Milrinone, a Selective Phosphodiesterase 3 Inhibitor, Stimulates Lipolysis,
Endogenous Glucose Production, and Insulin Secretion

Peter Cheung, Gangyi Yang, and Guenther Boden

In vivo effects of milrinone, a selective phosphodiesterase 3 (PDE-3) inhibitor, on plasma free fatty acids (FFA), glucose, and
insulin levels were examined in alert rats. In dose response studies, intravenous injection of 1, 5 or 25 umol/kg of milrinone
provoked an immediate increase in plasma concentrations of FFA and insulin, while glucose levels rose only in response to
the 5- and 25-pumol/kg doses. During euglycemic-hyperinsulinemic (~450 pmol/L) clamps, intravenous injection of milrinone
(25 umol/kg) completely inhibited insulin suppression of lipolysis and of endogenous glucose production, while having no
effect on insulin-stimulated glucose uptake (ISGU). To explore the reason why ISGU was not affected, we performed
reverse-transcriptase polymerase chain reaction (RT-PCR) with RNA from skeletal muscle, fat, and liver. The results showed
that PDE-3B mRNA was expressed in adipose tissue and liver, but it was not detected in skeletal muscle. We conclude that
PDE-3 plays a major role in the inhibitory action of insulin on lipolysis in fat and on glucose production in liver and, in addition,
seems to be involved in insulin secretion in pancreatic g cells.
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ILRINONE (Primacor, Sanofi-Synthelabo, New Y ork,
NY) is a selective phosphodiesterase 3 (PDE-3) inhib-
itor that has positive inotropic and vasodilatory activitiesand is
used in clinical practice for short-term treatment of patients
with acute decompensated heart failure.t:2
Milrinone inhibits both members of the PDE-3 family, PDE-
3A, which predominates in heart, vascular smooth muscle, and
platelets, and PDE-3B, which is prominent in fat, liver, and
pancredtic idets.3
Activation of PDE-3B (a 135-kd membrane-associated en-
zyme) plays a major role in insulin’s antilipolytic action in
adipose tissue.4 Insulin increases PDE-3B activity in a phos-
phoinositide 3 kinase (PI3K)-dependent manner, resulting in
hydrolysis of cyclic adenosine monophoshate (CAMP) and de-
creased activities of CAMP-dependent kinase (PKA) and hor-
mone-sensitive lipase (HSL).5 Inhibition of PDE-3B, therefore,
increases lipolysis and plasma free fatty acid (FFA) levels.
Since FFA are known to cause peripheral (muscle), as well as
hepatic insulin resistance,®7 inhibition of PDE-3B could poten-
tially cause problems with insulin action. Surprisingly, how-
ever, we have been able to find only 2 studies that have
examined in vivo actions of milrinone on carbohydrate metab-
olism. Parker et a orally administered milrinone to ob/ob and
to lean mice and found that it reduced glucose tolerance in the
ob/ob but not in the lean mice® Cases et a reported that
milrinone, administered intravenoudly to rats during hypergly-
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cemic clamps, increased insulin levels.® The objective of the
present study was, therefore, to examine the effects of acute
intravenous administration of milrinone in rats on basal plasma
FFA, insulin, and glucose levels and on insulin-stimulated
glucose uptake (ISGU) and insulin suppression of endogenous
glucose production (EGP) during euglycemic-hyperinsulinemic
clamping.

