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Cyclic nucleotide phosphodiesterase 3B (PDE3B) has been suggested to be critical for mediating insulin/
IGF-1 inhibition of cAMP signaling in adipocytes, liver, and pancreatic {3 cells. In Pde3b-KO adipocytes we
found decreased adipocyte size, unchanged insulin-stimulated phosphorylation of protein kinase B and acti-
vation of glucose uptake, enhanced catecholamine-stimulated lipolysis and insulin-stimulated lipogenesis,
and blocked insulin inhibition of catecholamine-stimulated lipolysis. Glucose, alone or in combination with
glucagon-like peptide-1, increased insulin secretion more in isolated pancreatic KO islets, although islet
size and morphology and immunoreactive insulin and glucagon levels were unchanged. The [;-adrenergic
agonist CL 316,243 (CL) increased lipolysis and serum insulin more in KO mice, but blood glucose reduction
was less in CL-treated KO mice. Insulin resistance was observed in KO mice, with liver an important site of
alterations in insulin-sensitive glucose production. In KO mice, liver triglyceride and cAMP contents were
increased, and the liver content and phosphorylation states of several insulin signaling, gluconeogenic, and
inflammation- and stress-related components were altered. Thus, PDE3B may be important in regulating
certain cAMP signaling pathways, including lipolysis, insulin-induced antilipolysis, and cAMP-mediated
insulin secretion. Altered expression and/or regulation of PDE3B may contribute to metabolic dysregulation,

including systemic insulin resistance.

Introduction

cAMP plays critical roles in regulating energy metabolism. For
example, the rate of triglyceride (TG) hydrolysis (lipolysis) is
dependent on intracellular cAMP, and cAMP signaling pathways
also modulate gluconeogenesis, glycogenolysis, insulin secretion,
and thermogenesis (1). By catalyzing hydrolysis of cAMP and
cGMP, cyclic nucleotide phosphodiesterases (PDEs) regulate their
intracellular concentrations and, consequently, their physiologi-
cal effects. PDEs belong to a complex and diverse superfamily of
at least 11 structurally related, highly regulated, and functionally
distinct gene families (PDE1-PDE11) (2, 3).

Two PDE3 subfamilies, PDE3A and PDE3B, are products of
separate, but homologous, genes (3, 4) and exhibit different pat-
terns of expression. PDE3A is relatively more abundant in the
cardiovascular system, and PDE3B in cells of importance for
energy metabolism including hepatocytes, brown and white adi-
pocytes, and pancreatic 3 cells (4, 5). PDE3B is also found in the
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cardiovascular system (6). One characteristic of PDE3B isoforms
is their activation in response to insulin, IGF-1, and leptin via
PI3K-dependent signals as well as to agents that increase cAMP
(7). In adipocytes, activation of PDE3B is thought to be a major
mechanism whereby insulin increases degradation of cAMP and
antagonizes catecholamine-induced lipolysis (7). PDE3B is also
apparently involved in regulation of insulin-induced glucose
uptake, glucose transporter-4 (GLUT-4) translocation, and
lipogenesis (8, 9). IGF-1- (5), leptin- (10, 11), and insulin-medi-
ated (11) activation of PDE3B may be important in inhibition of
cAMP-induced glycogenolysis in hepatocytes (11) and of cAMP-
stimulated secretion of insulin from pancreatic f cells (5, 10).
Furthermore, overexpression of PDE3B in pancreatic 3 cells,
both in vivo and in vitro, antagonized glucose- and glucagon-
like peptide-1-mediated (GLP-1-mediated) increases in cAMP
accumulation and insulin secretion (12, 13).

Although mechanisms for acute activation of PDE3B and its
potential physiological role(s) have been extensively studied in
cultured cells, its role(s) in human and animal physiology or in
the development of dysregulated metabolic states, including sys-
temic insulin resistance, is not well understood. In some rodent
diabetes models, PDE3B expression is downregulated in adipose
tissue, and the ability of insulin to activate PDE3B and antago-
nize lipolysis is reduced (14-17). In one study, treatment of obese
diabetic KKAy mice with pioglitazone, an insulin-sensitizing drug,
increased PDE3B expression and its responsiveness to insulin and
reduced serum FFA levels (14).

Volume 116

Number 12 December 2006



< o BstXI
- " 11.5kb
A Probe 21 E Probe 0.4
T ‘B — )l( = N «N X 3 B S
|
ATG Exon i
B WT N N
ATG Exon i
Initiation codon
Mutant N 45 B N
| |
[ —
Neo PCG Exoni
promoter (partially
removed)
0.5 kb
—
C Probe 21 Probe Neo
BstXl 4 | = Probe 0.4
5.8 kb ” B, Bsxi
6.5 kb
Exon 1
B X Neor B (partially  H X B
L removed) |
T-A gene
rep (pPMB1) LacZ
Bla (Ap?)
Figure 1

research article

KO HE E

WT

kb
1.5 —

6.5 —

120 E%EsA
3100,; O PDE3B
< 201
()
=
]
©
o
0
H Fatpads Liver | Heart
M F M F M F
W K WK W K WK W K W K

--g0_ NN

Targeted disruption of the murine Pde3b gene. (A) Structure of the approximately 13-kb Sal/PDE3B WT genomic fragment containing 5'-untrans-
lated region and exon 1. (B) WT and disrupted KO gene fragments near exon 1. (C) Pde3b targeting vector. S, Sall; X, Xbal; B, BstXI; N, Notl;
H, Hindlll. (D) Southern blot of WT, HE, and KO genomic DNA, digested with BstX| and hybridized to 32P-labeled probe 0.4 (see A and C). (E)
PCR amplification of WT, HE, and KO genomic DNA using the specific primers A, E, and R indicated in A and B (A and E for lane 1; A and R for
lane 2). (F) RT-PCR amplification of mRNA from WT, HE, and KO livers with primers described in Methods targeted for PDE3A (lane 1), PDE3B
(lane 2), and Neo" (lane 3). M, molecular weight marker. (G) Quantitation of cyclophilin A (Cyc), PDE3A, and PDE3B mRNAs in WT, HE, and KO
mouse livers by real-time RT-PCR. Data were normalized to the quantity of WT cyclophilin A mRNA, taken as 100 AU. Values represent mean
+ SEM (n = 4 per genotype in triplicate assays). Data were similar in 2 other groups of WT and KO mice and 1 group of HE mice. **P < 0.01.
(H and I) Northern blot of WT and KO mRNAs, using probe B for mPDE3B (fat pads and liver; H) or probe A for mPDE3A (heart; I) as described

in Methods. M, male; F, female; W, WT mRNA; K, KO mRNA.

