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Background: Milrinone increases intracellular adenosine 3',5'-cyclic monophosphate concentration and enhances vascu-
lar relaxation. Nuclear factor-kappa B (NF-kB) plays a key role in inflammatory responses during ischemia-reperfusion (I/R) 
injury. We aimed to investigate the effect of milrinone on the inflammatory responses and NF-kB activation in renal I/R 
injury in mice.
Methods: Thirty C57BL/6 mice were allocated into 3 groups. In group S (n = 10), only right nephrectomy was done. In 
group C (n = 10), the left kidney was subjected to 30 min of ischemia after right nephrectomy. In group M (n = 10), mil-
rinone (5 μg/kg) was administered before ischemia. After 24 hours of reperfusion, the serum creatinine was measured, 
kidney samples were obtained for histology, and expressions of NF-kB and proinflammatory cytokines were analyzed.
Results: In group C, the serum creatinine concentration was markedly elevated, compared with group S. Creatinine con-
centration in group M was also elevated, but it was significantly lower than that in group C. Histologic evidence of renal 
damage was severe in group C, but it was improved in group M. In groups C and M, expression of NF-kB, tumor necrosis 
factor-α (TNF-α), intercellular adhesion molecule-1 (ICAM-1), monocyte chemoattractant protein-1 (MCP-1) and mac-
rophage inflammatory protein-2 (MIP-2) mRNA increased significantly compared with group S (P < 0.05). But group M 
showed a lower expression of NF-kB, TNF-α, ICAM-1, MCP-1 and MIP-2 mRNA than group C (P < 0.05).
Conclusions: Milrinone treatment attenuates the renal inflammatory response and activation of NF-kB, resulting in im-
provement of renal function and tissue injury. (Korean J Anesthesiol 2014; 66: 136-142)
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Introduction

Renal ischemia-reperfusion (I/R) injury, which causes acute 
renal failure (ARF), still remains a serious clinical issue in ab-
dominal aortic surgery and in kidney transplantations because 
it is a major cause of mortality and morbidity during the periop-
erative period. Many studies such as those on ischemic-precon-
ditioning, pretreatment with adenosine, preconditioning with 
a volatile agent, and activation of adenosine-monophosphate-
activated protein kinase (AMPK) have been done to find factors 
that protect against renal I/R injury. Recent studies suggest that 
I/R injury is closely related to the activation of adenosine recep-
tors, which causes protective effects against I/R injury by activa-
tion of signal-transduction proteins such as Akt, extracellular 
signal-regulated kinase (ERK), heat shock protein 27 (HSP 27), 
HSP 70, inducible nitric oxide (iNOS) [1].

Nuclear factor-kappa B (NF-kB) is a key transcription factor 
in the regulation of the acute inflammatory response, which 
plays a key role in I/R injury [2]. NF-kB exists in the cytoplasm 
as heterodimers bound to inhibitory proteins known as inhibi-
tors of NF-kB (IkBs) [3]. Inflammatory cytokines such as tumor 
necrosis factor (TNF)-α induce the phosphorylation and sub-
sequent degradation of IkBs [4], which liberates NF-kB to enter 
the nucleus and activates NF-kB induced target genes [5].

Milrinone is a selective phosphodiesterase-3 (PDE-3) in-
hibitor, which suppresses the degradation process of adenosine 
3’,5’-cyclic monophosphate (cAMP), resulting in an increase 
of the intracellular concentration of cAMP. Because milrinone 
increases myocardial contractility and enhances vascular muscle 
relaxation, it has been used clinically in the treatment of conges-
tive heart failure [6]. Moreover, it is reported that milrinone has 
an anti-inflammatory effect [7], which is expected to reduce I/R 
injury. Although the protective effects of milrinone against renal 
I/R injury were reported [8], the molecular mechanism has not 
been clearly found. The aim of the present study is to investigate 
the effect of milrinone on the inflammatory responses and NF-
kB activation in renal I/R injury in mice.

Materials and Methods

Renal I/R injury and milrinone treatment

The experiments were approved by the Institutional Labora-
tory Animal Care and the Ethical Committee. C57BL/6 mice 
(20 to 25 g), aged from 8 to 10 weeks, were anesthetized with 
intraperitoneally administered pentobarbital sodium (50 mg/kg 
or to effect) and placed supine on a heating pad under a warm-
ing light to maintain body temperature between 36 and 38oC. 
Additional pentobarbital sodium was given as needed based on 
responses to tail pinches. Thirty mice were randomly allocated 

to the following three groups. In group C (n = 10, control group), 
after bilateral flank incisions and after right nephrectomy, the left 
kidney was subjected to 30 min of ischemia with a microaneurysm 
clip occluding the renal pedicle. In group M (n = 10, milrinone 
treatment group), in accordance with the clinical dose applied 
for the treatment of acute heart failure, 5 μg/kg of milrinone 
was injected by bolus intraperitoneally before renal ischemia. In 
group S (n = 10, sham operation group), mice were anesthetized 
and subjected to right nephrectomy only, and plasma was col-
lected 24 hours later. In groups C and M, after 30 min of isch-
emia, the microaneurysm clip was removed for reperfusion, and 
after 24 hours, plasma was collected and the mice were subjected 
to left nephrectomy to acquire their kidney tissues.

