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Abstract:

Experimental pancreatitis is associated with activation of polyamine catabolism. The polyamine analog bismethylspermine
(Me;Spm) can ameliorate pancreatic injury. We investigated the roles of polyamine catabolism in remote organs during pancreatitis
and explored the mechanism of polyamine catabolism by administering Me,Spm. Acute pancreatitis was induced by an infusion of
2 or 6% taurodeoxycholate before Me,Spm administration. Blood, urine and tissues were sampled at 24 and 72 h to assess multi-
organ injury and polyamine catabolism. The effect of Me,Spm on mortality in experimental pancreatitis was tested separately. Liver
putrescine levels were elevated following liver injury. Me,Spm increased the activity of spermidine/spermine N!-acetyltransferase
(SSAT) and depleted the spermidine, spermine or putrescine levels. Lung putrescine levels increased, and SSAT and spermine de-
creased following lung injury. Me;Spm enhanced the activity of SSAT and decreased the spermidine and spermine levels. Renal in-
jury was manifested as an increase in creatinine or a decrease in urine output. Decreases in kidney SSAT, spermidine or spermine and
an increase in putrescine were found during pancreatitis. In the 2% taurodeoxycholate model, Me,Spm decreased urine output and
raised plasma creatinine levels. Me,Spm increased SSAT and decreased polyamines. Excessive Me,Spm accumulated in the kidney,
and greater amounts were found in the 6% taurodeoxycholate model in which this mortality was not reduced by Me,Spm. In the 2%
taurodeoxycholate model, Me,Spm dose-dependently induced mortality at 72 h.

Like pancreatic injury, remote organ injury in pancreatitis is associated with increased putrescine levels. However, Me;Spm could
not ameliorate multi-organ injury. Me,Spm administration was associated with significant renal toxicity and induced mortality, sug-
gesting that the current dose is too high and needs to be modified.
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Abbreviations: ALAT — alanine transaminase, ASAT — aspartate
transaminase, MeSpd — methylspermidine, Me,Spm — bismethyl-
spermine, SSAT — spermidine/spermine N'-acetyltransferase

Introduction

Physiological polyamines, including spermidine,
spermine and putrescine, are positively charged ali-
phatic amines, which act functionally as growth
factors, antioxidants, second messengers, nutrients,
metabolic regulators and stabilizers of DNA, RNA
and membranes [26]. Cytosolic spermidine/spermine
N'-acetyltransferase (SSAT) is the rate-limiting en-
zyme regulating the catabolism of tissue polyamines
[28]. Although all mammalian cells contain polya-
mines, general over-induction of SSAT activity in
transgenic rats can induce acute pancreatitis [1, 25].
The reason is that the pancreas is exceptionally rich in
polyamines. Interestingly, experimental pancreatitis
induced by cerulein, L-arginine or taurodeoxycholate
leads to pancreatic SSAT activation in wild-type rats
(Fig. 1) [13, 18]. Depletion of spermidine and sper-
mine in the pancreas is associated with the severity of
pancreatitis in 2 and 6% taurodeoxycholate-induced
models [18]. Polyamine changes disappear by 72 h in
the surviving animals.

The inhibition of SSAT has not been studied due to
the lack of specific inhibitors [27]. In SSAT knockout
mice, the targeted disruption of SSAT did not lead to
significant fluctuations in polyamine homeostasis
[23]. However, it is the SSAT activation that is associ-
ated with pancreatitis (Fig. 1). The consequent de-
crease in polyamines may be partly compensated for
by administering methylated polyamine analogues
such as methylspermidine (MeSpd) and bismethyl-
spermine (Me,Spm). These compounds are able to
ameliorate edema and histological injury of the pan-
creas in both transgenic and wild-type models [13, 18,
24]. Earlier reports have demonstrated that both
MeSpd and Me,Spm, when administered after the in-
duction of pancreatitis, markedly reversed pancreatic
damage in 24 h [13, 24]; this protective effect did not
last up to 72 h in the wild-type animal model [17].
The reversal of polyamine homeostasis to normal by
this time point explains the late ineffectiveness of the
supplement therapy. These findings support the hy-
pothesis that polyamine catabolism contributes to the
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evolution and development of pancreatitis, especially
in the early stages of the disease.

As our earlier studies demonstrated [17, 18], the in-
fusion of taurodeoxycholate into the pancreatic duct
resulted in pancreatitis that manifested as edema,
necrosis and leukocyte infiltrations, analyzed using
histology, and showed that 6% taurodeoxycholate-
induced pancreatitis was more severe than 2%
taurodeoxycholate-induced pancreatitis [18]. In hu-
man pancreatitis, the severe necrotizing form of the
disease may lead to multi-organ dysfunction, and
most deaths are attributed to it [6, 10, 22]. Each organ
has different metabolism and there are no data on the
association between multi-organ dysfunction and
polyamine changes [30]. In the present study, we ex-
plored whether the remote organs (liver, lung and kid-
ney) that are often injured in severe acute pancreatitis
develop changes in polyamine homeostasis, and
whether the remote organ injury is influenced by
treatment with Me,Spm.