To evaluate the physiological role(s) of PDE3B, we induced
a targeted disruption in the murine Pde3b gene by homologous
recombination. Pde3b-KO mice exhibited multiple alterations in
regulation of lipolysis, lipogenesis, and insulin secretion as well as
signs of peripheral insulin resistance.

Results

Targeted disruption of Pde3b. Pde3b~/~ mice were generated as
described in Methods (Figure 1, A-C). Mice used for experi-
ments reported here were progeny of at least 6-7 backcrosses
of heterozygous (HE) F; mice with JAX 129/Sv] (pTyr<<h/pTyr<
substrain) mice. Genotyping of the F, generation mice by South-
ern blot analyses demonstrated the predicted 6.5-kb restriction
fragment in KO mice, and both 11.5-kb (WT) and 6.5-kb (KO)
fragments in HE mice (Figure 1D). PCR carried out with A and R
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primers or A and E primers (Figure 1, A and B) amplified the
expected approximately 3.0-kb band with genomic DNA from the
KO and HE mice or the approximately 3.3-kb band from WT and
HE mice, respectively (Figure 1E).

As shown in Figure 1F, using appropriately designed primers,
PDE3A transcripts were amplified in mRNA from WT, HE, and
KO mice; PDE3B transcripts were amplified in mRNA from WT
and HE, but not KO mice; and neomycin resistance gene-targeted
(Neo-targeted) mRNA was amplified in mRNA from HE and KO
mice. As shown in Figure 1G, real-time quantitative 1-step RT-PCR
using SYBR Green as the reporter fluorophore and primers from
exons 2 and 3 indicated that PDE3B mRNA amplification in KO
and HE livers was approximately 5% and 65%, respectively, that
of WT liver. In Northern blots, PDE3B probe B (from the portion
of the Pde3b gene replaced by Neo”) detected approximately 5.5-kb
Volume 116 3241

Number 12 December 2006



research article

A B

E 6 - ™ 20 4
z8 Y
S 4- s>=
29 2%
® = & & 104
N H .00 & '
oo oo

£ 0+ e 04

wT|KO WT|KO WTIKO wT[KO WT|KO WT|KO
Total | PDE3 | PDE4 Total | PDE3 | PDE4

C D Adipose tissue Liver
>T WT_ KO _WT KO
2 £ RTMTM TMTM
[Shxe)]
S £
0=
w o
o E
oS

Figure 2

PDE activity and Western blots. (A and B) PDE activities in epididymal adipocytes prepared from 4-month-old WT and KO mice are presented
as total, PDE3, and PDE4 activities. Values represent mean + SEM of duplicate assays (n = 3 mice per group), which were repeated with similar
results. **P < 0.01. (C and D) PDE3 activities (C) and protein expression (D) in adipose tissue and liver. Total cell lysate (T) as well as cytosol
(C) and membrane fractions (M) were prepared from gonadal adipose tissue and livers from 4-month-old WT and KO mice (n = 10—11 mice per
group). (C) PDES3 activities (pmol cAMP hydrolyzed/min/mg protein) are expressed as mean + SEM (duplicate assays). (D) Western blots, each
lane 30 ug protein, except membrane fractions (75 ug) for g-actin detection. Results are representative of 3 experiments. R, PDE3B recombinant
protein. Immunoblotting was performed using a monoclonal anti—3-actin antibody and affinity-purified rabbit antibodies raised against N-terminal
(3B N-T; RKDERERDTPAMRSPPP, aa 2—-18) or C-terminal (3B C-T; NASLPQADEIQVIEEADEEE, aa 1076—1095) sequences of PDE3B.

transcripts in mRNA from fat pads and liver of WT, but not KO,
mice (Figure 1H). In contrast, 2 heart mRNA transcripts (approxi-
mately 7.5 and 4.5 kb) were detected using PDE3A probe A with
mRNA from both the WT and KO mice (Figure 1I). Northern blots
with Clontech MTN filters revealed PDE3 mRNAs of sizes simi-
lar to those shown in Figure 1, H and I (data not shown). As also
shown in Figure 1G, the amount of PDE3A mRNA was much lower
than that of PDE3B mRNA in WT livers and was not increased in
HE or KO livers. Thus, results in Figure 1, G and I, indicate no
evidence of compensatory changes in expression of PDE3A in KO
mice (at least in liver and heart).

PDE3 activity in homogenates of isolated adipocytes was
assessed by measurement of cAMP hydrolysis in the absence or
presence of cilostamide, a specific PDE3 inhibitor (ref. 2; selec-
tive PDE3A and PDE3B inhibitors are not available). As shown
in Figure 2A, PDE3 activity was virtually absent in KO adipo-
cytes, indicating that PDE3B is the PDE3 isoform expressed in
adipocytes. In isolated WT adipocytes, PDE3B accounted for
almost one-half of the total PDE activity; and PDE4, somewhat
less (Figure 2, A and B). PDE4 activity is that activity inhib-
ited by 10 uM rolipram, a selective PDE4 inhibitor (2). PDE4
activities were similar in WT and KO adipocytes, indicating that
there was no compensatory increase in PDE4 in KO adipocytes.
PDE3B accounted for most of the PDE3 activity in adipose tis-
sue and liver (Figure 2C). Immunoreactive approximately 135-kd
PDE3B was not detected in homogenates (T) or membrane frac-
tions (M) of adipose tissue and livers from KO mice (Figure 2D).
As shown in Supplemental Figure 1 (supplemental material avail-
able online with this article; doi:10.1172/JCI24867DS1), residual
PDE3 activity in livers from PDE3B KO mice could be account-
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ed for by PDE3A; lower molecular weight material not associ-
ated with PDE3 activity was detected with anti-PDE3B (C-T)
in membrane fractions from WT and KO mice.

Characteristics of Pde3b-KO mice. Newborn KO pups exhibited no
obvious physical defects. Their growth and development, general
behavior, and activity levels were similar to those of WT mice, and
KO mice of both sexes were fertile. Most experiments were carried
out with groups of age-matched WT and KO mice, whose dates
of birth varied by 0-5 days; the mice were usually older than 3-4
months. Pde3b-KO mice were slightly heavier than their WT coun-
terparts (Supplemental Table 1) and exhibited variations in coat
color from white to yellowish brown. When mice were fed normal
chow (Figure 3A) or a 60%-fat diet (data not shown), the weight of
gonadal adipose tissue was lower in KO than WT mice (Figure 3A)
and also represented a lesser percentage of body weight (data not
shown). The mean cell diameter of KO adipocytes was significant-
ly smaller than that of WT adipocytes, and the cell diameter dis-
tribution was shifted to alower range (Figure 3, B and C). Weights
of livers (Supplemental Table 1) as well as hearts and pancreata
(data not shown) did not differ between WT and KO mice. TG
content, however, was significantly increased in livers in KO mice
and was associated with increased expression of fatty acid syn-
thase (FAS) (Figure 3D).

