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tein adducts, referred to as advanced lipoxidation end-
products ( 1 ). 

 Aldo-keto reductase 1B7 (AKR1B7) is a member of 
AKR1B family and is highly expressed in vas deferens, ad-
renal gland, eye, intestine, and to a lesser extent, in the 
liver, kidney and testis ( 2 ). Biochemical analysis identifi ed 
isocaproaldehyde ( 3 ), a product of side chain cleavage of 
cholesterol, and 4-HNE ( 4 ), a lipid peroxidation product, 
as preferred substrates for AKR1B7. However, it is unclear 
whether AKR1B7 has an effect on lipid peroxide levels 
in vivo. In addition, the role of AKR1B7 in metabolism is 
largely unknown. 

 Farnesoid X receptor (FXR) is a nuclear hormone re-
ceptor that plays an important role in maintaining bile 
acid, lipid, and glucose homeostasis. FXR regulates gene 
transcription by forming heterodimers with retinoid X re-
ceptor (RXR). Activation of FXR has been shown to lower 
blood triglyceride and cholesterol levels and improve insu-
lin sensitivity in diabetic mouse models (reviewed in Ref. 
 5 ). Activation of FXR by synthetic agonists is also shown to 
protect against atherosclerosis in  Ldlr   � / �   and  Apoe   � / �   mice 
( 6–8 ), and to protect against nonalcoholic fatty liver dis-
ease (NASH) in animal models ( 9, 10 ). In addition, FXR 
also plays a role in protection against bacterial infection in 
the intestine ( 11 ), in preventing liver or intestine from 
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 Lipid peroxidation is a process in which free radicals 
attack lipids in cell membranes, resulting in cell damage. 
Lipid peroxidation is used as an indicator of oxidative 
stress in cells and tissues. The end products of lipid peroxi-
dation, such as 4-hydroxynonenal (4-HNE) and malondi-
aldehyde (MDA), are reactive and toxic compounds. MDA 
is a highly reactive aldehyde that can form covalent pro-
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PMSF, 1 mM EDTA and 1 mM EGTA. Chromatin immunopre-
cipitation was carried out using a ChIP assay kit (Millipore, MA) 
according to the manufacturer’s protocol with minor modifi ca-
tions. Briefl y, the cell lysates were fi xed with formaldehyde at a 
fi nal concentration of 1%, sonicated, and precleared with Pro-
tein A beads. Aliquots of the precleared, sheared chromatin were 
then immunoprecipitated using mouse IgG or anti-FXR antibody 
(Santa Cruz Biotechnology). After elution, the resulting DNA 
was used for qPCR analysis. 

 Electrophoretic mobility shift assay 
 Oligonucleotides containing the putative inverted repeat 

(IR)-1 element are shown in  Fig. 2A . Electrophoretic mobility 
shift assays (EMSA) and competition studies were performed as 
previously described ( 20 ). For supershift assays, in vitro tran-
scribed FXR proteins were pre-incubated with FXR antibody for 
30 min prior to addition of double-stranded, oligonucleotide 
probes. 

 Mutagenesis and transient transfection 
 The mutant pGL3 promoter-luciferase construct was gener-

ated using a QuickChange Site-directed Mtagenesis kit from Agi-
lent (CA). HepG2 cells were plated in a 48-well plate and cultured 
in DMEM containing 10% FBS. Transient transfections were per-
formed as described ( 21 ). Briefl y, pGL3-Akr1b7 luciferase re-
porter constructs were cotransfected into HepG2 cells with 
plasmids expressing FXR or RXR, followed by treatment with ei-
ther vehicle or GW4064. After 36 h, luciferase activities were de-
termined and normalized to  � -galactosidase activity. 

 MDA measurement 
 Malondialdehyde levels in the intestine, liver and plasma were 

determined as described ( 22 ). 

 Lipid and lipoprotein analysis 
 Approximately 100 mg liver was homogenized in methanol, 

and lipids were extracted in chloroform/methanol (2:1 v/v) as 
described ( 23 ). Hepatic triglyceride and cholesterol levels were 
then quantifi ed using kits from Wako Chemicals (Richmond, 
VA). Plasma lipid levels were determined using kits from Wako 
Chemicals. Plasma lipoprotein profi le was analyzed by fast pro-
tein liquid chromatography (FPLC) as described ( 18 ). 

