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In obese humans and rodents there is increased expression of the key
glucocorticoid (GC) regenerating enzyme, 11B-hydroxysteroid dehy-
drogenase type 1 (11B-HSD1), in adipose tissue. This increased ex-
pression appears to be of pathogenic importance because transgenic
mice overexpressing 11B3-HSD1 selectively in adipose tissue exhibit a
full metabolic syndrome with visceral obesity, dyslipidemia, insulin-
resistant diabetes, and hypertension. In this model, while systemic
plasma GC levels are unaltered, GC delivery to the liver via the portal
vein is increased. 113-HSD1 is most highly expressed in liver where
inhibition or deficiency of its activity improves glucose and lipid
homeostasis. To determine the potential contribution of elevated
intrahepatic GCs alone toward development of insulin-resistant syn-
dromes we generated transgenic mice expressing increased 11p-
HSD1 activity selectively in the liver under transcriptional control of
hepatic regulatory sequences derived from the human apoE gene
(apoE-HSD1). Transgenic lines with 2- and 5-fold-elevated 11B8-HSD1
activity exhibited mild insulin resistance without altered fat depot
mass. ApoE-HSD1 transgenic mice exhibited fatty liver and dyslipi-
demia with increased hepatic lipid synthesis/flux associated with
elevated hepatic LXRa and PPARa mRNA levels as well as impaired
hepatic lipid clearance. Further, apoE-HSD1 transgenic mice have a
marked, transgene-dose-associated hypertension paralleled by incre-
mentally increased liver angiotensinogen expression. These data
suggest that elevated hepatic expression of 118-HSD1 may relate to
the pathogenesis of specific fatty liver, insulin-resistant, and hyper-
tensive syndromes without obesity in humans as may occur in, for
example, myotonic dystrophy, and possibly, the metabolically obese,
normal-weight individual.

I n Cushing’s syndrome, high circulating glucocorticoid (GC) levels
cause visceral obesity, insulin resistance, diabetes mellitus, dys-
lipidemia, hypertension, and an increased risk of cardiovascular
disease (1, 2). The much more prevalent “metabolic syndrome”
(insulin resistance, type 2 diabetes, dyslipidemia, and hypertension,
typically in association with visceral obesity) has similarities to
Cushing’s syndrome (1). However, any pathogenic role for GCs in
the metabolic syndrome or idiopathic obesity has been unclear
because circulating cortisol levels are typically near normal or even
low (3). However, recent studies in humans and rodents suggest a
role for tissue rather than plasma GC excess in the development of
idiopathic obesity and the metabolic syndrome via intracellular
steroid reactivation of inert circulating 11-dehydrocorticosterone
(cortisone in humans) into active corticosterone (cortisol) by
11B-hydroxysteroid dehydrogenase (118-HSD) type 1. This en-
zyme is highly expressed in liver, adipose tissue, and brain (4).
The 2- to 3-fold-increased 113-HSD1 activity in adipose tissue in
obese Zucker rats (5) and in some (6, 7) but not all (8) studies of
obese humans may be causal of visceral obesity and its metabolic
consequences. Supporting this hypothesis, visceral obesity, hyper-
lipidemia, insulin resistance, glucose intolerance/diabetes (9), and
hypertension (10) are driven in transgenic (TG) mice by overex-
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pression (2- to 3-fold) of 11p-HSD1 selectively in adipose tissue.
Notably, as with human metabolic syndrome, circulating plasma
corticosterone levels in aP2-HSD1 TG mice are unaltered (9).
Conversely, 113-HSD1 null mice exhibit a protective glycemic, lipid,
and lipoprotein profile (11, 12) and show increased expression of
hepatic mRNAs encoding regulators of fatty acid beta-oxidation
(12). While intraadipose but not systemic corticosterone concen-
trations are elevated in aP2-HSD1 TG mice, corticosterone deliv-
ery to the liver is also increased ~3-fold via spillover of adipose
steroid production into the portal vein. 113-HSD1 shows highest
expression in the liver (13). Hepatic 113-HSD1 mRNA levels are
regulated by diet, gender, and hormones (1, 13-15). Heterogeneity
of hepatic 11B8-HSD1 activity may be relevant to the development
of specific fatty liver, insulin-resistant, and hypertensive syndromes
without obesity in humans as may occur in, for example, myotonic
dystrophy where marked insulin resistance and dyslipidemia have
been shown to occur with elevated hepatic 11B-reduction of cor-
tisone to cortisol in positive correlation with the severity of disease
(16). To dissect the role of elevated hepatic 113-HSD1 in visceral
obesity/metabolic syndrome phenotypes, we generated TG mice
overexpressing 113-HSD1 selectively in liver by using the previously
characterized hepatic transcriptional control sequences of the hu-
man apoE gene promoter and enhancer (17).