Insulin- and catecholamine-mediated regulation of lipolysis is altered
in Pde3b-KO mice. To assess the impact of the absence of adi-
pocyte PDE3B on catecholamine-induced lipolysis in vivo, CL
316,243 (CL; a specific B3 receptor agonist — B3 receptors are
the predominant subtype in rodent adipocytes; ref. 18) and
isoproterenol (ISO; a general 3 receptor agonist) were admin-
istered by i.p. injection, and their effects on serum glycerol and
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Gonadal fat weight, adipocyte diameters, and liver TG and FAS content in WT and Pde3b-KO mice. (A) WT and KO mice, housed 2 per cage
and with free access to food and water, were fed normal chow. Caloric contents were 10%, 20%, and 70% fat, protein, and carbohydrate, respec-
tively. For weight measurements, gonadal fat pads were collected from 6-month-old WT and KO mice (n = 6—8 mice per group). Data (mean +
SEM) were similar in 2 other experiments. (B and C) Diameter of epididymal adipocytes from age-matched 5-month-old WT and KO mice. (B)
Cell diameter. Values are mean + SEM (n = 357 WT and 447 KO cells). (C) Diameter distribution. The numbers of adipocytes with 5-um intervals
in their diameters were counted and plotted. Results are representative of 4 experiments. (D) Liver TG and FAS content. Liver TG content of 3-
to 3.5-month-old male WT and KO mice was measured as described in Methods. Values are mean + SEM (n = 18 per group). FAS content was
determined by Western blot of liver homogenates (45 ug protein/lane) from WT and KO mice. Immunodetection was performed with anti-FAS

antibody, and FAS bands were quantified. Values are mean + SEM (n =

FFA levels were measured. Basal levels of glycerol and FFA were
similar in fed WT and KO mice. As shown in Figure 4, CL and
ISO increased lipolysis, i.e., serum glycerol (Figure 4A) and FFA
(Figure 4B) levels, to a greater extent in KO than in WT mice. In
isolated adipocytes (Figure 4C), CL, which at low concentrations
was more effective than ISO, also stimulated lipolysis to a great-
er extent in adipocytes isolated from KO mice than from WT
mice. Consistent with current ideas that activation of PDE3B
and reduction of cAMP are critical in the antilipolytic action
of insulin (7), insulin inhibited catecholamine-activated lipoly-
sis in WT, but not KO, adipocytes (Figure 4D). After fasting for
20 hours, serum glycerol (Figure SA) and FFA (Figure 5B) levels
were increased in KO mice. As shown in Figure 5C, CL stimu-
lated lipolysis to a greater extent in adipocytes from fed KO mice
than fed WT mice. CL-stimulated lipolysis was further enhanced
in adipocytes from fasted WT, but not KO, mice, perhaps due to
the fact that lipolytic pathways were activated to a greater extent
in fasted KO than WT mice (Figure 5, A and B). Insulin inhibited
CL-stimulated lipolysis in adipocytes from fed and fasted WT,
but not KO, mice (Figure 5C).

Insulin secretion is increased in Pde3b-KO mice. To more directly
assess the effects of the absence of PDE3B in pancreatic 3 cells, we
examined glucose-stimulated insulin secretion by pancreatic islets
isolated from WT and KO mice. As shown in Figure 6A, and in
agreement with previous results by us and others (5, 12, 13, 19, 20),
in the presence of 16.7 mM glucose, without or with GLP-1, glu-
cose-stimulated insulin secretion was increased to a greater extent
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3 per group). *P < 0.05; **P < 0.01.

in KO than in WT islets, indicative of increased content of, and/or
increased responsiveness to, CAMP in Pde3b-deficient islets.
Immunohistochemical analyses of pancreata from WT and KO
mice showed no significant differences in islet size and expres-
sion/localization of insulin, glucagon, the § cell-specific tran-
scription factor PDX-1, glucose transporter-2 (GLUT-2), and 8
cell glucokinase (data not shown).

In intact mice, administration of B3 receptor agonists are known
to induce insulin secretion (21, 22). Administration of i.p. CL
increased serum insulin levels to a greater extent in KO than in
WT mice in a time- (Figure 6B) and concentration-dependent
(data not shown) manner. Maximal increases were observed within
20 minutes after injection. Administration of ISO also increased
serum insulin levels to a greater extent in KO mice (Figure 6C),
but ISO was less effective than CL. Because stimulatory effects of
3 receptor agonists on insulin secretion are thought to be indi-
rect and related to the presence of white adipose tissue depots (21,
22), the effects of CL are presumably related to production and/or
release of an adipocytokine(s) or incretin(s). Taken together with
the results shown in Figure 6A, these observations suggest that in
Pde3b-KO mice, there is increased secretion of, and/or enhanced
islet-responsiveness to, these agents.

Pde3b-KO mice are insulin resistant. As shown in Supplemental
Table 1, blood glucose and serum concentrations of glycerol,
TGs, insulin, and FFAs were not significantly different in fed
WT and KO mice. Although serum glycerol and FFA levels were
increased in fasted KO mice (Figure 5), blood glucose and serum
Volume 116 3243

Number 12 December 2006



research article

Intact mice

>

Intact mice
*

120 - 4.5 -

awTt
OKO

awT
3.0 { OkO

*%
*

60 -

FFA (mM)

1.5

Glycerol (mg/dl)

0 - T 1

Figure 4

Effects of ISO, CL, and insulin on lipolysis in intact mice and
adipocytes. (A and B) ISO or CL (1.0 mg/kg each) in PBS,
or PBS alone, was injected i.p. (10 ml/kg) into 6-month-old
WT and KO mice. After 20 minutes, serum glycerol (A) and
FFA (B) levels were quantified. Values are mean + SEM
(n = 4 per group). Differences between serum glycerol or
FFA concentrations after PBS alone (basal) and after drug
administration are shown. Basal values in WT and KO mice

0.0 T
ISO

Adipocytes

ISO CL
Adipocytes

(9]
o

-
N
I

*x X*
*%k

12

*k

awTt
OKo

awt
Oko

Glycerol accumulation
(nEg/h/108 cells)
Glycerol accumulation
(nEg/h/108 cells)