MATERIALS AND METHODS
Preparation of Animals

Male Sprague-Dawley rats weighing between 250 to 300 g were
purchased from Charles River Laboratories (Wilmington, MA) and
housed in an environmentally controlled room with a 12-hour light/
dark cycle, where they had free access to standard rat chow and water.
One week before the studies, the animals were anesthetized with an
intraperitoneal injection of phenobarbitol (50 mg/kg bodyweight). A
polyvinyl catheter (inner diameter = 0.02 in) was inserted into the right
internal jugular vein and extended to the right atrium. Another catheter
was advanced through the left carotid artery until its tip reached the
aortic arch. The free ends of both catheters were attached to long
segments of steel tubing and tunneled subcutaneously to the back of the
neck where they were exterialized and secured to the skin with clips. At
the end of the procedure, the catheters were flushed with isotonic saline
containing heparin (40 U/mL) and ampicillin (5 mg/mL) and then filled
with a viscous solution of heparin (300 U/mL) and 80% polyvinyl
pyrolidone (PVP-10, Fisher Scientific, Pittsburgh, PA) to prevent re-
fluxing of blood into the catheter lumen. All studies were performed in
accordance with the guidelines for the use and care of laboratory
animals of the Temple University Institutional Animal Care and Use
Committee.

Sudy Design

The rats were allowed 1 week to recover from the effects of surgery.
At that time, they were within 3% of their preoperative weight. All
studies were conducted in the morning after a 14-hour overnight fast.
Throughout the studies, the animals were allowed to move freely in
their cages. All substrates were administered into the arterial catheter
and blood samples were obtained from the venous catheters. Two
different studies, a dose response and a euglycemic-hyperinsulinemic
clamp study, were performed.

Dose Response Study

Four groups of rats were studied. In group 1 (n = 6), a 25% solution
in saline of dimethylsulfoxide (DMSO 1 mL/kg) was injected at O
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minutes to serve as control. In the other 3 groups, varying doses of
milrinone (purchased from Biomole Research Labs, Plymouth Meet-
ing, PA) in 25% DMSO were administered at 0 minutes. Group 2
received 1 umol/kg (n = 4), group 3 received 5 umol/kg (n = 5), and
group 4 received 25 umol/kg (n = 6). Blood samples for determination
of glucose, insulin, and FFA concentrations were obtained at —30,
=15, 0, 2, 10, 15, 30, and 60 minutes during the study. Each blood
sample was replaced by the same volume of fresh whole blood obtained
from littermates of the test animals to prevent intravascular volume
depletion and anemia.

Euglycemic-Hyperinsulinemic Clamp Sudy

Euglycemic-hyperinsulinemic clamps were performed as described!©
with some modifications. Insulin (4.8 mU/kg min) was infused through
the carotid catheter from O to 180 minutes. Glucose concentrations
were clamped at euglycemic levels by a variable rate infusion of 25%
glucose. Blood glucose level s were monitored with an Elite Glucometer
(Bayer, Elkhart, IN) and glucose infusion rates were adjusted every 5
to 10 minutes as needed. At 120 minutes, 25% DM SO or milrinone (25
wmol/kg) was administered as a bolus injection. Blood samples for
determination of glucose, insulin, FFA, and 6,6 2H,, glucose enrichment
were obtained at —90, 0, 120, 130, 140, 150, 160, and 180 minutes.
Each blood sample was replaced by the same volume of fresh whole
blood.

Glucose Rates of Appearance and Disappearance

Glucose rate of appearance (Gg,) was determined with 6,6 2H,
glucose (Mass Trace, Woburn, MA) as described.!* 6,6 H, glucose
infusion was started at —90 minutes with a bolus of 10 mg followed by
aconstant infusion of 0.1 mg/min throughout the 270-minute study. To
prevent dilution of the isotope during the studies, 6,6 2H,, glucose was
added to the glucose infused to maintain euglycemia.

6,6 2H, glucose enrichment in plasma was determined with gas
chromatography—mass spectrometry (Hewlett-Packard 5973 M'S, 5890
GC, Pao Alto, CA) using select ion monitoring according to Wolfe.12
Plasma glucose concentrations were measured with a Beckman Glu-
cose Analyzer using the glucose oxidase method. G, and glucose rate
of disappearance (Ggry) Were caculated using the non-steady-state
equations of Steele et al.13 The effective distribution volume for glu-
cose was assumed to be 150 mL/kg.14

Endogenous Glucose Production

EGP was calculated as the difference between the isotopicaly de-
termined Gy, and the rate of glucose infused to maintain euglycemia
(GIR): EGP = Gg, — GIR.