Materials and Methods

Construct for Liver Overexpression of 113-HSD1 in TG Mice. Plasmid
(pLIVeGFP) comprising human apoE gene sequences driving
expression of enhanced GFP (EGFP) ¢cDNA (kindly provided by
J. M. Taylor, Gladstone Institute, University of California, San
Francisco) was manipulated for 118-HSD1 expression in hepato-
cytes by using standard recombinant DNA techniques. Briefly,
eGFP was removed from pLIV by Kpnl/Miul digestion and the
vector was blunt-end-ligated to the rat 113-HSD1 cDNA fused
in-frame at the C terminus to the influenza virus-derived HA
epitope tag by PCR-mediated site-directed mutagenesis. The trans-
gene construct, apoE-HSD1, a 5.1-kb DNA fragment subsequently
excised by Notl/partial EcoRI digestion, was prepared for micro-
injection by agarose gel electrophoresis, electroelution, and dialysis
against 10 mM TrissHCI/0.1 mM EDTA (pH 7.4) before dilution
of DNA to a concentration of 2 ng/ul.

TG and Experimental Animals. Microinjection into the pronuclei of
fertilized C57BL/6xCBA/C3H F, embryos was performed by using
standard techniques. Gy offspring were screened by Southern

This paper was submitted directly (Track ) to the PNAS office.

Abbreviations: AGT, Angiotensinogen; FAS, fatty acid synthase; GC, glucocorticoid; LF,
low-fat; HF, high-fat; RAS, renin-angiotensin system; SREBP, serum response element
binding protein; TG, transgenic.

*To whom correspondence should be addressed. E-mail: janice.paterson@ed.ac.uk.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0305524101

www.manaraa.com



z
/|
~ |

a C 25
2
2 120
BE
D% 15 -
2 10|

b wt — Transgenic—— EE

L HEKAPTEE &= 5]
> - - > 0
Fig. 1. ApoE-HSD1 TG mice. (a) ApoE-HSD1 mice propagated from TG founder

males 1066 and 1065 bearing a single insertion of transgene genotyped by
Southern blot. Lane 1, non-TG; lane 2, 1066 TG; lane 3, 1065 TG. (b) Expression of
epitope-tagged 11B-HSD1 (arrowhead) in tissue extracts (L, liver; H, heart; K,
kidney; A, adipose; P, pancreas; T, testes; E, epididymis; B, brain) determined by
anti-HA immunoblot. () In liver, Vimax for 118-HSD1 activity in 1066 TG (stippled
bar) and 1065 TG (black bar) increased 2- and 5-fold above non-TG controls (gray
bar), respectively.

blotting analysis of tail biopsy genomic DNA digested with BarmHI
and probed with [a-*?P]dCTP-labeled rat 115-HSD1 ¢cDNA to
reveal diagnostic restriction fragments as shown in Fig. 1a. TG lines
1066 and 1065, estimated to carry 2-3 and 8-10 copies of the
transgene, respectively, were propagated from independent
founder animals. F; C57BL/6J backcross male mice were studied
throughout. Mice hemizygous for the transgene (referred to as
apoE-HSD1 and/or TG mice) were compared with non-TG litter-
mate controls. Animals were routinely fed standard chow (Special
Diet Services, Essex, U.K., product 801190) ad libitum. To address
responses to a diet previously optimized for weight gain and insulin
resistance, groups of TG and non-TG mice were fed high-fat (HF)
diet (58% calories as fat with sucrose, Research Diets D12331) or
low-fat (LF) diet (11% calories as fat with cornstarch, Research
Diets D12328) as control for 20 weeks from 4 weeks of age. Mice
were housed singly for the final 4-5 days before killing between 6
and 9 a.m. or blood sampling for corticosterone by venesection from
conscious animals at 8 a.m. or 8 p.m. (nadir and peak of diurnal
rhythm), within 1 min of disturbing each cage.

Blood Analysis. Plasma corticosterone levels were determined by
radio immunoassay as described (18). Plasma glucose was as-
sayed by using the Trinder kit (Sigma). Serum or plasma insulin
was measured by using the Ultra Sensitive Insulin ELISA kit
(Crystal Chem, Downers Grove, IL). Serum lipids and apoli-
poproteins were assayed as described (12). Serum lipids pooled
from groups of male TG and non-TG fed either HF or control
LF diet (as above) were fractionated relative to lipoprotein size
and assayed as described (12).