2]

o

=
[
—_
=
<
=

insulin levels were not changed (data not shown). Results of a
number of experiments, however, indicated that KO mice were
insulin resistant. Thus, despite the very high serum insulin con-
centrations in KO mice within 20 minutes after i.p. administra-
tion of CL, reduction in, or disposal of, blood glucose was not
greater in CL-treated KO mice (Figure 6, C and D). As also shown
in Figure 6C, within 10-20 minutes after i.v. injection of CL,
serum insulin levels were also increased to a significantly greater
extent in KO than in WT mice, although the differences between
WT and KO mice were smaller following i.v. injection than i.p.
injection. Despite the approximately 40-fold increase in serum
insulin levels in the KO mice following i.v. administration of CL,
there was much less removal or disposal of glucose in CL-treated

CL

1 were 20.5 + 2.7 and 23.7 + 1.2 mg/dI glycerol, respectively,
and 1.49 + 0.21 and 1.13 + 0.25 mM FFA, respectively.
Data were similar in 3 other experiments. (C and D) Adipo-
cytes (0.4 ml, 5% [vol/vol]) prepared from epididymal fad
pads of 6-month-old WT and KO mice were incubated for
60 minutes at 37°C in Krebs-Ringer—HEPES buffer alone
or with the indicated concentrations of ISO, CL, or insulin
(Ins). Lipolysis was measured as glycerol accumulation in
the medium. Data are mean + SEM of 3 incubations (dupli-
cate assays). (C) Basal glycerol values were 0.13 + 0.02
and 0.12 = 0.01 nEqg/h/108 cells for WT and KO, respec-
tively. Data were similar in 3 other experiments. (D) Basal
glycerol values were 0.24 + 0.13 and 0.13 + 0.08 nEqg/h/103
cells for WT and KO, respectively. Data were similar in 2
other experiments. *P < 0.05; **P < 0.01.

KO mice than in CL-treated WT mice (Figure 6D). In addition,
during insulin tolerance tests (ITTs) following i.p. injection of
insulin to male mice, insulin was much less effective in reduc-
ing blood glucose and serum FFA levels in male KO than WT
mice (Figure 7, A and B). Although effects of insulin on glucose
disposal were similar in female WT and KO mice, insulin was
less effective in reducing FFA levels in KO females than in WT
females (data not shown). These results are consistent with the
lack of the antilipolytic action of insulin in isolated adipocytes
from KO mice (Figures 4 and 5). Furthermore, although clear-
ance of blood glucose was similar in WT and KO mice during glu-
cose tolerance tests (GTTs) following administration of i.p. glu-
cose loads (Figure 7C), serum insulin levels were higher in older
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Effects of fasting on lipolysis in intact mice and adipocytes.
(A and B) WT and KO mice (4 months old) were fed ad NF F NF F
libitum (NF) or fasted for 20 hours (F). Serum glycerol (A) )
and FFA (B) levels, determined as described in Methods, c Adipocytes
are presented as mean = SEM (n = 6—7 mice per group). s 6 - [ ok
Results were similar to those from another group of fed and =
fasted WT and KO mice. (C) WT and KO mice (5 months =i
old) were fasted for 20 hours before preparation of adipo- % g
cytes, which were incubated for 60 minutes at 37°C with § - 3 1
the indicated concentrations of CL and insulin. Increases S %_
from basal glycerol values are shown. Basal values were § u
0.16 + 0.01 and 0.12 + 0.00 nEqg/h/108 cells for WT fed > 04
and fasted adipocytes, respectively, and 0.09 + 0.01 and ©
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(duplicate assays). *P < 0.05; **P < 0.01. WT BEWT((F) OKO DOKO(F)
3244 The Journal of Clinical Investigation  http://www.jci.org  Volume 116 ~ Number 12  December 2006



A Pancreatic islets B Intact mice

4.5 -
_ t 150 -
< PDE3B * *
kS OWT s = mwT
2 300k0 WT KO £ 400 JOKO
(o] ()]
£ t £
£ £
S 1.5 S 50 A
2 2

0.0 - 0 -

Gu(mM) 3 167 167 10 2 30
GLP-1 (nM) — - 100 Time (min)
C Intact mice D Intact mice
_ 0- (i.p)  (i.p)  (iv)
E =
> O ke :
£ 70 A *k = %
< E
= @ .50
2 I
- 0 *k S
- ~ *%k
SO0 c. oL © A
(p) (ip)  (iv) 4100 /

(9-month-old) KO males (Figure 7D) and females (data not
shown); the increase in insulin secretion was not observed during
GTTs in younger mice. The increase in serum insulin levels during
GTTs observed in older KO mice is indicative of an altered exocy-
totic or secretory response to a glucose load of pancreatic f§ cells
thatlack PDE3B, and is consistent with the increased responsive-
ness of isolated KO islets to glucose and GLP-1 (Figure 6A).

To gain insight into the possible tissue loci of the insulin resis-
tance observed in the different settings, i.e., i.p. ITTs, i.p. GTTs,
and i.p. administration of CL, hyperinsulinemic-euglycemic
clamps were performed. As shown in Table 1, after 16 hours of
fasting, basal glucose, insulin, and endogenous glucose produc-
tion (EGP) were not significantly different in WT and KO mice,
and clamp blood glucose levels also were not significantly dif-
ferent between WT and KO mice (122 + 3 and 119 + 1 mg/dl).
Under the hyperinsulinemic clamp conditions, KO mice exhib-
ited slightly lower whole-body glucose uptake and reduced
uptake in brown adipose tissue than in WT mice (P < 0.09), but
these differences were not statistically significant. The steady-
state glucose infusion rate required to maintain euglycemia was
significantly higher in WT (159 + 13 umol/min/kg) than in KO
mice (86 + 7 umol/min/kg; P < 0.01), suggesting impaired insu-
lin responsiveness in KO mice. Insulin-induced suppression of

Figure 7

ITTs and GTTs. (A and B) Male 5-month-old WT and KO mice were
fasted overnight for 20 hours prior to i.p. injection (10 ml/kg) of insulin
(0.5 U/kg) in PBS or PBS alone, and blood glucose (A) and serum FFA
(B) levels were measured at the indicated times. Glucose concentra-
tions (A) are reported relative to those at time 0. Basal glucose values
in WT and KO mice were 70 + 3 and 66 + 3 mg/dl, respectively. Data
(mean + SEM; n = 6 mice per group) were similar in 8 (A) and 2 (B)
other experiments. (C and D) Male 9-month-old WT and KO mice were
fasted overnight, with free access to water. At the indicated times after
i.p. injections (10 ml/kg) of PBS alone or of glucose (2 g/kg) in PBS,
blood glucose (C) and serum insulin (D) levels were quantified. Data
(mean + SEM; n = 6 mice per group) were similar in 2 other experi-
ments. *P < 0.05; **P < 0.01.
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Figure 6