Analytical Procedures

Plasma insulin was measured in deproteinized serum by radioimmu-
noassay using rat insulin as standard (Linco, St Charles, MO). Enzy-
matic colorimetric kits were used to determine plasma concentrations
of FFAs (Wako, Richmond, VA).

Detection of PDE-3B mRNA in Rat Tissues

Untreated rat tissues (liver, fat, and skeletal muscle) were pulverized
in liquid nitrogen and homogenized in TRIZOL (Invitrogen, Carlsbad,
CA). Two micrograms of total RNA was used for polymerase chain
reaction (PCR) (50 uL). First-strand cDNAs were amplified by Tag
DNA polymerase (Promega, Madison, WI), labeled with digoxigenin
deoxy uridine triphophatase (dUTP) (20 wmol/L), and primed with rat
B-actin amplimers (accession no. NM 031144; rat B-actin-sense: 5'-
TTCAACACCCCAGCCATGTACGTA-3'; rat B-actin-antisense: 5'-
GAGGAGCAA TGATCTTGATCTTCA-3'; size 618 bp) and rat
PDE-3B amplimers (accession no. Z 22867; rat PDE-3B-sense: 5'-
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CCTGGTGCTGAGCTGC GTGGGCTGCT-3'; and rat PDE-3b-anti-
sense: 5'-TGTTCTCGAGAAATACAAGGCAACGAC -3'; size 381
bp). PCR conditions were 2 minutes at 94°C followed by 25 cycles of
amplification for 30 seconds at 94°C, 30 seconds at 60°C, and 30
seconds at 72°C and an extension of 7 minutes at 72°C.

PCR products were separated on a 2% gel of NuSieve agarose: ME
agarose (1:1) and transferred to positive charge nylon membrane by 3
mol/L sodium chloride, 0.3 mol/L sodium citrate. Digoxigenin-labeled
PCR cDNA was then detected by alkali phosphatase-tagged anti-
digoxigenin antibody and CDP-Star chemiluminescent detection
method (Roche Applied Science, Indianapolis, IN). The chemilumines-
cent signals were detected by BioMax x-ray film (Kodak, Rochester,
NY). Theimages were scanned and analyzed by ScanJet ADF (Hewlett
Packard, Palo Alto, CA) and Scion Image (www.Scioncorp.com).

RESULTS
Dose Response Sudies

Three different doses of milrinone (1, 5, and 25 wmol/kg) or
an equivalent volume of DMSO (to serve as control) were
administered as an intravenous bolus into overnight fasted rats.

Plasma FFA concentrations rose in response to all 3 doses of
milrinone within 2 minutes of injection. FFA returned to basal
values within 15 minute in the 1- and 5-umol/kg groups, while
remaining elevated for between 15 and 30 minutes in the
25-umol/kg group.

Plasma glucose concentration rose in response to the 5- and
25-pumol/kg doses and remained significantly elevated for 30
minutes.

Serum insulin levels rose after the 1-, 5-, and 25-umol/kg
doses. Insulin levels remained significantly elevated until 20
minutes after the 5-umol/kg dose and until 30 minutes after the
25-umol/kg dose (Fig 1).

Euglycemic-Hyperinsulinemic Clamp Sudies

The increase in glucose concentration seen after the 25-
umol/kg dose of milrinone in the dose response study occurred
despite a large simultaneous increase in insulin. This indicated
that milrinone had either inhibited insulin stimulated glucose
uptake or insulin suppression of EGP or a combination of both.

