plasma levels of glycerol and FFA under fed and 12-h-
fasted conditions (n � 6 per group). (B) Glycerol content in adipose tissue of
12-h-fasted mice (n � 5–6). (C) Northern blot analysis of mRNAs related to
adipogenic marker genes in WAT. ���, WT; ���, KO mice. In A and B, data
are mean � SEM. *, P � 0.05; **, P � 0.01, compared with the values of WT mice
under the same conditions.

Fig. 3. Impaired glycerol release from Aqp7-KO and -knockdown adipocytes.
(A) Lipolysis measurement in vivo. Fed mice were i.p. administered BRL26830A
(n � 6–7). Plasma glycerol and FFA levels were normalized to those at 0 min
(100%). (B) Knockdown of Aqp7 in 3T3-L1 adipocytes by introducing siRNA.
Total RNAs were extracted after a 24-h transfection of siRNA and subjected to
RT-PCR. Cont., control. (C) Lipolysis assay in vitro. 3T3-L1 adipocytes trans-
fected with the indicated siRNA were treated with epinephrine (n � 4 per
group). ���, WT; ���, KO mice. Ppar�, peroxisome proliferator-activated
receptor �. In A and C, data are mean � SEM. *, P � 0.05; **, P � 0.01, compared
with WT mice or control-siRNA.
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but not in KO mice (Fig. 5A). FFA levels were elevated in both
groups (Fig. 5B). The WT mice could maintain plasma glucose
during a 12-h fast. However, plasma glucose levels decreased in
KO mice after only a 6-h fast (Fig. 5C).

Glycerol and FFA released from mesenteric fat tissue f low
into the portal vein during starvation, and glycerol is used as
a substrate for gluconeogenesis in the liver (25, 26). KO mice
showed a lower portal concentration of glycerol in the 12-h-
fasting state compared with that in WT (Fig. 6A), as observed
in peripheral blood. There was no difference in portal FFA
levels between the two groups of mice. Therefore, a low
concentration of portal glycerol apparently underlies the
fasting hypoglycemia in KO mice. We next subjected these
mice to the glycerol administration test (Fig. 6B). The extent
of elevation of plasma glucose induced by i.p. administration
of exogenous glycerol was similar in WT and KO mice. These
results of experiments using exogenous glycerol as a substrate
indicate no impairment of the hepatic gluconeogenesis in KO
mice.

We also examined the expression of genes associated with
glucose and lipid metabolism in the liver and muscle under
12-h-fasting conditions. The mRNA levels of phosphoenolpyru-
vate carboxykinase 1 (Pck1) and carnitine palmitoyltransferase
1 (Cpt1) were slightly elevated in the liver of KO mice compared
with WT mice (Fig. 6C). We also examined the counterregula-
tory hormones against hypoglycemia. KO mice showed higher
levels of plasma glucagon and corticosterone than WT mice in
the 12-h-fasted state (Fig. 6D). Pck1 and Cpt1 mRNA levels
might be elevated by increased counterregulatory hormones in
KO mice (27–31). There were no apparent changes in liver Aqp9,
Gyk, and Srebf1, which are usually regulated by insulin, in KO
and WT mice. Peroxisome proliferator-activated receptor �
(Ppar�), Cd36, fatty acid transport protein 1 (Fatp1), and
glucose-transporter protein 4 (Glut4) mRNA levels in the skel-
etal muscle of KO mice were similar to those of WT mice (data
not shown).

In summary, we demonstrated in the present study that
aquaglyceroporin acts as a glycerol channel in vivo. Adipocytes
require a glycerol channel molecule for the efficient release of
glycerol. Adaptation to fasting was impaired in mice lacking
glycerol channel molecule in adipose tissue and caused fasting
hypoglycemia.

Fig. 4. Plasma glucose levels and insulin sensitivity in KO mice. (A) Plasma
levels of glucose and insulin under fed and 12-h-fasted conditions (n � 6 per
group). (B) Glucose curves under the glucose-tolerance test (n � 6–8). (C)
Glucose curves under the insulin-tolerance test (n � 6–7). Plasma glucose
levels were normalized to those at 0 min (100%). (D) Insulin-stimulated
phosphorylation of Akt. Equal amounts of protein from each pooled fraction
(n � 5 per group) were immunoblotted with anti-phospho-Akt (Ser-473) and
anti-Akt antibodies. ���, WT mice; ���, KO mice. In A–C, data are mean �
SEM. *, P � 0.05, compared with the values of WT mice under the same
conditions.

Fig. 5. Fasting-induced hypoglycemia in KO mice. Mice were fasted for 18 h
after a 12-h feeding (n � 6 per group). Shown is the effect of long fasting on
plasma glycerol (A), FFA (B), and glucose (C). Data are mean � SEM. *, P � 0.05;