Differences in insulin secretion from pancreatic islets, serum insulin
concentrations, and blood glucose disposal in WT and Pde3b-KO mice.
(A) Insulin accumulation during incubation of isolated pancreatic islets
for 1 hour with 3 or 16.7 mM glucose and without or with 100 nM GLP-1
as indicated. Data are mean + SEM (n = 4). Inset: Immunoreactive
PDES3B was detected by Western blots of WT, not KO, homogenates.
(B) CL (1.0 mg/kg) in PBS or PBS alone was injected i.p. (10 ml/kg)
into 6-month-old WT and KO mice. At the indicated times, differences
from time 0 (basal) in serum insulin levels were quantified. Basal insulin
levels in WT and KO mice were 1.4 + 0.2 and 2.6 + 0.1 ng/ml, respec-
tively. Data (mean + SEM; n = 4 mice per group) are representative of
3 experiments. (C and D) ISO or CL (1.0 mg/kg) in PBS or PBS alone
were injected i.p. or i.v. (10 ml/kg) into 3- (i.p) or 4-month-old (i.v.) WT
and KO mice. After 20 minutes, tail blood was collected, and changes
from basal serum insulin (C) and blood glucose (D) levels were mea-
sured. Basal values were similar in PBS-treated WT and KO mice. Data
(mean + SEM; n = 4-5 mice per group) are representative of 3 experi-
ments. *P < 0.05; **P < 0.01; 1P < 0.001.

EGP was markedly lower in KO mice (30.9% + 8.6% in KO versus
88.7% + 6.7% in WT mice; P < 0.01), suggesting that insulin does
not effectively inhibit hepatic glucose output in KO mice. Thus,
in regard to dysregulation of glucose homeostasis in KO mice,
the liver appears to play a critical role.

Insulin and cAMP signaling, PPARY coactivator—10,/phosphoenolpyru-
vate carboxykinase expression, inflammation markers, and lipid metabo-
lism are altered in livers and adipocytes from KO mice. Although it is not
possible to precisely determine the role of the liver in the devel-
opment of insulin resistance in the KO mice, a number of chang-
es that may contribute were identified. As shown in Figure 3D,
TG content and FAS expression were significantly increased in
livers from Pde3b-KO mice. As shown in Figure 8A, cAMP con-
tent was increased in liver extracts from KO mice, consistent with
increased phosphorylation of PKA substrates (Figure 8B) and
cAMP regulatory element-binding protein (CREB) (Figure 8C).
Furthermore, the content of PPARY coactivator-1a (PGC-1a),
a transcriptional factor regulated by CREB, and phosphoenol-
pyruvate carboxykinase (PEPCK), a key gluconeogenic enzyme,
was increased in KO livers, the latter especially in fasted animals
(Figure 8C). Expression of PGC-1a, PEPCK, and glucose-6-
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Table 1
Hyperinsulinemic-euglycemic clamps

WT KO Pvalue
Clamp glucose (mg/dl) 122 +3 1191
Glucose infusion rate (umol/kg/min) 159+13  86+7 <0.01
EGP (umol/kg/min)
Basal 66 3 75+4
Clamp 75 52+7 <0.01

Basal EGP suppression (%) 88.7+6.7 309+86 <0.01

Glucose uptake (umol/kg/min)

Whole body 166+12 138+8
Muscle 247 +21 197 +23
BAT 1599 + 324 818 + 115
WAT 63+17  73x17

Clamps were performed using 5-month-old WT (n = 6) and KO (n = 6)
mice. After fasting overnight and basal sampling (time 0), insulin was
administered via continuous infusion for the duration of the 2 hours
clamps. Blood glucose (20%) was infused at variable rates to maintain
plasma glucose at basal concentrations. BAT, brown adipose tissue;
WAT, white adipose tissue.

phosphatase mRNAs were also significantly increased in fasted
KO compared with fasted WT livers (Table 2), consistent with
enhanced glucose production in KO livers. In addition, expres-
sion of tribbles 3 (TRB3) protein (Figure 8C) and mRNA (Table 2)
was increased in fasted KO livers. Gene expression of TRB3, an
inhibitor of PKB activation, is regulated by PGC-1a and PPARa,
and induction of TRB3 is thought to be important in develop-
ment of hepatic insulin resistance by PGC-1a (23). As shown in
Figure 9A, in extracts from KO livers, tyrosine phosphorylation
of insulin receptor substrate-1 (IRS-1) was decreased without
any change in total IRS-1. Serine phosphorylation of PKB and
forkhead (Drosophila) homolog (rhabdomyosarcoma) like 1
(FKHRL1) was decreased, and tyrosine phosphorylation of
glycogen synthase kinase-3 (GSK-3) was increased in KO liver
extracts, consistent with decreased signaling via PKB, a critical
kinase involved in insulin-mediated effects on glucose and lipid
metabolism (24). With respect to stress/inflammation signals
(Figure 9B), in livers from KO mice, phosphorylated JNK (but
not total JNK), which could be important in increased serine
phosphorylation of IRS-1, was increased. As analyzed by real-
time RT-PCR, levels of SOCS-3 mRNA and mRNAs of proinflam-
matory cytokines IL-1, IL-6, TNF-a, and plasminogen activator
inhibitor-1 (PAI-1) were increased in fasted KO liver (Table 2).
Many of these changes could contribute to development of insu-
lin resistance in KO mice (25).

Consistent with hyperinsulinemic-euglycemic clamps in intact
mice, no significant differences in insulin-induced glucose uptake
were detected in isolated adipocytes from WT and KO mice
(Figure 10A). Although basal lipogenesis was reduced in adipocytes
from KO mice, insulin-stimulated lipogenesis was significantly
enhanced in KO adipocytes (Figure 10B), which was explained in
partby an increase in the expression of FAS (Figure 10C). As shown
in Figure 10D, insulin-induced phosphorylation and activation of
PKB were similar in WT and KO adipocytes.