 VLDL secretion 
 C57BL/6J mice were injected with either Ad-null or Ad-Akr1b7 

via tail vein injection. On day 6, these mice were fasted overnight, 
followed by intravenous injection of Tyloxapol (500 mg/kg). 
Blood was taken at indicated time points, and plasma triglyceride 
levels were determined ( 18 ). 

 Glucose/insulin/pyruvate tolerance tests and hepatic 
glycogen levels 

 The db/db mice were fasted overnight and then injected in-
traperitoneally with D-glucose (2 g/kg). Glucose tolerance test 
was performed as described previously ( 19 ). For pyruvate toler-
ance test, mice were fasted overnight and then injected intraperi-
toneally with sodium pyruvate (2 g/kg). Plasma glucose levels 
were determined at indicated time points using a glucometer. 
For insulin tolerance test, mice were fasted for 6 h, followed by 
bolus injection of insulin (0.75 unit/kg) as described ( 19 ). To 
determine hepatic insulin signaling, mice were fasted for 6 h and 
then given bolus injection of insulin (5 unit/kg) via vena cava. 
Tissues were collected 5 min after insulin injection, as described 
( 19 ). Hepatic glycogen levels were determined as described 
( 19 ). 

carcinogenesis ( 12–14 ), and in liver regeneration ( 15 ). 
Therefore, FXR is a multipurpose nuclear receptor. 

 Very recently, AKR1B7 was shown to convert 3-keto lith-
ocholic acid (LCA) to less toxic 3 � -hydroxy LCA and was 
induced in enterohepatic tissues when FXR was activated 
following acute treatment with an FXR agonist ( 16 ). In 
this report, we show that activation of FXR induces AKR1B7 
mRNA and protein levels in both the intestine and liver. 
Activation of FXR signifi cantly reduces MDA levels in the 
intestine but not in the liver. Overexpression of AKR1B7 
in the liver has no effect on hepatic or plasma MDA levels. 
In addition, we demonstrate that AKR1B7 has striking ef-
fects on lowering blood glucose levels and reducing he-
patic lipid accumulation in diabetic mice. These effects 
are associated with reduced expression of hepatic gluco-
neogenic genes and increased very low-density lipoprotein 
(VLDL) secretion. Our data suggest that AKR1b7 may be 
a therapeutic target for treatment of diabetes mellitus. 

 MATERIALS AND METHODS 

 Mice 
 C57BL/6J mice, ob/ob mice, and db/db mice on a C57BL/6 

background were purchased from the Jackson Laboratory (Bar 
Harbor, ME) and fed a standard chow diet. All experiments were 
approved by the Institutional Animal Care and Use Committee at 
the Northeast Ohio Medical University. 

 Adenovirus 
 Ad-Akr1b7 was generated by cloning mouse Akr1b7 cDNA to 

pEnter-TOPO/D vector, and recombinant adenoviruses were 
generated following the manufacturer’s instructions (Invitrogen, 
CA). Adenoviruses were grown in 293A cells and purifi ed by ce-
sium chloride density gradient ultracentrifugation. To overex-
press genes in mice, 10 9  plaque formation units (pfu) of 
adenoviruses were transfused into each mouse via intravenous 
injection. 

 Real-time PCR 
 RNA was isolated using TRIzol Reagent (Invitrogen), 

and mRNA levels were determined by quantitative reverse-tran-
scription polymerase chain reaction (qRT-PCR) using SYBR 
Green Supermix and a real-time PCR machine from Applied Bio-
systems (Foster City, CA). Results were normalized to  36b4  mRNA. 
The primer sequences for qRT-PCR were described previously 
( 17, 18 ), except for Akr1b7 (forward primer, 5 ′ -AAGCG-
GGAGGATCTCTTCAT-3 ′  and reverse primer, 5 ′ -TCAGAT-
CCGAGAGGGTGTTC-3 ′ ). 

 Western blot assay 
 Whole liver lysates ( 19 ) were prepared, and Western blot as-

says were performed as described previously ( 19 ).  � -actin anti-
body and Akr1b7 antibody were from Novus Biologicals (CO) 
and Santa Cruz Biotechnology (CA), respectively. ApoB antibody 
was from Biodesign (ME). p-AKT(ser473) and p-GSK3 � (ser9) 
antibodies were from Cell Signaling (MA). 