Recording of Blood Pressure. Radio-telemetric devices (TA11PA-
C20, Datasciences, Minneapolis) were implanted under anesthesia
into the carotid artery of adult male TG and non-TG littermate
mice aged 8—10 months for recording of activity and blood pressure
by using DATAQUEST ART Version 2.3 (Datasciences). The data
presented (6 h moving average per individual animal; mean = SEM
per group) are from recordings taken over 3 consecutive days
between 6 and 18 days postsurgery.

Analysis of Transgene Expression by Immunoblotting. Tissues were
homogenized in 10 vol of 250 mM sucrose/10 mM triethanolamine
(pH 7.6), and protein concentration was determined by photomet-
ric assay (BCA kit, Pierce). Total proteins (40-80 ug) were resolved
by SDS/PAGE minigel and electroblotted onto poly(vinylidene
difluoride) membrane (Hybond-P) and processed according to the
manufacturer’s instructions (Amersham Biosciences) with anti-HA
antibody (rabbit polyclonal F7, Santa Cruz Biotechnology) diluted
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1:1,000, followed by horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (Diagnostics Scotland, Edinburgh) diluted 1:1,000.
HRP signal was visualized by using color developer TMB (3,3',5,5'-
tetramethylbenzidine, Promega).

118-HSD1 Enzyme Activity. 113-HSD activity in liver was assayed
after homogenization as described (13). The reaction included 0.1
mg/ml protein, 25 nM tritiated corticosterone, and an excess (2
uM) of the 11B-HSDI1-specific cofactor NADP together with
unlabeled corticosterone from 0.5 to 20 uM to allow assay within
the linear range for accurate determination of Vi,. and Kp,,. After
a 10-min incubation, steroids were extracted with ethyl acetate,
separated by TLC, identified by migration in comparison to stan-
dards, and quantified with a phosphorimager tritium screen (Fuji).
Identity of corticosterone and 11-DHC were confirmed by HPLC
analysis as described (12).

RNA Extraction and Gene Expression Analysis: RNA Preparation and
Northern Blotting. The procedure and all probes were as described
(12), except CYP7a, which was amplified from mouse liver cDNA
by PCR with oligonucleotide primers as described (19). Remaining
probes were generated by using the following primers (5’ to 3';
up/downstream pairs): LXRa, CAG TGT CTT GGT AAT GTC
CAG G and GCCTGT TAC ACT GTT GCT GG; RXRa/B, TTA
CCA ACA TCT GTC AAG CAG C and TAG GTG GCT TGA
TGT GGT GC; FXR, CGA AGA AGCATT ACCAAGAACG
and TCT GTC TGG AGA GAG GAT GAC G; ABCAL, GTC
AGT CAC ATA GAG GAA TG and GGT ATG CCA ATA ACT
ACT GG.

Gene expression was quantified in arbitrary units from phos-
phorimages as described (12) at an exposure appropriate for the
intensity of the signal for a given probe relative to RNA loading by
using a probe for U1 small nuclear rRNA. U1 levels do not change
with genotype or the dietary manipulation described as tested by
reference to 18S and 28S rRNA levels.

Tissue Biochemistry: Hepatic Lipid Content. tissues were thoroughly
homogenized in 4-10 vol of isopropanol for 2 X 20 seconds at 30
Hz in Mixer Mill 301 (Retsch) and cleared of debris by centrifu-
gation (>10,000 X g), and 5 or 2.5 ul of the extract was assayed
manually by using kits for determination of triglyceride (Sigma) or
total cholesterol (Wako Biochemicals, Osaka) concentration. Mea-
surements from livers of non-TG mice were comparable to those
published for wild-type mice (20). Oil Red O staining of tissue
sections was performed as described (12).

Statistics. Data are expressed as mean = SEM and were analyzed
by one- or two-way ANOVA with genotype and/or diet for most
parameters, or by repeated-measures ANOVA with genotype and
time for glucose tolerance test and radio-telemetry mean arterial
blood pressure data.

Results

Hepatic Overexpression of Active 118-HSD1 in TG Mice. Two lines of
mice, 1066 and 1065, estimated to carry 2-3 and 8—10 copies of the
apoE-HSD1 transgene, respectively, were propagated for further
study (Fig. 1a). Assay of transgene expression by anti-HA immu-
noblotting revealed overexpression of epitope-tagged 113-HSD1 in
liver (Fig. 1b). Some expression of transgene product was detected
in kidney. Assay of 11B8-HSD1 activity in kidney and adipose tissue
revealed no significant difference between TG and non-TG groups
(data not shown). Kinetic analyses of liver 11p-HSD activity,
however, indicated a 2-fold increase in V., for TG mice from line
1066 and a 5-fold increase in line 1065 (Fig. 1¢) with unaltered
affinity of the enzyme for its substrate (K, corticosterone; TG
10.1 = 3.3 uM, non-TG 5.7 £ 1.8 uM; not significant), confirming
that overexpressed 113-HSD1 was unaffected by the HA tag.
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Table 1. Morphometric and lipid parameters