Serum adiponectin, but not leptin, is increased in KO mice. In addi-
tion to its traditional role as a storage depot for fat, adipose tis-
sue is an important secretory organ of multiple factors, includ-
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ing so-called adipokines, which affect inflammation, appetite,
insulin sensitivity, metabolism, and energy expenditure (26-28).
One such adipokine, adiponectin, enhances insulin sensitivity
in peripheral tissues, especially liver (27, 29, 30). In mice on
normal chow (Figure 11A) or before or after (Figure 11B) 14
weeks on a 60%-fat diet, serum adiponectin concentrations were
higher in KO mice (male and female) than in WT mice and did
not change significantly after an overnight fast (Figure 11A).
Adiponectin mRNA expression was increased in adipose tissue
from Pde3b-KO mice fed normal chow (Figure 11C). There were
no significant differences in serum leptin between WT and KO
mice fed normal chow (Supplemental Table 1). Administration
of CL decreased serum leptin (data not shown) and adiponectin
(Figure 11D) in both WT and KO mice, indicating appropriate
responses to acute increases in cAMP.

Discussion
The phenotypic characteristics of Pde3b-KO mice indicate that
PDE3B plays an unique role in adipocytes, liver, and pancreatic 3
cells and is not apparently functionally compensated for by other
PDE gene families or by the other PDE3 family member, PDE3A.
Results of hyperinsulinemic-euglycemic clamp studies sug-
gested that with respect to dysregulation of glucose metabolism,
the liver is a critical site in the development of systemic insulin
resistance in KO mice, where a number of defects were detected.
The expression level and phosphorylation states of a number of
insulin- and cAMP- signal transduction components were altered
in KO livers (Figures 8 and 9), which were consistent with devel-
opment of insulin resistance and/or increased glucose produc-
tion. In addition, expression of TRB3, an inhibitor of PKB acti-
vation thought to be important in induction of hepatic insulin
resistance by PGC-1a (23), was increased in fasted KO livers,
as was expression of PEPCK and glucose-6-phosphatase, key

Table 2
Real-time RT-PCR quantification of selected mRNAs in livers of
fasted and fed WT and KO mice

Gene WT, NF KO, NF WT, FA KO, F

Pgcila 1.0 13+03 25+04 56+1.28
G6Pase 1.0 1.8+03 21+03 4.0 +0.68
Pepck 1.0 1.1£0.2 1.8+0.3 3.6+0.78
Trb3 1.0 1202 1701 24+0.28
I 1.0 1303 24+01 4.7 +0.58
116 1.0 11£0.2 24+03 3.7+0.38
Tnfa 1.0 3.2+0.5C 25+0.2 5.4+0.4C
Socs3 1.0 2.9+0.68 3.2+06 73+1.38
Pait 1.0 0.9+01 2.7+03 57+1.18

Total RNA was prepared from approximately 0.1 g frozen liver from 5
month-old WT and KO male mice (n = 4 per group) either nonfasted
(NF) or fasted for 6 hours (F) using Tripure reagent (Roche Diagnostics).
mRNAs for the indicated genes were quantified by real-time RT-PCR

(all assays in duplicate), with primers described in Methods. Cyclophilin
A gene expression was used as an internal control for normalization of
amounts of mRNA in different mice. Data are expressed as arbitrary
units, mean + SEM (n = 4 mice per group, all assays in duplicate),

with mRNA expression of genes in WT, nonfasted group taken as 1.0.
AExpression of these genes (but not cyclophilin A or Pde3b) was signifi-
cantly increased (P < 0.05) in fasted WT versus nonfasted WT mice.

BP < 0.05 versus WT. °P < 0.01 versus WT. The experiment was repeat-
ed with similar results, with RNA prepared from a second set of fasted
and nonfasted WT and KO mice. G6Pase, glucose-6-phosphatase.
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Figure 8

Hepatic cAMP content and gluconeogenic gene
expression in nonfasted and 6-hour-fasted WT
and Pde3b-KO mice. (A) Hepatic cAMP con-
tent. cAMP was measured in liver extracts from
5-month-old WT and Pde3b-KO mice either fed
or fasted for 6 hours as described in Methods.
Values on the y axis represent nanomoles of
cAMP per gram of liver. Data (mean + SEM; n =4
per group), which represent duplicate assays,
were similar in a second group of fasted and
nonfasted WT and KO mice. (B and C) Western
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blotting of liver lysates (50 ug protein/lane) was
performed as described in Methods. n = 4 fed,
3 fasted mice per group. Data from a second,
identical group of fed (n = 4) and 6-hour fasted
(n =3) WT and KO mice were similar. (B) Immu-
nodetection with anti-PKA substrates antibody,
which detects substrate proteins phosphorylated
by cAMP-dependent protein kinase. (C) Immuno-
detection with anti-phospho-CREB (pS133); anti-
CREB; anti-PGC-1q; anti-PEPCK; anti-TRBS;
anti-SOCS-3; and anti-actin antibodies.
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gluconeogenic enzymes. With respect to stress/inflammation sig-
nals, in livers from KO mice, phosphorylated JNK (which may be
important in increased serine/decreased tyrosine phosphorylation
of IRS-1), but not total JNK, was increased. As assessed by real-
time RT-PCR, increased levels of mRNAs of SOCS-3 and several
proinflammatory cytokines, IL-1, IL-6, TNF-a, and PAI-1, were
detected in fasted KO livers. Liver TG and FAS contents were sig-
nificantly increased in KO livers; this could be important in devel-
opment of systemic insulin resistance. Ample evidence in humans

The Journal of Clinical Investigation

htep://www.jci.org

T D —" . — ot ————— ——
. —— - ——

“-—"'---—---’--d

TR - w— m———————————

and rodents points to an inverse relationship between hepatic TG
content and insulin’s effectiveness in regulating hepatic glucose
metabolism. Excessive accumulation of TGs within the liver is
recognized as part of the metabolic syndrome (31-33). In addi-
tion, the lack of PDE3B in hepatocytes could influence glycogen
metabolism, since activation of PDE3B by insulin may be involved
in its antiglycogenolytic effects (11).