 ChIP assay 
 Wild-type mice were treated with either vehicle or GW4064 (30 

mg/kg, twice a day) for 7 days. Livers were homogenized in cold 
PBS containing protease inhibitor cocktail (Roche, NJ), 2  � g/ml 
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using pGL3 promoter-reporter constructs with a series of 
5 ′ -deletions (  Fig. 2A  ).  As shown in  Fig. 2B , GW4064 treat-
ment highly induced  Akr1b7  promoter activity when longer 
promoter-reporter constructs were used; 5 ′ -deletion of the 
 Akr1b7  promoter from  � 447 bp to  � 230 bp completely 
abolished the promoter activity induced by FXR, suggest-
ing that the FXR response element in the  Ark1b7  promoter 
is located between  � 447 bp and  � 230 bp. FXR is known to 
often bind to an IR-1 element to regulate gene transcrip-
tion. In  Akr1b7  promoter, there is a candidate IR-1 element 
located at  � 291 bp ( Fig. 2A ). Mutation of the IR-1 ele-
ment resulted in  � 15-fold reduction in FXR-induced 
 Akr1b7  promoter activity ( Fig. 2C ). EMSA data showed that 
the FXR/RXR complex bound to the wild-type, but not 

 Statistical analysis 
 Statistical signifi cance was analyzed using unpaired Student  t -

test or one-way ANOVA (GraphPad InStat3 software). All values 
are expressed as mean ± SEM. Differences were considered statis-
tically signifi cant at  P  < 0.05. 

 RESULTS 

 Activation of FXR induces AKR1B7 expression 
 To identify novel genes regulated by FXR, we treated 

C57BL/6 mice with either vehicle or the synthetic FXR ago-
nist GW4064 for 7 days. We then did microarray assays. One 
of the highest induced genes by GW4064 in the intestine 
and liver was Akr1b7 (supplemental Tables I and II). Analy-
sis of mRNA levels by real-time PCR indicated that GW4064 
treatment signifi cantly induced the mRNA levels of the small 
heterodimer partner ( Shp ) (  Fig. 1A  ),  a well-characterized 
FXR target gene ( 24 ), and  Akr1b7  ( Fig. 1B ) in both the intes-
tine and liver. GW4064 treatment also signifi cantly induced 
the protein levels of Akr1b7 in both the intestine ( � 9.8-fold; 
 Fig. 1C ) and the liver ( � 4.9-fold;  Fig. 1D ) ( P  < 0.05). Bile 
acids are the endogenous ligands for FXR. Consistent with 
the increased FXR expression ( 19 ) and the increased bile 
acid pool size under diabetic conditions ( 25–28 ),  Akr1b7  
mRNA levels in the livers of diabetic db/db mice were also 
signifi cantly increased. In db/db mice, hepatic  Shp  mRNA 
levels tended to increase ( P  = 0.06; data not shown). These 
data indicate that activation of FXR induces Akr1b7 ex-
pression in the liver and intestine and that hepatic Akr1b7 
expression is induced under diabetic conditions. 

 FXR regulates AKR1B7 expression through binding to an 
IR-1 element 

 To understand the mechanism by which FXR regulates 
Akr1b7 expression, we investigated  Akr1b7  promoter activity 

  Fig.   1.  Activation of FXR induces mRNA and protein levels of 
AKR1B7 in the intestine and liver. A–D: C57BL/6 mice were gavaged 
with either vehicle or GW4064 (30 mg/kg, twice a day) for 7 days 
(n = 7 per group). The mRNA levels of  Shp  (A) and  Akr1b7  (B) were 
determined by real-time PCR. The protein levels of Akr1b7 in the intes-
tine (C) and liver (D) were determined by Western blot assays. 
E:  Akr1b7  mRNA levels in the livers of lean mice and db/db mice were 
determined by real-time PCR (n = 4 per group). * P  < 0.05, ** P  < 0.01.   