Diet
fed 1065 TG Non-TG
Body weight, g LF 303+ 1.2 32.2+0.9
HF 40.2 = 3.5 444 + 2.3
Weight ratio (X 103)
Liver LF 49 = 1.3 49 = 2.1
HF 52 £0.9 49 + 1.0
Kidney LF 7+03 7*+0.1
HF 603 6+03
Mesenteric fat LF 11+13 10 = 0.5
HF 19 = 3.6 25+20
Epididymal fat LF 19+ 2.2 22 +23
HF 41 =59 5142
Inguinal fat LF 14 =11 1317
HF 24 =55 32 £4.2
Liver
Triglycerides, mg/g of liver LF  15.80 = 1.57* 11.24 =0.73
HF  59.6 = 18.68 70.38 = 23.85
Total cholesterol, mg/g of liver LF 0.65 = 0.03 0.62 = 0.03
HF 0.98 = 0.03 0.93 = 0.02
Serum
NEFA, nmol/liter LF 0.73 = 0.05* 0.56 = 0.02
HF 1.17 £ 0.12 1.21 = 0.1
Triglycerides, mg/dl LF 183 = 23 171 =17
HF 252 = 37 299 + 47
Total cholesterol, mg/dl LF 143 + 6 130 =7
HF 205 = 11 221 = 24
HDL-cholesterol, mg/dl LF 107 =2 93 +8
HF 69 = 14 86 = 12

ApoE-HSD1 TG and non-TG mice aged 24 weeks fed as indicated (n = 4-8).
ANOVA, *, P < 0.05 with genotype and LF diet.

ApoE-HSD1 TG Mice Show Normal Circulating Corticosterone Levels.
Circulating corticosterone levels, measured in the highest express-
ing line, were unaltered (8 a.m.: non-TG 32 =+ 10 nmol/liter, TG
38 = 12 nmol/liter; 8 p.m.: non-TG 173 = 21 nmol/liter, TG 176 =
54 nmol/liter), indicating a normal plasma corticosterone diurnal
rhythm despite elevated hepatic regeneration. Chronically in-
creased tissue regeneration of corticosterone in liver might cause
down-regulation of GC receptors (GR) (21). Hepatic GR and its
mRNA show a diurnal variation (22), but at both morning and
evening time points apoE-HSD1 TG mouse hepatic GR mRNA
levels were at or above wild-type levels [Northern blot data
(mean = SEM) expressed as a percentage relative to control
morning values: (a.m.) non-TG 100 = 14, 1065 TG 236 *+ 64, 1066
TG 237 + 32, (p.m.) non-TG 261 = 21,1065 TG 258 * 19;n = 6-9].

ApoE-HSD1 TG Mice Display Normal Glucose Tolerance, Body Weight,
and Fat Depots but Develop Hyperinsulinemia. In contrast to mice TG
for aP2-HSD1, adult male apoE-HSD1 TG mice aged 24 weeks
expressing the highest level of 118-HSD1 activity in liver exhibited
no significant differences in body weight, fat-depot mass, or organ-
to-body-weight ratio compared to non-TG littermates. On high fat
diet, apoE-HSD1 mice gained equal weight with unaltered adipose
distribution compared to controls (Table 1). At 18 weeks of age,
apoE-HSD1 mice expressing 5-fold-increased enzyme activity had
entirely normal fasting plasma glucose levels and glucose tolerance
(Fig. 2a) but showed elevated 30-min post-IP glucose bolus plasma
insulin levels (Fig. 2b), and by 24 weeks of age, fasting insulin levels
were elevated in TGs from both apoE-HSD1 lines, suggesting the
development of modest insulin resistance (Fig. 2c).

Dyslipidemia in_apoE-HSD1 TG Mice. Histopathological staining of
liver with Oil Red O suggested an increase in hepatic fat content in
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Fig. 2.  Glucose homeostasis. IPGTT of chow-fed mice aged 18 weeks. Plasma
glucose (a) and insulin (b) in apoE-HSD1 TG mice (black) and controls (gray) are
shown. (c) Twenty-four-hour fasting plasma insulin levels in male mice aged 24
weeks [non-TG (n = 12), gray bar; 1066 TG (n = 6), stippled bar; 1065 TG (n = 6),
black bar; ANOVA; mean * SEM; *, P < 0.05 with respect to genotype].