Materials and Methods

Animals

The present study was approved by the Institutional
Animal Care and Use Committee of the relevant pro-
vincial government. The experiments were performed
in accordance with the “Guidelines for the Care and
Use of Laboratory Animals” (NIH publication No.
86-23, revised 1985). Adult male Sprague-Dawley
rats (270-500 g) were fed a standard chow diet until
12 h before the experiment. Rats were anesthetized
with an intraperitoneal injection of pentobarbital
(Orion, Espoo, Finland, 60 mg/kg) before the opera-
tion and again for subsequent tissue, blood and urine
sampling.

Use of Me,Spm

Me,Spm was donated by the Department of Biotech-
nology and Molecular Medicine, A.l. Virtanen Institute
for Molecular Sciences, University of Kuopio. Ele-
mental analysis for Me,Spm: C,H30N4 (376.24 Da).
Me,Spm was synthesized as described previously
[8] and dissolved in 0.9% NaCl solution at 25 mg/ml
before use. Me,Spm was used as follows: the animals
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received Me,Spm as a treatment, intraperitoneally
(25 mg/kg) at 4 h and 8 h after the induction of pan-
creatitis.

Taurodeoxycholate-induced pancreatitis models

Sodium taurodeoxycholate (Sigma-Aldrich, Buchs,
Switzerland) at a concentration of 2 or 6% was in-
fused into the pancreatic duct with 0.2 ml phosphate-
buffered saline, pH 7.4 as described previously to in-
duce moderate or severe lethal pancreatitis respec-
tively [11, 18]. The infusion pressure was kept below
30 cm H,O. There was a temporary clamping of the
common bile duct at the liver hilum during the pan-
creatitis induction.

Group design for pancreatitis models

The animals were divided randomly into 8 groups:

Sham operation (Groups 1, 2): Rats underwent
a laparotomy only. They were anesthetized and eutha-
nized for sampling at 24 h (Group 1,n=6) and at 72 h
(Group 2, n = 6) after this sham operation.

Two percent taurodeoxycholate-induced pancreati-
tis (Groups 3, 4): Rats were infused with 2% sodium
taurodeoxycholate intraductally to induce pancreati-
tis, as described above. They were anesthetized and
euthanized for sampling at 24 h (Group 3, n = 6) and
at 72 h (Group 4, n = 6) after the infusion of taurode-
oxycholate.

Two percent taurodeoxycholate-induced pancreati-
tis, treatment with Me,Spm (Groups 5, 6): Rats were
infused with 2% sodium taurodeoxycholate intraduc-
tally, as in Groups 3, 4, to induce pancreatitis. The
animals received Me,Spm as described above. They
were anesthetized and euthanized for sampling at 24 h
(Group 5, n = 6) and 72 h (Group 6, n = 11) after the
infusion of taurodeoxycholate. In Group 6, because of
high mortality (5 rats died), we obtained samples
from the 6 surviving rats.

Six percent taurodeoxycholate-induced pancreatitis
(Group 7): Rats (n = 11) were infused with 6% so-
dium taurodeoxycholate intraductally as described
above to induce pancreatitis. They were anesthetized
and euthanized for sampling at 24 h after the infusion
of taurodeoxycholate. Because of high mortality
(5 rats died), we obtained samples from the 6 surviv-
ing rats.

Six percent taurodeoxycholate-induced pancreatitis,
treatment with Me,Spm (Group 8): Rats (n = 6) were

infused with 6% sodium taurodeoxycholate intraduc-
tally to induce pancreatitis. The animals received
Me,Spm as described above. They were anesthetized
and euthanized for sampling at 24 h after the infusion
of taurodeoxycholate. We used 9 rats to obtain samples
from 6 rats because of high mortality. No valid samples
were obtained from 6% taurodeoxycholate-induced
pancreatitis at 72 h due to the death of the rats after the
infusion, irrespective of Me,Spm treatment.

Effect of Me,Spm on mortality in 6%
taurodeoxycholate-induced pancreatitis

The animals were divided randomly into 2 groups:

Six percent taurodeoxycholate-induced pancreatitis
(Group 9): Rats (n = 30) were infused with 6% so-
dium taurodeoxycholate intraductally as described
above to induce pancreatitis. As treatment the animals
received vehicle only (0.9% NaCl). The deaths of the
animals were observed and recorded at 12 h intervals
after the induction of pancreatitis.