  Fig.   2.  Identifi cation of AKR1B7 as a direct target gene of FXR. 
A: The potential FXR response element (IR-1) is shown in the dia-
gram. B, C: HepG2 cells were transiently transfected with various 
Akr1b7 promoter constructs [pGL3-Akr1b7( � 1282,  � 447, or 
 � 230 to +41] and plasmids expressing FXR or RXR, followed by 
treatment with either DMSO or GW4064 (1  � M) for 36 h. Lu-
ciferase activity was determined and normalized to  � -galactosidase 
activity. In panel C, the pGL3-Akr1b7( � 447 mut to +41) construct 
( � 447 mut) contained a mutant IR-1 element at  � 291 as shown in 
panel A. D: EMSA was performed. FAS and SHP served as positive 
controls (lanes 1 and 2). Only the wild-type IR-1 element of Akr1b7 
(lane 5) bound to the FXR/RXR complex (lane 5), and such a 
binding was competed away by the IR-1 element of FAS (lane 6) or 
SHP (lane 7). The mutant IR-1 element of Akr1b7 did not bind to 
the FXR/RXR complex (lane 8). The Akr1b7 DNA/FXR/RXR 
complex was supershifted in the presence of an FXR antibody 
(lane 9). E: ChIP assay was performed using whole liver lysates. The 
IR-1 element in BSEP served as a positive control, whereas the  � 10 
kb region in the Akr1b7 promoter served as a negative control. 
* P  < 0.05, ** P  < 0.01.   
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lipid and glucose homeostasis. Overexpression of Akr1b7 
in the liver increased plasma cholesterol levels, but it had 
no effect on plasma triglyceride levels (  Fig. 4A  )  or hepatic 
levels of triglycerides or cholesterol ( Fig. 4B ). Analysis of 
plasma by FPLC showed that hepatic expression of Akr1b7 
increased VLDL triglyceride levels (supplemental Fig. II). 
Interestingly, overexpression of hepatic Akr1b7 signifi -
cantly reduced plasma glucose levels by  � 33% ( Fig. 4C ). 
Analysis of hepatic gene expression by real-time PCR indi-
cated that overexpression of hepatic Akr1b7 signifi cantly 
reduced hepatic mRNA levels of gluconeogenic genes 
phosphoenolpyruvate carboxykinase ( Pepck ) and glucose 
6-phosphatase ( G6pase ) by  � 50% and of peroxisome pro-
liferator-activated receptor  �  coactivator 1 �  ( Pgc-1 �  ), but it 
signifi cantly increased hepatic  Shp  mRNA levels ( Fig. 4D ). 
Hepatic PGC-1 �  ( 30 ) and SHP ( 31 ) are known to induce 
and inhibit hepatic gluconeogenic genes, respectively. 
Thus, the reduction in  Pgc-1 �   and induction of  Shp  are 
consistent with the inhibition of hepatic gluconeogenic 
genes following hepatic expression of Akr1b7. 

mutant, IR-1 element of  Akr1b7  ( Fig. 2D ). This binding 
could be competed away by a wild-type IR-1 element of fatty 
acid synthase ( Fas ) or  Shp , two known FXR target genes 
( 24, 29 ) ( Fig. 2D ). In addition, the FXR/RXR/DNA com-
plex was supershifted in the presence of an FXR antibody 
( Fig. 2D ). 

 Finally, ChIP assays were performed using liver lysates. 
FXR protein was enriched in the  Akr1b7  promoter that 
contained the IR-1 element ( Fig. 2E ). The  � 10 kb region 
of the  Akr1b7  promoter and the bile salt export protein 
(BSEP) containing a known IR-1 element served as nega-
tive and positive controls, respectively ( Fig. 2E ). Together, 
the data in  Fig. 2  demonstrate that FXR regulates  Akr1b7  
promoter activity through binding to the IR-1 element lo-
cated at  � 291 bp upstream of the transcription start site 
( Fig. 2A ). Such observations are consistent with a recent 
report by Schmidt et al. ( 16 ). 