apoE-HSD1 mice, and biochemical analyses confirmed the pres-
ence of significantly increased intrahepatic triglyceride levels in
apoE-HSD1 mice fed LF diet together with an increase in circu-
lating nonesterified fatty acids (NEFA) in this group (Table 1).
Serum lipid levels and the cholesterol distribution among lipopro-
teins did not differ between LF-diet-fed apoE-HSD1 and control
groups (Table 1 and Fig. 3 a and b). HF diet feeding increased
serum cholesterol and triglycerides in all animals (Table 1) and led
to changes in cholesterol distribution between apoE-HSD1 TG and
non-TG mice (Fig. 3 ¢ and d). In HF-diet-fed non-TG mice, the
elution of expected HDL-associated cholesterol (fractions 55-60)
was preceded by another peak (fractions 45-55) coincident with the
expected elution of low density lipoproteins and/or differentially
sized lipoprotein particles as reported (23). In HF-diet-fed apoE-
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Fig. 3. Cholesterol lipoprotein distribution profiles. FPLC fractionation of
pooled serum from apoE-HSD1 TG mice (black squares) and non-TG littermates
[gray triangles; n = 5-7 per group, except 1066 non-TG (n = 2) because of
unexpected deaths] with cholesterol content (mg/dl; y axis) plotted for each
fraction (x axis). VLDL-, IDL+LDL-, and HDL-associated cholesterol fractions usu-
ally elute in fractions 30-35, 45-55, and 55-60, respectively. Cholesterol profiles
from animals fed control LF diet (a and b) or HF diet (cand d) from line 1066 (a and
¢) and 1065 (b and d) are shown.

Paterson et al.

www.manaraa.com



Table 2. Hepatic gene expression

LF feeding HF feeding
Non-TG 1065 TG Non-TG 1065 TG

Gluconeogenesis

PEPCK 100 = 20 136 = 35 208 + 23"t 214 + 40
Lipogenesis

FAS 100 + 22 247 = 33*** 223 + 16'" 187 = 40

GPAT (6.6 kb) 100 + 17 144 = 24 233 £ 15"t 100 + 23

GPAT (3.0kb) 100 + 12 160 = 27 413 + 36™1t 270 = 6111

SREBP1c 100 = 14 121 =17 153 + 9tt 116 = 23

LXRa 100 = 3 141 = 5** 180 = 6'f 115+ 8
Lipid oxidation

mCPT1 100 = 11 155 = 10** 333 = 221t 272 + 331

PPAR« 100 = 15 148 = 14* 352 + 23ttt 263 + 35°F
Cholesterol

HMG CoAR 100 = 22 155 + 34 159 = 14 116 =9

SREBP2 100 =9 95 +5 190 = 11t 101 = 4
Bile acids

CYP7a (7.5 kb) 100 = 12 226 *+ 53* 241 + 46ttt 211 + 47%

CYP7a (4.5 kb) 100 = 19 212 =57 124 = 65 115 = 26

FXR 100 = 8 95.6 = 11 213 £ 121 141 + 1311

RXRa 1005 11517 144 + 111t 113 +7

RXRpB 100 = 18 104 = 11 230 + 14ttt 169 + 257
Lipoprotein metabolism

ApoAl 100 = 1 94 + 11 137 13t 113 =10

ABCA1 100 = 11 56 = 10** 46 + 14%F 52 £ 22

LDL receptor 100 = 17 120 = 11 181 = 177t 125 = 17

Hepatic lipase 100 = 14 97 + 16 155 = 18*t 84 +9

Northern blot analysis of apoE-HSD1 TG and control mice. Data (mean =
SEM) are summarized per group (n = 5-7) and expressed as a percentage
relative to control LF fed non-TG (100%). ANOVA, *, P < 0.05; **, P < 0.01;
and ***, P < 0.001 with genotype and LF diet; T, P < 0.05; ', P < 0.01; and
1, P < 0.001 with genotype and HF diet.

HSD1 TG mice, the HDL-associated cholesterol peak was appar-
ently reduced and the presence of earlier-eluting particles was more
marked, suggesting altered lipoprotein metabolism in the presence
of elevated intrahepatic GC regeneration with HF dietary chal-
lenge. The degree of divergence of the cholesterol-associated
lipoprotein profile was most marked in the line with the greatest
transgene overexpression (Fig. 3d). Although a significant differ-
ence in HDL cholesterol levels between groups was not detected
(Table 1), circulating levels of the major lipoprotein component of
HDL-cholesterol, apoAl, were reduced by 40% (1065 TG 126 =+ 26
mg/dl, non-TG 220 *= 12 mg/dl; ANOVA, P < 0.01), whereas apoB
levels remained similar (1065 TG 54 + 6 mg/dl, non-TG 62 * 4
mg/dl), suggesting, therefore, that larger lipoprotein particles are
generated in apoE-HSD1 TG mice upon HF diet feeding.