To explore these possibilities, we investigated effects of the
25-umol/kg bolus of milrinone on rates of tota body Gg, and
EGP under euglycemic-hyperinsulinemic (~450 pmol/L)
clamp conditions. Prior to milrinone injection, hyperinsulin-
emia decreased plasma FFAs from approximately 750 to less
than 200 wmol/l. After milrinone injection, plasma FFA rose
immediately and remained elevated for approximately 30 min-
utes before returning to basal levels (Fig 2).

Before milrinone, GIR, the rate of glucose infused to main-
tain euglycemia, increased equally in both groups in response
to hyperinsulinemia. In the control group, GIR continued to rise
after 120 minutes. In the milrinone group, therisein GIR after
120 minutes was completely suppressed (Fig 3). This suggested
that milrinone had either decreased glucose uptake or increased
EGP or both.

Before milrinone, hyperinsulinemia completely suppressed
EGP in both groups. Between 120 and 180 minutes, EGP rose
and returned to pre-injection level in the milrinone group, while
remaining suppressed in the control group (Fig 3).

Milrinone had no significant effect on 1SGU, which rose
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Fig 1. Milrinone dose responses. Plasma FFA, glucose, and insulin
concentrations before and after intravenous injection of milrinone in
doses of 1,5, and 25 umol/kg or of 25% DMSO (controls) in alert rats.
Shown are means = SE. *P < .05; **P < .01; ***P < .001 compared
to 0 minutes.

approximately 3-fold over basal in response to insulin in both
groups (Fig 3). To explore the reason why milrinone had no
effect on ISGU (>80% of which occurs in muscle) while
strongly inhibiting insulin suppression of lipolysis and hepatic
glucose production, we examined PDE-3B expression (by re-
verse transcriptase [RT]-PCR) in rat skeletal muscle, fat, and
liver. The results showed that PDE-3B mRNA was detected in
liver and adipose tissue but not in skeletal muscle (Fig 4).

DISCUSSION

In this study, we found that milrinone given in doses similar
to recommended human doses (2.8 to 5.4 umol/kg/24 h)*s had
strong effects on lipolysis, EGP, and insulin secretion.

Lipolysis

In the dose response study, the lowest dose of milrinone (1
nmol/kg) caused plasma FFA levels to rise within 2 minutes,
indicating stimulation of lipolysis (changes in FFA levels cor-
relate closely with changes in lipolysis).16

During the hyperinsulinemic clamp study, milrinone com-
pletely reversed the insulin-induced suppression of lipolysis.
This provided strong in vivo support for the concept, derived
from in vitro studies, that activation of PDE-3B is a major
mechanism by which insulin inhibits lipolysis.> For example,
previous studies had shown that specific PDE-3 inhibitors
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blocked the antilipolytic action of insulin in isolated fat
cellst”18 and that insulin inhibited the lipolytic effects of only
those cAMP analogues® that were substrates of insulin-sensi-
tive PDE.

Glycogenolysis

Milrinone also raised plasma glucose levels. This effect was
only seen with the highest doses (5 and 25 umol/kg) and
persisted for more than 30 minutes. It seems likely, however,
that the glucose-elevating effects of milrinone was attenuated
by the concurrent increase in serum insulin.

To examine whether the increase in plasma glucose was
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Fig 2. Milrinone during euglycemic-hyperinsulinemic clamping.
Plasma glucose, insulin, and FFA concentrations before and after
intravenous milrinone (25 umol/kg) or DMSO (control) injection (at
120 minutes) during euglycemic-hyperinsulinemic (4.8 mU/kg min)
clamping in alert rats. Values at 0 minutes were obtained before
insulin infusion. *P < .03; **P < .001 compared to 120 minutes.
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Fig 3. GIR, Grqy, and EGP before and during intravenous milrinone
(25 pmol/kg) or DMSO (control) injection (at 120 minutes) during
euglycemic-hyperinsulinemic clamping in alert rats. Values at 0 min-
utes were obtained before insulin infusion. *P < .01; **P < .001
compared to 120 minutes. P < .03; "'P < .01 comparing milrinone v
DMSO (control) injections. The differences in Gg4 between the mil-
rinone-treated and the control groups were not statistically signifi-
cant.