 FXR but not AKR1B7 regulates MDA levels in vivo 
 Data from in vitro biochemical assays have suggested 

that Akr1b7 may play a role in detoxifi cation of lipid per-
oxidation by-products ( 3 ). However, whether Akr1b7 also 
plays a role in lipid peroxidation in vivo is unknown. As 
FXR highly induced Akr1b7 expression in both the liver 
and intestine ( Fig. 1 ), we fi rst determined the effect of 
FXR activation on lipid peroxidation. Treatment with 
GW4064 for 7 days signifi cantly reduced the MDA levels in 
the intestine (  Fig. 3A  )  but not in the liver ( Fig. 3B ) or 
plasma (data not shown). Next, we determined the effect 
of overexpression of Akr1b7 on MDA levels in vivo. Adeno-
viruses expressing Akr1b7 were delivered intravenously to 
wild-type mice. Adenovirus-mediated Akr1b7 expression 
was limited to the liver (supplemental Fig. IA), with  � 3.0-
fold increase in hepatic Ark1b7 protein levels (supplemen-
tal Fig. IB). Overexpression of Akr1b7 did not affect the 
MDA levels in the liver ( Fig. 3C ) or plasma (data not 
shown). These data indicate that activation of FXR reduces 
MDA levels in the intestine and that hepatic AKR1B7 does 
not regulate hepatic or plasma MDA levels. 

 Hepatic expression of AKR1B7 regulates plasma glucose 
levels and ApoB secretion in wild-type mice 

 In addition to determining the effect of AKR1B7 on 
MDA levels, we also investigated the role of AKR1B7 in 

  Fig.   3.  FXR but not AKR1B7 reduces MDA levels in vivo. A, B: 
C57BL/6 mice were treated with either vehicle or GW4064 for 
7 days (n = 7 per group). The MDA levels in the intestine (A) and the 
liver (B) were determined. C: C57BL/6 mice were injected intrave-
nously with either the control adenovirus (Ad-null) or adenovirus 
expressing Akr1b7 (Ad-Akr1b7) (n = 7 per group). After 7 days, 
hepatic MDA levels were determined. * P  < 0.05.   

  Fig.   4.  Overexpression of AKR1B7 lowers plasma glucose levels 
and increases VLDL secretion in wild-type mice. A–F: C57BL/6 
mice were injected intravenously with Ad-null (control) or Ad-
Akr1b7 (n = 7 per group). After 7 days, mice were fasted for 6 h 
prior to euthanasia. A, B: Plasma (A) and hepatic (B) triglyceride 
and cholesterol levels were determined. Plasma glucose levels (C) 
were determined. Hepatic mRNA levels (D, E) were determined by 
real-time PCR. Hepatic protein levels (F) in the liver (top panel) or 
plasma (lower panel) were determined by Western blot assays. G: 
Hepatic VLDL secretion in C57BL/6 mice was determined (n = 7 
mice per group). * P  < 0.05, ** P  < 0.01.   
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Akr1b7 are associated with reduced FAS expression and 
increased ApoB secretion. 

 Overexpression of AKR1B7 markedly improves 
hyperglycemia in db/db mice 

 As shown in   Fig. 6A  ,  overexpression of Akr1b7 in db/db 
mice signifi cantly reduced hepatic  Pepck, G6pase , and 
 Pgc-1 �   expression. Consistent with the changes in he-
patic gene expression, overexpression of Akr1b7 in db/db 
mice had a pronounced effect on preventing the in-
crease in blood glucose levels at each indicated time 
point after bolus injection of glucose ( Fig. 6B ). These 
data indicate that hepatic Akr1b7 markedly improves 
glucose tolerance in diabetic db/db mice. Interestingly, 
Akr1b7 overexpression had no effect on hepatic glyco-
gen levels ( Fig. 6C ). In addition, Akr1b7 did not affect 
hepatic phosphorylated levels of AKT or GSK3 �  after 
bolus injection of insulin ( Fig. 6D ). These data suggest 
that hepatic Akr1b7 expression lowers blood glucose 
levels without improving hepatic insulin signaling in db/db 
mice. 

 Hepatic genes involved in lipid metabolism were also 
determined. Hepatic mRNA levels of fatty acid synthase 
( Fas ), diacylglycerol acyltransferase ( Dgat ) 2, cholesterol 
7 � -hydroxylase ( Cyp7a1 ), ATP binding cassette G5 ( Abcg5 ), 
 Abcg8 , and sterol regulatory element binding protein 1c 
( Srebp-1c ) were also signifi cantly reduced, whereas the 
mRNA levels of microsomal triglyceride transfer protein 
( Mtp ), apolipoprotein B ( Apob ), acetyl-CoA carboxylase 
( Acc ),  Dgat1 , scavenger receptor class B type I ( Sr-b1 ), and 
 Srebp-2  remained unchanged ( Fig. 4E ). These data suggest 
that overexpression of Akr1b7 in the liver selectively regu-
lates hepatic gene expression. 