Hepatic Gene Expression: Altered Lipid Homeostasis. LF diet. To
address the possible molecular mechanisms of the dyslipidemia in
apoE-HSD1 mice, mRNAs encoding major determinants of he-
patic lipid metabolism were quantified by Northern blot analyses
(Table 2). On control diet, apoE-HSD1 mice had highly signifi-
cantly increased expression of mRNA encoding the key limiting
enzyme of hepatic triglyceride synthesis, fatty acid synthase (FAS),
as well as a trend toward increased glycerol phosphate acyltrans-
ferase (GPAT) transcripts (6.6 kb, P = 0.16; 3 kb, P = 0.07),
suggesting activation of glycerolipogenesis. Given the elevated FAS
expression, it is perhaps surprising that mRNAs for the major
transcriptional regulators of the lipogenic and cholesterogenic
pathways, serum response element binding protein (SREBP) 1c
(24) and SREBP-2 (20), were not induced in apoE-HSD1 mice. In
contrast, LXRa, which regulates FAS transcription directly (25),
was significantly increased in livers of apoE-HSD1 mice. This
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appeared to be a specific change because expression of mRNAs
encoding other related nuclear receptors, RXRa, RXRp, and
FXR, were unaltered.

ApoE-HSD1 mice fed LF control diet also exhibited elevation of

mitochondrial carnitine palmitoyltransferase 1 (mCPT-1) expres-
sion, suggesting that lipid oxidation may also be stimulated. Indeed,
mRNA encoding the major transcriptional regulator of the path-
way, PPAR« (26), was increased in TG liver, compatible with its
known induction by GCs (27). Although a trend for greater levels
of HMG-CoA reductase mRNA expression was evident, any in-
crease in cholesterol biosynthesis did not result in increased hepatic
cholesterol content in LF-diet-fed TG mice. Although reduced
expression of ATP-binding cassette (ABC) protein Al in LF-diet-
fed TG mice suggests a possible decrease in cellular cholesterol and
phospholipid efflux, marked elevation of the GC-inducible Cyp7a
mRNA (28) in liver suggests that bile acid synthesis and thus hepatic
cholesterol efflux via this route may be strongly activated, possibly
accounting for the normal hepatic cholesterol content. In contrast
to the changes in mRNAs of lipid pathways, hepatic phosphoenol-
pyruvate carboxykinase (PEPCK) mRNA levels, although a clas-
sical target for GC induction, were unaltered in apoE-HSD1 mice,
suggesting that there is no major activation of the gluconeogenic
pathway.
HF diet. With HF diet feeding, control mice showed increased
hepatic expression of mRNAs for apoAl and hepatic lipase regu-
lating HDL synthesis and lipoprotein metabolism, as well as the
LDL receptor, which contributes to lipid/lipoprotein reuptake (29).
Similarly, mRNAs encoding GPAT and regulators of lipid ho-
meostasis SREBP1c, SREBP2, LXRa, RXRa, and RXR}, as well
as the bile acid nuclear receptor FXR, were increased in response
to HF diet in control mice, whereas expression of ABCA1 mRNA
was decreased. In contrast, the apoE-HSD1 TG mice did not exhibit
such changes with HF diet feeding. Other transcripts of liver
lipogenic and beta-oxidation pathways (FAS, mCPTI1, and
PPARa), and PEPCK, were expressed similarly in apoE-HSD1 and
control mice in response to HF diet.

ApoE-HSD1 TG Mice Are Hypertensive. The metabolic syndrome
comprises cardiovascular as well as metabolic dysfunction, notably
hypertension. To define whether elevated intrahepatic GC regen-
eration might contribute to the development of hypertension, blood
pressure was determined by radio telemetry (Fig. 4 a and b). The
apoE-HSD1 mice were hypertensive, particularly during the active
period of their circadian rhythm. The level of increase in blood
pressure correlated with apoE-HSD1 transgene copy number.
Angiotensinogen (AGT), a limiting factor for activation of the
renin-angiotensin system (RAS) in mice (30), is GC-inducible and
is most highly expressed in liver. Hepatic AGT mRNA was induced
in apoE-HSD1 mice and appears incremental with transgene
activity (Fig. 4 ¢ and d). Single time point analyses indicated that
circulating levels of AGT in control mice were very low with a trend
for increased levels in TG mice from line 1065 (TG 51.4 * 7.5
nmol/liter, non-TG 30.1 = 11.9 nmol/liter; ANOVA P = 0.16;n =
6/6). Plasma levels of angiotensin I, aldosterone, and renin did not
vary significant between apoE-HSD1 TG and non-TG mice [an-
giotensin II (pmol/liter), TG 268 *+ 42, non-TG 211 = 28 (n =
8/16); aldosterone (pmol/liter), TG 931 * 206, non-TG 747 + 120
(n = 11/16); renin concentration (ng/ml/h), TG 789 = 111,
non-TG 865 * 145 (n = 6/6)], suggesting that the circulating RAS
is not chronically activated in apoE-HSD1 mice. Consistent with
this finding, no major renal pathology was detected in the TG mice
(data not shown).