Increased levels of FFA have been implicated in f§ cell dysfunc-
tion and increased peripheral insulin resistance (34). Consistent
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Figure 9

Alterations in insulin-signaling components in livers
from Pde3b-KO mice. Western blots of liver lysates
(50 g protein/lane) were performed as described in
Methods. n = 4 fed, 3 fasted mice per group. Data
from an identical group of nonfasted (n = 4) and
6-hour-fasted (n = 3) WT and KO mice were simi-
lar. (A) Immunodetection with anti-phosphotyrosine
(pY), anti-IRS-1, anti—insulin receptor (IR), anti—
phospho-PKB, anti-PKB, anti-phospho-FKHRL1
(pS2%8), anti-FKHRL1, anti-phospho—GSK-3 (pY216),
and anti-GSK-3 antibodies. (B) Immunodetec-
tion with anti-phospho—-IRS-1 (pSé'2), anti—-phos-
pho—-IRS-1 (pS8%7), anti—-phospho-JNK, anti-JNK,
anti-phospho-ERK, and anti-ERK antibodies.

with an important role for PDE3B in the regulation of cAMP pools
that modulate lipolysis (7), i.p. injection of ISO or CL increased
lipolysis (serum glycerol and FFA levels) to a greater extent in KO
mice than in WT mice. CL also increased lipolysis to a greater
extent in isolated KO adipocytes, and insulin inhibited lipolysis in
WT, but not KO, adipocytes. Thus, an enhanced lipolytic “drive”
could contribute to the development of insulin resistance. Consis-
tent with our findings in KO mice, administration of milrinone, a
PDES3 inhibitor, to intact rats increased lipolysis and insulin secre-
tion and blocked insulin-induced suppression of EGP (35). Thus,
absence or inhibition of PDE3B (e.g., via milrinone; ref. 35, 36)
which may lead to altered insulin signaling and dysregulation of
hepatic glucose output, could be associated with the development
of insulin resistance (Table 1).

Although serum leptin levels were not consistently altered,
adiponectin levels were significantly increased in KO mice. In
addition to its ability to increase insulin sensitivity in peripheral
tissues, especially liver (27, 29), adiponectin also exerts antiin-
flammatory actions and cardioprotective effects (26, 30) medi-
ated by cAMP-dependent and -independent signaling pathways
(30). It is conceivable that in KO mice, changes in adiponectin as
well as the increase in insulin secretion in response to glucose,
GLP-1, and putative catecholamine-induced adipokines/incre-
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tins (Figure 6) and the presence of smaller adipocytes and gonad-
al fat depots (Figure 3) represent mechanisms that maintain or
improve sensitivity to insulin and/or prevent more marked insu-
lin resistance and glucose intolerance in KO mice. Our current
unpublished studies suggest that other compensatory mecha-
nisms, especially more efficient or enhanced energy dissipation
in Pde3b-KO mice and reduced expression of proinflammatory
markers in KO epididymal adipose tissue, may also be partly
responsible for these findings.

The results of our present studies with KO mice, which comple-
ment those of others (3, 10, 19, 20) as well as our earlier studies in
transgenic mice (13) and cultured insulin-secreting cells and iso-
lated pancreatic islets (12), have validated hypotheses concerning
2 important PDE3B functions, i.e., modulation of insulin’s anti-
lipolytic action and glucose- and cAMP-stimulated insulin secre-
tion (7). In addition, our results suggest that PDE3B enzymes in
adipose tissue, liver, and pancreatic f§ cells play an important role
in regulation of energy homeostasis.

Methods
Production of Pde3b-deficient mice. The Pde3b targeting vector (for construc-
tion of the Pde3b targeting vector, see Figure 1 and Supplemental Methods)
was linearized with HindlIl and electroporated into RW-4 (129/Sv]-derived)
Number 12
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Effects of insulin on glucose uptake, lipogenesis, and activation of PKB in adipocytes from 3- to 3.5-month-old WT and Pde3b-KO mice. (A and
B) Adipocytes (0.2 ml 15% cells [vol/vol] in A; 1 ml 2.0% cells [vol/vol] in B) were incubated with the indicated concentrations of insulin for 10
minutes (A; n = 3) and 3 hours (B; n = 5). Uptake of 2-[1-3H]-deoxyglucose (A) and incorporation of D-[3H]-glucose into lipids (B) were measured
as described in Methods and expressed as fold increase relative to nonstimulated cells. In KO adipocytes, basal lipogenesis was 56% + 0.08%
(mean + SEM; P = 0.0001) that of WT adipocytes. Data (mean + SEM) are from 5 independent experiments, each of which used adipocytes
pooled from 2—-3 mice. *P < 0.05; **P < 0.01. (C) Western blot analysis of FAS from WT and KO mice (20 ug protein/lane; n = 3) using anti-FAS
antibody. (D) Adipocytes (each batch consisted of adipocytes from 2 of a total 6 WT and 6 KO mice) were incubated for 10 minutes with or
without 1 nM insulin. Adipocyte fractions, prepared as described in Methods, were subjected to Western blotting with antibody recognizing PKB
phosphorylated on serine 473 and, after stripping, with anti-PKB antibody. One Western blot representative of 3 is shown. PKB/phosphorylated

PKB bands from 6 WT and 6 KO mice were quantified.

ES cells (Human Genome Sciences). Positive ES cell clones, screened by
Southern blot analysis and PCR, were microinjected into C57BL blasto-
cysts and implanted into pseudopregnant females. Resulting chimeras
were mated to Black Swiss mice to produce HE F; progeny, which were
backcrossed with the JAX 129/Sv] (pTyr<<h/pTyre) substrain. Genotyp-
ing of generation F, mice was performed with DNA from tail tips by
Southern blots and PCR. Protocols for mouse generation and mainte-
nance as well as all animal studies were approved by the NHLBI Animal
Care and Use Committee.

Southern blots, Northern blots, genomic PCR, and real-time RT-PCR. All were
performed as described in Supplemental Methods and Figure 1.

cAMP PDE assay. Further details are provided in Supplemental Methods.
Samples were assayed as described previously (37). Protein concentra-
tion was determined by Protein Assay Reagent Kit (Pierce Biotechnology)
with BSA as standard.

Tissue fractionation. Preparation of subcellular fractions and partial purifi-
cation of liver PDE3A and PDE3B is described in Supplemental Methods,
with results presented in Supplemental Figure 1.

Western blots. Details and commercial sources of antibodies are provided
in Supplemental Methods. After SDS-PAGE, proteins were electrotrans-
ferred to PVDF membranes (Millipore). Chemiluminescent signals were
developed with West Femto or Pico kits (Pierce Biotechnology), followed by
detection by LAS-3000 or LAS-1000plus systems (FUJIFILM).

Adipocyte preparation, adipocyte size, lipolysis, glucose uptake, lipogenesis,
and analysis of FAS and PKB. These processes are described in detail in
Supplemental Methods. Adipocytes were isolated from epididymal fat
pads by collagenase digestion (38) and were counted (39). Cell volumes
were calculated from diameter measurements (at least 100 adipocytes of
each preparation) made with a Zeiss LSM S confocal microscope. Total
neutral lipid was measured gravimetrically and cell numbers were calcu-
lated (39). Lipolysis (glycerol accumulation) was measured using Trinder

kits (Sigma-Aldrich) according to the manufacturer’s instructions. We
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measured 2-deoxy-D-[1-°H]-glucose uptake and lipogenesis in isolated
adipocytes as previously described (8, 40, 41). Cytosolic fractions of
adipocytes were used for Western blot analyses of FAS expression and
PKB/phosphorylated PKB.