**, P � 0.01, compared with WT mice.
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Discussion
The major finding of the present study was that aquaglyceroporin
acts as a glycerol channel in the adipose tissue in vivo. Triglyc-
eride in adipocytes is hydrolyzed to glycerol and FFA, and both
are released into the blood stream. Several membrane proteins
participate in efficient eff lux of FFA from adipocytes. These
include fatty acid binding protein (FABP), fatty acid translocase
(FAT, CD36), and fatty acid transporter protein (FATP). How-
ever, the molecule(s) responsible for the effective transport of
glycerol has not been identified. We postulated that AQP7 acts
as the adipose glycerol channel because AQP7 is glycerol-
permeable and is expressed abundantly in adipose tissue (11, 12).
In this regard, epinephrine-stimulated glycerol release from
3T3-L1 adipocytes and plasma glycerol concentrations in ro-
dents increased in parallel with the induction of Aqp7 mRNA in
the cells and adipose tissue, respectively. Based on genetic
screening, we found a subject carrying loss of function mutation
in the AQP7 gene with a substitution of Gly-264 to Val, which
is located in the center of GXXGXXG motif in the sixth
transmembrane domain and crucial for functional confirmation
(14). Expression study in Xenopus oocytes revealed AQP7 with
G264V mutation lost both water and glycerol transport. The
subject was clinically normal, but the increase of plasma glycerol
in response to exercise was impaired (14). Although the obser-
vation supported the role of AQP7 in glycerol metabolism, we
experienced only one subject with this mutation in a homozygous
form. In the present study, we generated Aqp7 null mice and
clearly demonstrated the presence of low plasma glycerol con-
centration in KO mice, and we also showed that a �3-adrenergic
agonist-induced increase in plasma glycerol was decreased by
�2-fold in KO mice. Further analysis showed an �2-fold reduc-
tion in the velocity of glycerol secretion in Aqp7 knockdown
adipocytes. Similar results were obtained in cultured adipocytes
from the KO mice (data not shown). These results emphasize the
importance of AQP7 in adipocytes for the efficient release of

glycerol. It should be noted, however, that glycerol secretion was
not completely abolished in Aqp7 null adipocytes, suggesting that
other mechanisms, such as simple diffusion and�or other glyc-
erol transporter, must be also involved in glycerol secretion.

Another important finding of this study was that Aqp7 null
mice showed impaired adaptation to fasting and exhibited
profound hypoglycemia under such condition. KO mice exhib-
ited a low concentration of portal glycerol but a normal increase
in plasma glucose concentrations in response to exogenous i.p.
administered glycerol, suggesting that the lack of glycerol as a
substrate for gluconeogenesis is responsible for the hypoglyce-
mia in this model. In the fasted state, plasma insulin levels were
suppressed in KO as well as WT mice, and plasma glucagon and
corticosterone, which are the counterregulatory hormones
against hypoglycemia, were increased in KO mice. Furthermore,
the expression of Pck1 and Cpt1 induced by glucagon and
corticosterone was up-regulated in KO mice. These results
emphasize the significance of the glycerol gateway molecule in
the metabolic regulation in vivo.

Sweet and coworkers (32) showed that GlpF is an aquaglyc-
eroporin prototype in Escherichia coli (32). Aquaglyceroporins
facilitate glycerol transport according to glycerol gradient. Using
atomic resolution analysis, Weissenborn and colleagues (33)
revealed that GlpF possess a wider pore in the hourglass-like
structure compared with the water-selective AQPs.

In mammals, AQP3, AQP7, and AQP9 belong to the aquag-
lyceroporin family. AQP3 is expressed in the basal layer of
keratinocytes and is thought to transport glycerol to the epider-
mis in response to dermal-to-epidermal gradient. Previous stud-
ies on Aqp3 null mice showed reduced glycerol content in the
epidermis and impaired skin elasticity, barrier recovery, and
wound healing, but normal serum glycerol concentrations (34–
36). On the other hand, AQP9 is expressed in the liver and
coordinately regulated with AQP7 in response to fasting�feeding
(15). Aqp7 deletion did not affect the expression of Aqp9 in this

Fig. 6. Liver gluconeogenesis in KO mice. (A) Plasma glycerol and FFA levels in the portal vein of 12-h-fasted mice (n � 6 per group). (B) Rate of glucose clearance
after exogenous glycerol administration (n � 5 per group). Plasma glucose levels were normalized to those at 0 min (100%). (C) mRNA levels in liver of 12-h-fasted
mice (n � 6 per group). (D) Plasma glucagon and corticosterone concentrations under fed and 12-h-fasted conditions (n � 6 per group). ���, WT; ���, KO. Pck1,
phosphoenolpyruvate carboxykinase 1; Gyk, glycerol kinase; Srebf1, sterol regulatory element-binding factor 1. In all panels, data are mean � SEM. *, P � 0.05;

**, P � 0.01, compared with WT mice.
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study. Generation and analysis of Aqp9 KO mice should provide
further information on the significance of the glycerol gateway
molecule in the homeostasis of glucose metabolism in vivo.
Recently, Liu et al. (37) reported that AQP7 facilitates the
uptake of arsenite, a carcinogenic metalloid. Exposure of Aqp7
KO mice to arsenite may further enhance our understanding of
the carcinogenic action of this metalloid. In the present study, we
focused on the function of adipose AQP7 on the glycerol
metabolism. However, kidney and testis also express AQP7. The
divergent functions of Aqp7 in kidney and testis should be
examined precisely in future by using the KO mice.

In summary, we demonstrated AQP7 acts as a glycerol channel
in vivo by disrupting mouse Aqp7 gene. Fasting-induced severe

hypoglycemia observed in Aqp7 null mice indicates that glycerol
derived from adipocytes is a significant substrate for gluconeo-
genesis.
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