Discussion

ApoE-HSD1 TG mice show increased activity for regeneration
of intrahepatic GC but have normal corticosterone levels in the
systemic circulation. In contrast to the full metabolic syndrome
seen in adipose overexpressing aP2-HSD1 TGs (9), the effects of
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Fig. 4. Blood pressure and hepatic AGT mRNA expression. Mean arterial
pressure (MAP) (mmHg) measured by radio telemetry in chow-fed apoE-HSD1 TG
(black bar) and non-TG control mice (gray bar) in line 1065 (a) (n = 3 TG and 3
non-TG) and line 1066 (b) (n = 3 TG and 6 non-TG). Significant differences in MAP
were detected between TGs and control littermates in both lines (1066 TG P <
0.05; 1065 TG P < 0.001). Expression of hepatic AGT mRNA in representative
non-TG (—) and TG (+) individuals (c) and values summarized from groups of
non-TG (gray bar), 1066 TG (stippled bar), and 1065 TG (black bar) mice (d) are
shown. [ANOVA; mean = SEM; **, P < 0.01 with respect to genotype (n = 6-10
per group)].

selective liver overexpression are less pronounced, with modest
insulin resistance, dyslipidemia, and hypertension, but unaltered
adiposity. This attenuated metabolic syndrome, however, paral-
lels the metabolic status of conditions with elevated liver 118-
HSD1 activity, notably myotonic dystrophy (16), and may be
relevant to the metabolically obese, normal-weight individual
(31), as well as fatty liver syndromes exhibiting insulin resistance,
dyslipidemia, and hypertension in the absence of obesity (32).
The phenotype of the apoE-HSD1 mice most likely reflects the
complex interactions of elevated intrahepatic GC levels, insulin
resistance, and secondary alterations in hepatic gene expression.

The elevated levels of insulin detected in response to glucose
challenge together with increased fasting insulin levels in older
apoE-HSD1 mice suggest that they progressively develop insulin
resistance. Elevated hepatic triglycerides, circulating nonesterified
fatty acids (NEFA), and a diet-induced dyslipidemic cholesterol
lipoprotein profile evident in apoE-HSD1 mice are also associated
with Cushing’s syndrome and insulin-resistant states. Some of the
changes in hepatic gene expression in apoE-HSD1 mice also suggest
insulin resistance including elevated basal mCPT-1 (33). This
finding might be expected because GCs promote hyperlipidemia
and insulin resistance (34, 35) and decrease hepatocyte insulin
binding (36). The mechanisms involve both direct effects on target
gene expression in the insulin signaling pathway (37) and the
alteration of other key transcriptional regulators of lipid homeosta-
sis (38, 39).

The apoE-HSD1 mice showed fat accumulation in the liver,
mainly as triglyceride. The association of insulin resistance and fatty
liver irrespective of obesity has been noted in patients with nonal-
coholic fatty liver disease (32) and has been proposed as an early
indicator of primary hepatic insulin resistance preceding more
widespread insulin resistance and the full metabolic syndrome (40).
Both lipogenesis and lipid oxidation are activated in apoE-HSD1
mice with an apparent net accumulation of lipid in liver and serum.
This pattern also occurs in Cushing’s Syndrome (41). The key
lipogenic enzyme FAS was induced in control-diet-fed apoE-HSD1
mice. FAS is largely regulated by SREBPIc, but neither this nor
SREBP2 were elevated in apoE-HSD1 mice. Although posttrans-
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lational modifications are important in the activation of SREBPs,
an alternative explanation for FAS induction is the elevated hepatic
level of LXR e, which may regulate FAS independently of SREBPs
(25). Intriguingly, LXRa agonists down-regulate 118-HSD1, at
least in adipose cells and fibroblasts in vitro (42). Whether LXRa
is affected by local GC concentrations is not known, but this merits
study. Such feedback mechanisms between PPAR« and 113-HSD1
in liver have been proposed (12, 43) and may reflect a primary
homeostatic mechanism to maintain liver lipogenic and lipolytic
balance under conditions of stress, starvation, and other nutritional
challenges.