 Consistent with the unchanged  Apob  mRNA levels, he-
patic ApoB-100 or ApoB-48 protein levels were un-
changed ( Fig. 4F , top panel). Interestingly, plasma ApoB-100 
or ApoB-48 protein levels in Akr1b7-overexpressing 
mice were 2.5-fold and 1.8-fold higher than those in con-
trol mice ( P  < 0.05) ( Fig. 4F , bottom panel). In agreement 
with the latter data, hepatic Akr1b7 expression signifi -
cantly increased triglyceride accumulation in the plasma 
after intravenous injection of tyloxapol ( Fig. 4G ), a lipo-
protein lipase inhibitor, indicating that Akr1b7 increases 
VLDL secretion. Thus, the increased plasma cholesterol 
levels in wild-type mice following hepatic expression of 
Akr1b7 ( Fig. 4A ) may result from reduced hepatic ex-
pression of Cyp7A1 and/or increased VLDL secretion. 
On the other hand, the unchanged hepatic cholesterol 
levels may be a net effect of decreased hepatic expres-
sion of Abcg5/g8 and Cyp7a1 and increased VLDL 
secretion. 

 Hepatic expression of AKR1B7 ameliorates hepatic lipid 
accumulation in db/db mice 

 The striking effect of AKR1B7 on glucose metabolism in 
wild-type mice led us to investigate whether AKR1B7 also 
has similar effects in diabetic mice. Ad-null or Ad-Akr1b7 
was delivered to db/db mice intravenously (supplemental 
Fig. II). Interestingly, overexpression of Ark1b7 in dia-
betic db/db mice signifi cantly reduced hepatic choles-
terol (  Fig. 5A  )  and triglyceride ( Fig. 5B ) levels by more 
than 40% and 50%, respectively. Oil Red-O staining 
showed that overexpression of Akr1b7 signifi cantly reduced 
hepatic neutral lipid accumulation ( Fig. 5C ). 

 Akr1b7 expression also increased plasma triglyceride 
levels, but it did not alter plasma cholesterol levels ( Fig. 5D ). 
Analysis of plasma by FPLC indicated that Akr1b7 increased 
VLDL triglyceride ( Fig. 5E ) and cholesterol ( Fig. 5F ) levels. 
These data are consistent with the role of Akr1b7 in pro-
moting hepatic VLDL secretion ( Fig. 4G ). 

 Analysis of hepatic gene expression by real-time PCR in-
dicated that Akr1b7 reduced hepatic mRNA levels of  Fas , 
 Cyp7a1 , and  Srebp-2  ( Fig. 5G ). Overexpression of Akr1b7 
had no effect on hepatic Apob protein levels ( Fig. 5H ), 
but it signifi cantly increased plasma ApoB-100 and ApoB-
48 protein levels ( P  < 0.05) ( Fig. 5I ), suggesting that 
Akr1b7 also increases hepatic VLDL secretion in db/db 
mice. Taken together, the data in  Fig. 5  indicate that he-
patic expression of Akr1b7 markedly reduces hepatic lipid 
accumulation in diabetic db/db mice. Such effects of 

  Fig.   5.  Overexpression of AKR1B7 markedly reduces hepatic 
lipid accumulation in db/db mice. The db/db mice were injected 
intravenously with either Ad-null or Akr1b7 (n = 7 mice per group). 
After 7 days, mice were fasted 6 h prior to euthanasia. A, B: Hepatic 
levels of cholesterol (A) and triglycerides (B) were determined. 
C: Representative Oil Red-O staining from each group was shown. 
D: Plasma levels of triglyceride and cholesterol were determined. 
E, F: Plasma triglyceride (E) and cholesterol (F) lipoprotein profi le 
was determined. G: Hepatic mRNA levels were determined by real-
time PCR. H, I: Hepatic (H) or plasma (I) ApoB levels were deter-
mined by Western blot assays. * P  < 0.05, ** P  < 0.01.   
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intestine and that Akr1b7 is a direct target gene of FXR 
( Figs. 1 and 2 ). We also demonstrated that activation of 
FXR lowers MDA levels in the intestine, whereas overex-
pression of Akr1b7 in the liver has no effect on hepatic or 
plasma MDA levels ( Fig. 3  and data not shown). In addi-
tion, we provided evidence to show that overexpression of 
hepatic Akr1b7 has a pronounced effect on lipid and glu-
cose homeostasis ( Figs. 4–7 ). 