caused by a decrease of peripheral glucose uptake or an in-
crease in EGP or a combination of both, we performed eugly-
cemic-hyperinsulinemic clamps. The results showed that mil-
rinone had no effects on insulin-stimulated glucose uptake but
strongly increased EGP. Before milrinone administration, in-
sulin infusions completely suppressed EGP. After milrinone
injection, EGP rose rapidly back to basa levels. This was
amost certainly due to an acute stimulation of glycogenolysis,
since it seems unlikely that gluconeogenesis could have been
stimulated to such a degree in such a short time. Moreover, the
notion that milrinone inhibited insulin suppression of glyco-
genolysisis supported by several lines of in vitro evidence: (1)
PDE-3B is present in hepatocytes?® (this study); (2) milrinone
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has been shown to acutely increase glucose production and to
decrease glycogen content in isolated hepatocytes;2° and (3)
activation of PDE-3B has been found to be important in the
antiglycogenolytic action of insulin® presumably by reduction
of a cAMP-dependent protein kinase and of phosphorylase
kinase a

Glucose Uptake

The finding that milrinone inhibited insulin action on lipol-
ysis and on glycogenolysis but had no effect on ISGU sug-
gested that PDE-3 might not be present in skeletal muscle
(which accounts for > 80% of 1SGU). Indeed, RT-PCR re-
vealed that PDE-3B was expressed in rat liver and epididymal
fat but could not be detected in rat skeletal muscle (Fig 4).

Insulin Secretion

Milrinone infusion was associated with an approximately
4-fold increase in serum insulin levels with the 25-umol/kg
dose and smaller increases with the 1- and 5-umol/kg doses.
Since glucose levels rose at the same time, some of the insulin
rise seen with the 5- and 25-umol/kg doses was probably
glucose-induced. However, the fact that insulin rose also with
the 1-umol/kg dose without a rise in glucose and that insulin
increased by greater than 400% (from 100 to >400 pmol/L)
with the 25-umol/kg dose while glucose only rose approxi-
mately 30% (from 80 to 105 mg/dL) indicated that milrinone
had direct stimulatory effects on insulin secretion. Moreover,
there was also a significant rise in serum insulin immediately
after milrinone injection during the hyperinsulinemic clamp
studies (Fig 2).

In this context, it is of interest that severa studies have
shown that PDE-3 is present in rat and human pancreatic 3
cells?t and that activation of PDE-3B (by insuling-like growth
factor 1 [IGF-1] or leptin) decreased cAMP and insulin secre-
tion from cultured neonatal rat B cells.2223 In addition, milri-
none and other specific PDE inhibitors have been shown to
potentiate glucose-stimulated insulin secretion in vitro,24-27
suggesting that PDE-3 may play an important role in the
control of insulin secretion.

In summary, we have shown in alert rats that milrinone, a
selective PDE-3 inhibitor, increased plasma FFA, glucose, and

Beta-actin

L L
PDE 3B

liver muscle fat

Fig4. RT-PCR detection of PDE-3B in rat tissues. Lane 1: liver; lane
2: skeletal muscle; lane 3: epididymal adipose tissue. Upper panel:
B-actin; lower panel: PDE-3B.
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insulin levels and inhibited insulin suppression of lipolysis and
glycogenolysis. These data suggested that PDE-3, which is
expressed in fat and liver, is important for insulin action on
lipolysis in fat cells and on glucose production in liver cells,

CHEUNG, YANG, AND BODEN

and it may be involved in insulin secretion from pancreatic 3
cells. On the other hand, PDE-3B was not detected in rat
skeletal muscle and milrinone did not affect insulin stimulation
of glucose uptake (>80% of which occurs in skeletal muscle).
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