Liver TG content. Further details are provided in Supplemental Methods.
After mice were euthanized, livers were immediately perfused in situ with
PBS solution (10 ml) via the portal vein to remove blood. Liver pieces (100 mg
each) were homogenized in 1 ml buffer (0.5 M Tris, 1% Triton X-100,
pH 7.4). After extraction into chloroform/methanol (2:1), samples were
dried and assayed for TG content using TG reagent (Trace/DMA; Thermo
Electron Corp.), with triolein as standard and measuring absorbance at
540 nm according to the manufacturer’s instructions.

Preparation of liver extracts from nonfasted and fasted mice. Further details
are provided in Supplemental Methods. WT and KO male mice (5 months
old; n = 4 per group), nonfasted or fasted for 6 hours (started 1 hour after
beginning a light cycle), were killed by CO; asphyxiation, followed by
cervical dislocation. Homogenates were centrifuged (1,000 g for S min-
utes). Resulting supernatants (total extracts) were aliquoted and stored
at -80°C until future use.

Hepatic cAMP. Two hundred milligrams of frozen liver from non-
fasted and fasted WT and KO mice (n = 4 per group) were immediately
immersed into 1:10 (wt/vol) ice-cold 0.1 N HCI solution and homog-
enized (20 strokes with a Teflon pestle). After centrifugation (20,000 g
at 4°C for 2 hours), supernatants were assayed for cAMP (cAMP assay
kit; R&D Systems).

Isolation of mouse islets. Further details are provided in Supplemental
Methods. Pancreatic islets were isolated from 4-month-old WT and KO
mice by a previously described collagenase digestion technique (12, 13).
Groups of 3 islets were distributed in 96-well plates and incubated in
200 ul of modified Krebs-Ringer-HEPES buffer (10 mM HEPES, pH 7.2-7.4,
120 mM NacCl, 5§ mM KCl, 2.5 mM CacCl,, 1.2 mM KH,PO,, 1.2 mM
MgSO4, S mM NaHCOj3, and 0.2% BSA) without or with glucose and/or
Volume 116 3249
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Adiponectin expression. (A and B) Serum adiponectin concentrations were quantified in WT and KO mice, either fed or after fasting for 20 hours,
fed normal chow (A; 6 months of age) or at the start (at 2 months of age) and end (after 14 weeks) of a 60%-fat diet (B). Data (mean + SEM;
n = 6-9 mice per group) were similar in 2 other experiments for A. (C) Adiponectin mRNA from epidydimal fat pads was amplified via real-time
quantitative RT-PCR of total RNA as described in Supplemental Methods. Data (mean + SEM; n = 4 mice per group) were similar in 2 other
experiments. Inset: Agarose gel electrophoresis of adiponectin real-time RT-PCR products. A, adiponectin; C, cyclophilin A. Data from 1 other
experiment were similar. (D) At the indicated times after i.p. injection (10 ml/kg) of CL (1.0 mg/kg) in PBS or PBS alone administered to 4- to
5-month old WT and KO mice, serum adiponectin levels were measured. Data (mean + SEM) represent the percent change relative to basal
values at time 0 (n = 4-9 mice per group). Basal adiponectin values were 22.2 + 0.7 and 41.0 + 2.0 ug/ml in WT and KO, respectively. Note:
Values at every time point following CL injection were significantly lower (P < 0.01) except at 10 minutes in KO mice in the case of adiponectin.

Data from 1 other experiment were similar. *P < 0.05; **P < 0.01.

GLP-1 for 1 hour at 37°C. Buffer was withdrawn for quantification of
insulin (commercial RIA kits; Linco).

Immunohbistochemistry. Further details are provided in Supplemental
Methods. Pancreases were dissected, fixed overnight, rinsed thoroughly,
and frozen on dry ice. Immunohistochemical analyses and measure-
ments of islet size were performed as described previously (13).

Analysis of metabolites and hormones. For experiments in which blood
glucose and/or serum glycerol, FFA, and insulin levels were measured
following i.p. or i.v. injection of PBS alone or CL, ISO, insulin, or glucose
in PBS, serum samples were prepared by centrifugation (4°C) of blood
collected from tail veins cut with a scalpel blade (after warming tails for
1 minute with a lamp) or from retroorbital sinuses. Insulin and leptin
levels were assayed with ELISA kits from ALPCO Diagnostics and Crystal
Chem Inc., respectively. FFA levels were measured enzymatically with the
colorimetric Half-Micro Test (Roche Applied Science), and glycerol and
TGs were measured with Trinder kits from Sigma-Aldrich or the enzy-
matic method of Wieland (42). Serum adiponectin was measured with
a RIA kit (Linco), and blood glucose was measured in 1-2 drops of tail
blood with the Bayer Glucometer Elite.

GTTs and ITTs. After overnight fasting, conscious mice were injected
i.p. (10 ml/kg) with glucose (2 g/kg) or insulin (0.5 U/kg) in PBS. At the
indicated times (Figure 7), blood glucose was measured, and/or 0.2 ml of
tail blood was taken for measurement of serum FFA or insulin levels.

Hyperinsulinemic-euglycemic clamps. Further details are provided in Sup-
plemental Methods. The clamps, based on the procedure developed by
Kim, Shulman, and collaborators (43, 44), were performed 4-6 days after
catheter placement essentially as described by Chen et al. (45). Experi-
ments, started after a 16-hour overnight fast, used [3-3H]|glucose and
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2-deoxy-D-[1-1*C]-glucose (both from PerkinElmer) for the estimation of
whole-body glucose fluxes and tissue glucose uptake, respectively. After
120 minutes of basal [3-*H]glucose infusion, hyperinsulinemic-eugly-
cemic clamps were begun with a priming infusion of human insulin
(300 mIU/kg) bolus over 3 minutes, followed by 15 pmol/kg/min of
Humulin R (Lilly), and 20% glucose was infused at a rate adjusted to
keep plasma glucose at approximately 110 mg/dl.

Statistics. Data are expressed as mean + SEM. All data presented with sta-
tistical analyses were analyzed using a 2-tailed Student’s ¢ test (paired and
unpaired) with Microsoft Excel 2003 with Data Analysis Toolpak (Microsoft).
Pvalues less than 0.05 were considered to be significant.
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