Elevated levels of PPAR« may drive induction of beta-oxidation
pathways (mCPT-1) in apoE-HSD1 mice. This induction presum-
ably follows elevated intrahepatic GC levels, which are documented
to up-regulate PPAR« (27). LXRa- and PPARa-regulated path-
ways compete through their complex formation with a common
heterodimeric RXR partner together with differential recruitment
of coactivators and/or corepressors (44, 45). Because at least RXRs
appeared to be unaltered in apoE-HSD1 mice, elevated intracel-
lular GC may favor activation of one nuclear receptor pathway over
another, leading to fatty liver. This outcome may reflect GC-
mediated alteration of ligand availability or interaction with nuclear
receptors and/or coactivators (46, 47). Increased expression of
GC-inducible CYP7a in apoE-HSD1 TG livers may drive increased
bile acid synthesis, contributing to stimulation of LXRa-regulated
pathways (and further potentiation of CYP7a mRNA expression)
(48, 49), as well as PPARa« (50).

The apoE-HSD1 mice distinctly lack glucose intolerance, obesity,
or central adiposity. Because these features are found in both the
metabolic syndrome and in aP2-HSD1 TG mice, the implication is
that they are generated, at least in the latter, specifically by elevated
intraadipose GC levels rather than the spillover of adipose steroids
into the portal vein and hence to the liver. Indeed, in patients with
the metabolic syndrome (6) and in genetically obese rodents (5),
liver 113-HSD1 levels are reduced. In contrast, reduced fasting
glucose levels in 118-HSD1 null mice (11) or with selective inhi-
bition of the enzyme (51) are thought to reflect hepatic insulin
sensitization and attenuated induction of GC-responsive gluconeo-
genic enzymes, notably PEPCK. The lack of fasting hyperglycemia
in the apoE-HSD1 mice, although perhaps unexpected, is rein-
forced by unaltered hepatic PEPCK expression. Although reduced
systemic GC levels improve most models of glucose intolerance in
the rodent (52, 53), it appears that elevated intrahepatic GC levels
alone are insufficient to alter glucose tolerance.

With chronic HF diet feeding, while beta-oxidation pathways
remained induced, glycerolipogenesis appeared relatively attenu-
ated (repressed induction of SREBPIc and GPAT mRNA) in
apoE-HSD1 mice. Alteration in the cholesterol lipoprotein profile
and circulating apoAl levels in apoE-HSD1 mice resembles
changes in insulin-resistant syndromes and were accompanied by a
failure to induce apoAl LDL receptor, and hepatic lipase mRNAs
in liver. The data suggest a qualitative dyslipidemia in response to
HF diet feeding with altered lipoprotein assembly and metabolism,
as well as reduced lipoprotein clearance from the circulation with
decreases in LDL receptor levels and noncatalytic functions of
hepatic lipase (29, 54). Livers of apoE-HSD1 mice under HF-diet
challenge also showed attenuated induction of major transcrip-
tional regulators of cholesterol homeostasis including SREBP2 and
FXR, as well as LXRa, RXRa, and RXRp. These adverse conse-
quences precipitated by altered hepatic cholesterol handling in the
presence of increased liver GC regeneration by 113-HSD1 may be
relevant to the exacerbation of metabolic disease. Thus, individuals
with high hepatic enzyme activity may be predisposed to the
development of diet-induced dyslipidemia

The findings in apoE-HSD1 TG mice suggest that increasing
intrahepatic GC causes a dose-related increase in blood pressure.
GC-mediated activation of AGT gene transcription proportional to
GC concentration has been demonstrated in vitro (55). In vivo,
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single-copy increases in AGT gene dosage in mice (56), and
mutations of the AGT gene promoter (57), both amounting to small
increases in AGT expression, have been shown to incrementally
increase blood pressure. Both aP2-HSD1 and apoE-HSD1 mice
show hypertension with parallel increases in AGT gene expression.
Chronic activation of the circulating RAS is not evident in apoE-
HSD1 mice. However, a grossly elevated RAS (aP2-HSD1 mice)
may be misleading. Subtle changes in AGT in apoE-HSD1 mice,
which are clearly hypertensive, more closely resemble the AGT TG
mice described by Kim et al. (56) that exhibit modestly increasing
AGT and stepwise increases in blood pressure with normal com-
pensatory mechanisms intact and an absence of marked renal
pathology. The likely mechanism of hypertension in apoE-HSD1
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mice remains to be through alteration of the RAS, which now
requires detailed physiological study including diurnal measure-
ments of circulating and tissue RAS components. PPARq, recently
shown to act as a mediator of dexamethasone-induced insulin
resistance and hypertension in mice (39), is also increased in livers
of apoE-HSD1 mice and may contribute in part to their hyperten-
sive phenotype. We conclude that tissue specific increases in
intracellular GC regeneration by 118-HSD1 may be a common
feature underlying hypertension coincident with distinct profiles of
metabolic disease.
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