 Several groups have identifi ed Akr1b7 as a target for 
nuclear receptors, such as liver X receptor (LXR) ( 32 ) 
and xenobiotic receptors pregnane X receptor (PXR) and 
constitutive androstane receptor (CAR) ( 22 ). We noted 
that while this article was in preparation, Schmidt et al. 
reported that treatment of mice with GW4064 for 4 or 12 h 
induced  Akr1b7  mRNA levels in the liver and intestine 
( 16 ). Consistent with these data, we demonstrated that 
oral gavage of C57BL/6 mice with GW4064 for 7 days sig-
nifi cantly induces both mRNA and protein levels of  Akr1b7 . 
Such observations led us to fi rst demonstrate that activa-
tion of FXR reduces MDA levels in the intestine ( Fig. 3 ). 
MDA is highly reactive and may cause DNA mutagenesis. 
FXR has been shown to be important in protection against 
carcinogenesis in the intestine ( 13 ). The fi nding that acti-
vation of FXR reduces intestinal MDA levels may partly 
account for the protective role of FXR in intestinal car-
cinogenesis. Interestingly, hepatic expression of Akr1b7 
has no effect on MDA levels in the liver or plasma, thus rais-
ing a question regarding whether Akr1b7 regulates lipid 
peroxidation in vivo. The fi nding that Akr1b7 has no effect 
on hepatic MDA levels is consistent with the data from 
 Akr1b7   � / �   mice, in which no obvious changes in morphol-
ogy or defects in reproduction have been observed ( 33 ). 

 Despite the unchanged MDA levels, hepatic overexpres-
sion of Akr1b7 has pronounced effects on regulating lipid 
and glucose metabolism. Overexpression of Akr1b7 in the 
liver markedly reduces plasma glucose levels in both wild-
type mice and diabetic db/db mice ( Figs. 4 and 6 ), and it 
signifi cantly improves glucose tolerance in db/db mice 
( Fig. 6 ). The reduced glucose levels are associated with 
reduced expression of gluconeogenic genes in the liver 
( Figs. 4 and 6 ) and increased pyruvate tolerance ( Fig. 7 ), 
suggesting that hepatic expression of AKR1B7 inhibits 
hepatic gluconeogenesis. 

 Interestingly, the hypoglycemic effect of Akr1b7 is not 
associated with increased insulin sensitivity. First, overex-
pression of hepatic Akr1b7 does not increase hepatic gly-
cogen levels ( Fig. 6C ). Second, Hepatic p-AKT or p-GSK3 �  
levels are unchanged following bolus injection of insulin 
( Fig. 6D ). Third, Akr1b7 does not improve insulin sensitiv-
ity in an insulin tolerance test ( Fig. 7A ). Thus, the inhibi-
tion of hepatic gluconeogenesis may account, at least in 
part, for Akr1b7-induced decrease in plasma glucose levels. 

 In addition to lowering blood glucose levels, hepatic ex-
pression of Akr1b7 has a striking effect on ameliorating 
hepatic lipid accumulation in db/db mice ( Fig. 5 ). Such 
an effect may be partly due to reduced expression of lipo-
genic gene FAS and increased hepatic VLDL secretion 
( Figs. 4 and 6 ). We also noted differential effects of Akr1b7 
on plasma triglyceride and cholesterol levels in wild-type 

 Overexpression of AkR1B7 improves pyruvate tolerance 
 To determine whether AKR1B7 overexpression affects 

whole body insulin sensitivity, an insulin tolerance test was 
performed. As shown in   Fig. 7A  ,  hepatic expression of Akr1b7 
had no effect on insulin sensitivity, consistent with unchanged 
hepatic insulin signaling in db/db mice ( Fig. 6D ). 