Assessment of renal function after I/R injury

Renal function was assessed by measuring plasma creatinine 
concentrations 24 h after renal ischemia, with a commercially 
available colorimetric method (Sigma, St. Louis, USA).

Histologic examinations to detect necrosis

Explanted kidneys were bisected along the long axis and were 
fixed with 10% formalin, embedded in paraffin, cut into 5 μm 
sections, and stained with hematoxylin-eosin (H&E). All micro-
scopic slides were analyzed by a pathologist blinded to the group 
assignments of the animals. A grading scale of 0 to 4, as outlined 
by Jablonski et al. [9], was used to assess the renal histological 
injury.

Semiquantitative reverse transcription-polymerase 
chain reaction (RT-PCR)

Twenty-four hours after renal ischemic injury, the kidney 
tissues were dissected, and the total RNA was extracted using a 
Trizol kit (Invitrogen, Carlsbad, CA, USA). Total RNA concen-
trations were determined by spectrophotometric absorbance 
at 260 nm, and aliquots were analyzed by agarose gel electro-
phoresis to verify equal RNA inputs and RNA quality. RT-PCR 
was performed to analyze the expression of proinflammatory 
(TNF-α, intercellular adhesion molecule-1 [ICAM-1], monocyte 
chemoattractant protein-1 [MCP-1], macrophage inflammatory 
protein-2 [MIP-2]) genes. Primers were designed based on pub-
lished GenBank sequences for the mouse (Table 1).

NF-kB assay

Kidney tissues were dissected on ice and immediately placed 
in an ice-cold radioimmunoprecipitation assay (RIPA) buffer 
(150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, and 1% Triton-X 
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[pH 7.4]) and homogenized for 10 s on ice. The samples were 
centrifuged for 30 min at 50000 g. The supernatant was collected 
and used for immunoblotting. We measured the expression of 
NF-kB.

Statistical analysis

All data were expressed as the means ± standard deviations. 
One-way analysis of variance (ANOVA) with the Tukey post 
hoc test was used to compare quantitative variables between the 
groups, and a P value of less than 0.05 was considered statisti-
cally significant. Statistical analyses were performed using SPSS 
version 18.0 (SPSS Inc., Chicago, IL, USA).

Results

Renal function

In group C, serum creatinine concentration after 24 hours 

reperfusion was markedly elevated compared with group S (2.17 
± 0.24 vs. 0.50 ± 0.14, P < 0.001). The serum concentration of 
creatinine in group M was also elevated (1.36 ± 0.37 vs. 0.50 ± 
0.14, P < 0.001), but it was significantly lower than that in group 
C (1.36 ± 0.37 vs. 2.17 ± 0.24, P < 0.001) (Fig. 1). 

Histological changes

Histological findings showed significant renal injury as evi-
denced by severe necrosis of the proximal convoluted tubule, 
tubular lumen obstruction and impairments, desquamation of 
tubule cells, severe medullary congestion and hemorrhage in 
group C. These renal injury findings were improved in group M, 
compared with group C (Fig. 2). The Jablonski scale histology 
grading scores are shown in Fig. 3.

Expression of pro-inflammatory cytokines

In groups C and M, expression of TNF-α, ICAM-1, MCP-1 
and MIP-2 mRNA increased significantly compared with group 
S (P < 0.001). But group M showed a lower expression of TNF-α, 
ICAM-1, MCP-1 and MIP-2 mRNA than group C (P < 0.001) 
(Fig. 4).

NF-kB activity

The NF-kB level increased in groups C and M compared with 
group S (P < 0.001). However, the NF-kB level in group M was 
significantly lower than that in group C (P < 0.001) (Fig. 5).

Disccussion

Milrinone inhibits PDE-3, which degrades c-AMP, result-
ing in an increase of intracellular c-AMP concentration. Ad-
ditionally, in vascular smooth muscle, it leads to vasodilation of 

Table 1. Primer Sequences

Primers Species Size, bp Sequence (5’-3’) PCR, Temp.
oC/Cyc. 

TNF-α

ICAM-1

MCP-1

MIP-2

GAPDH

Mouse

Mouse

Mouse

Mouse

Mouse

290

409

312

282

450

TACTGAACTTCGGGGTGATTGGTCC
CAGCCTTGTCCCTTGAAGAGAACC
TGTTTCCTGCCTCTGAAGC
CTTCGTTTGTGATCCTCCG
ACCTGCTGCTACTCATTCAC
TTGAGGTGGTTGTGGAAAAG
CCAAGGGTTGACTTCAAGAAC
AGCGAGGCACATCAGGTACG
ACCACAGTCCATGCCATCAC
CACCACCCTGTTGCTGTAGCC