 The fi nding that hepatic Akr1b7 expression signifi cantly 
reduces hepatic gluconeogenic genes ( Figs. 4D and 6A ) in 
both wild-type and db/db mice led us to determine 
whether Akr1b7 affects gluconeogenesis in vivo. After bo-
lus injection of pyruvate, mice infected with Akr1b7 had 
signifi cantly reduced plasma glucose levels at 30, 60, 90, 
and 120 min postpyruvate injection ( Fig. 7B ). These data, 
together with the reduced hepatic expression of gluconeo-
genic genes ( Figs. 4 and 6 ), indicate that hepatic expres-
sion of Akr1b7 inhibits gluconeogenesis. 

 DISCUSSION 

 In this article, we demonstrated that activation of FXR 
induces Akr1b7 mRNA and protein levels in the liver and 

  Fig.   6.  Overexpression of AKR1B7 markedly ameliorates glucose 
tolerance in db/db mice. db/db mice were injected with either Ad-
null or Ad-Akr1b7 (n = 7 per group). A: Hepatic mRNA levels were 
determined by real-time PCR. B: Glucose tolerance test was per-
formed after an over-night fast. C: Hepatic glycogen levels were 
determined. D: db/db mice were given bolus injection of insulin 
(5 units/kg). After 5 min, hepatic levels of phosphorylated AKT 
(p-AKT), total AKT, phosphorylated GSK3 �  (p-GSK3 � ) and total 
GSK3 �  were determined by Western blot assays. * P  < 0.05, ** P  < 0.01.   

  Fig.   7.  AKR1B7 overexpression improves pyruvate tolerance. 
Wild-type mice were injected with Ad-null or Ad-Akr1b7 (n = 7 per 
group). A: Insulin tolerance test was performed on day 6 postinfec-
tion. B: Pyruvate tolerance test was performed on day 8 postinfec-
tion. * P  < 0.05, ** P  < 0.01.   
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versus db/db mice ( Figs. 4 and 5 ). Compared with wild-
type mice, db/db mice are known to have high levels of 
triglycerides and cholesterol in the liver and plasma. The 
high blood cholesterol levels in db/db mice may prevent 
further increase in plasma cholesterol levels following he-
patic expression of Akr1b7. The unchanged plasma trig-
lyceride levels in wild-type mice may be due to low hepatic 
triglyceride levels in these mice ( Fig. 4 ). 

 Although Akr1b7 has pronounced effects on lipid and 
glucose metabolism, the exact mechanism leading to these 
effects remains to the further explored. Recent data sug-
gest that certain bile acids are substrates for Akr1b7 ( 16 ). 
Bile acids are known to activate FXR, a nuclear receptor 
that has both hypoglycemic and hypolipidimic effects. 
Overexpression of hepatic Akr1b7 induces SHP, but does 
not induce other FXR target genes, such as bile salt export 
protein (BSEP) or multidrug resistant protein 2 (Mdr2) 
(data not shown), suggesting that FXR is not activated fol-
lowing Akr1b7 overexpression. One possibility is that the 
catalytic activity of Akr1b7 may lead to glucose cleavage or 
production of new metabolite(s) responsible for the meta-
bolic changes following hepatic overexpression of Akr1b7. 
Our in vitro biochemical assays, using D-glucose as sub-
strate and cell lysates from AML12 cells (a mouse liver cell 
line) infected with Ad-null or Ad-Akr1b7, suggest that 
Akr1b7 does not have glucose cleavage activity. One of our 
future directions is to identify the metabolites of Akr1b7 
that are responsible for the changes in lipid and glucose 
metabolism. 

 The  AKR1B7  gene is not present in humans. The closest 
human ortholog of murine Akr1b7 is AKR1B10, which is 
also expressed in the liver and intestine. Human AKR1B10 
shares 89% amino acid homology with murine Akr1b7. It 
will be interesting to investigate whether human AKR1B10 
also regulates glucose and lipid metabolism. 

 Hyperglycemia is often associated with fatty liver dis-
ease. The fi nding that expression of Ark1b7 in the liver 
markedly ameliorates both hyperglycemia and lipid accu-
mulation in diabetic mice suggests that human Akr1b iso-
forms may be therapeutic targets for treatment of fatty 
liver disease associated with diabetes mellitus.  

 The authors appreciate Dr. Antoine Martinez at Clermont 
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