60/35

60/35

60/35

60/35

60/35

TNF-α: tumor necrosis factor-α, ICAM-1: intercellular adhesion molecule-1, MCP-1: monocyte chemoattractant protein-1, MIP-2: mac rophage 
inflammatory protein-2, GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

Fig. 1. Comparison of mean serum creatinine concentration (sham, group 
S; IR, group C; Milrinone, group M). *P < 0.001 vs. group S. †P < 0.001 vs. 
group C.
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both the arteries and veins, increasing capacitance [10]. These 
pharmacological properties of milrinone suggest that milrinone 
can reduce I/R injury. Kume et al. [11] reported that the pre-
treatment of milrinone protected the liver from warm I/R injury, 

and this pre-treatment mimics the physiological phenomena 
of ischemic pre-conditioning. Satoh et al. [12] demonstrated 
that milrinone treatment alleviated warm ischemia-reperfusion 
induced liver injury, and the activation of cAMP-dependent 
protein kinase A played a key role in this protection against I/
R injury. Furthermore, it is reported that milrinone reduced the 
inflammatory response and improved microcirculation during 
inflammation [7,13], which suggest that milrinone can reduce I/
R injury effectively. 

There are two essential protection mechanisms of milrinone 
against I/R injury. First of all, milrinone can improve the renal 
microcirculation in the reperfusion period. Increased c-AMP 
by milrinone pretreatment can induce endothelium-dependent 
vasodilation [14,15] and stabilization of the endothelial barrier 
during ischemia [16]. This can help maintain vascular patency 
during reperfusion, improving the tissue oxygen supply and pre-
serving the glomerular filtration rate, which leads to the mainte-
nance of the renal function and reduction of tissue injury in the 
kidney.

Second, c-AMP that is increased by milrinone can reduce the 

Fig. 2. Representative photomicrographs of the corticomedullary junc-
tion of the kidney (light microscope, hematoxylin and eosin staining, 
magnification × 400). (A) Sham-operated mice (group S). (B) I/R injury 
group (group C). (C) Milrinone treatment group (group M). Severe 
necrosis of the proximal convoluted tubule, tubular lumen obstruction 
and impairments, desquamation of tubule cells, severe medullary 
congestion and hemorrhage in group C. These renal injury findings 
were improved in group M, compared with group C.

Fig. 3. Jablonski grading scale scores (sham, group S, n = 10; IR, group C, 
n = 10; milrinone, group M, n = 10). *P < 0.001 vs. group S. †P < 0.001 
vs. group C.
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inflammatory response and renal apoptosis. In our study, the 
milrinone treatment group showed a lower expression of TNF-α, 
which was similar to the study by Semmler et al. [17]. In the 
reperfusion period, the activation of NF-kB and TNF-α led to 
an inflammatory response, resulting in up-regulation of vascular 
endothelial adhesion molecules such as the ICAM-1 and neu-
trophil chemoattractants [18,19]. In addition, TNF-α increases 
the production of vasopressors, such as platelet-activating factor 

and endothelin-1 [20]. It leads to an increase of renal vascular 
permeability, tubular obstruction, and a decreased glomerular 
filtration rate, resulting in acute tubular necrosis and renal dys-
function [21-23]. However, the decreased expression of TNF-α 
by milrinone treatment helps reduce renal tissue injury by low-
ering the inflammatory cascade and maintaining renal function.

In our study, it was found that milrinone pretreatment can 
cause improvement of kidney function and renal histology. To 

Fig. 4. (A) Representative RT-PCR images for TNF-α, ICAM-1, MCP-1, MIP-2 mRNA expression in the sham group (group S), I/R group (group C), and 
milrinone treatment group (group M). (B) Densitometric quantifications of relative band intensities normalized to GAPDH from RT-PCR reactions 
for each indicated mRNA. *P < 0.001 vs. sham (group S, n = 10). †P < 0.001 vs. I/R (group C, n = 10).
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investigate the molecular mechanism of the protective effects 
of milrinone in renal I/R injury, we evaluated the activation of 
NF-kB, and expression of TNF-α, ICAM-1, MCP-1 and MIP-2 
mRNA. Our data demonstrated that the expressions of TNF-α 
and NF-kB were significantly increased in the renal I/R injury 
group, which was reversed by milrinone pretreatment.

In the acute inflammatory response, which plays a key role in 
I/R injury, the activation of the TNF-α/NF-kB signal pathway is 
significant. After exposure to cytokines such as TNF-α, inflam-
matory responses can greatly depend on the activation of NF-kB 
[24,25]. In addition, TNF-α is known to be regulated by NF-kB 
activity [26]. In this study, milrinone treatment caused decreased 
activation of NF-kB and TNF-α, which suppressed the following 
inflammatory responses. 

In conclusion, renal I/R injury causes activation of the critical 
inflammatory cascade, including the activation of NF-kB and in-
flammatory cytokines such as TNF-α and induction of vascular 
adhesion molecules (ICAM-1) and neutrophil chemoattractants 
(MIP-2, MCP-1). Milrinone pretreatment attenuates the renal 
inflammatory response and activation of NF-kB, resulting in 
improvement of renal function and histology.
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