Six percent taurodeoxycholate-induced pancreati-
tis, treatment with Me,Spm (Group 10): Rats (n = 30)
were infused with 6% sodium taurodeoxycholate in-
traductally to induce pancreatitis. The animals re-
ceived Me,Spm as described above. The deaths of the
animals were observed at 12 h intervals after the in-
duction of pancreatitis.

Assessment of multi-organ injury during
pancreatitis

Liver and renal functions: Blood samples were col-
lected and centrifuged for 10 min at 2,500 rpm, and
the separated plasma was stored at —20°C for later
measurements. The levels of alanine transaminase
(ALAT), aspartate transaminase (ASAT), bilirubin
and creatinine were measured with a Cobas Integra
700 analyzer (F. Hoffmann-La Roche Ltd. Diagnos-
tics Division, Basel, Switzerland).

Urine output: Urine was collected, and urine vol-
umes were measured during the experiment using
metabolic and diuresis cage (Tecniplast, Italy).

Water content of remote organs: Tissue specimens
were excised from the liver, lung and kidney and
weighed before and after dehydrating at 110°C for
24 h in an electric oven (TAMRO-APTA 90-544011
Memmert, Germany). The water content of remote or-
gans was expressed as the ratio of (wet weight-dry
weight)/dry weight.
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Histology of remote organs: The liver, lung and
kidney specimens were fixed at room temperature in
a pH-neutral, phosphate-buffered 10% formalin solu-
tion. The fixed tissue was embedded in paraffin, sec-
tioned at 5 um, stained with hematoxylin and eosin,
and coded for blinded examination. The histological
damage to liver, lung and kidney was graded using
scoring criteria as previously described [7, 9, 20].

Polyamine analysis of remote organs

The tissues (liver, lung and kidney) were frozen in
liquid nitrogen and stored at —70°C for SSAT and
polyamine measurements. SSAT activity was assayed
according to Bernacki et al. [4]. The natural polya-
mines (spermidine, spermine and putrescine) and the
polyamine analog (Me,Spm) were measured by
high-performance liquid chromatography according
to the method of Hyvonen et al. [14].

Statistical analysis

Data are expressed as the medians [range], and the
groups were compared using the Mann-Whitney U
test. The level of significance was set at p < 0.05.

Results

Remote organ injury in acute pancreatitis models

Liver injury

In 2% taurodeoxycholate-induced acute pancreatitis
the liver injury manifested as increased plasma ALAT
and ASAT levels (Tab. 1) and temporarily increased
water content (Tab. 2), whereas the histological injury
score did not change from that observed in the sham
operation animals (Tab. 3). The livers of the animals
in 2% taurodeoxycholate-induced pancreatitis showed
a significant increase in putrescine levels at 24 h
(Tab. 4), whereas the SSAT, spermine and spermidine
levels remained unchanged.

In 6% taurodeoxycholate-induced acute pancreati-
tis the liver injury manifested as elevated plasma bili-
rubin levels (Tab. 1), increased water content (Tab. 2)
and also increased histological injury scores (leuko-
cyte infiltration and necrotic foci). The liver putre-
scine levels were highest in 6% taurodeoxycholate-
induced pancreatitis at 24 h (Tab. 4), but similar to 2%
taurodeoxycholate-induced pancreatitis, SSAT, sper-
mine and spermidine levels remained unchanged.

Treatment with Me,Spm did not have a significant
effect on any of the observed liver injury manifesta-

Tab. 1. Blood tests of liver and renal functions in 2 and 6% taurodeoxycholate-induced pancreatitis models

Groups Time () ALAT (U/) ASAT (U/1) Bilirubin (umol/l)  Creatinine (umol/l) Urine (ml)
Sham 24 945[66.0-183.0]  331[256-453] 1.9[1.1-4.8] 34.5[28.0-41.0] 21 [10-60]
72 40.5[31.0-346.01  196.5[112-367]  1.75[1.10-10.30] 21 [16-30] 37 [16-58]
2% AP 24 143 [135-237] 525 [399-835]" 2.9[2.2-4.4] 43 [36-125]* 23.0[6.0-77.5]
72 64.5[36.0-765.0]  240.5 [124-1124]  1.95[1.20-9.10] 31.5[28-43]* 39.5[25.0-60.0]
2% AP with Me,Spm 24 148.5[82-258]  685.5[390-1291]  3.25[1.40-6.20] 102 [42-349] 5[25-7.0]"
72 745[43.0-597.00 236.5[134-1417)  20[1.4-127]  100[39-164] 1T 48.5(32.0-87.5]
6% AP 24 112[79-1370]  316.5 [288-1424] 4.7[2.4-7.4] 96 [52-214]** 3.9[0-25.01
6% AP with Me,Spm 24 191 [101-325] 655 [558-951] 3.8[2.6-6.9] 124 [34-158] 4.7[0-9.8]

AP —acute pancreatitis; ALAT — alanine aminotransferase; ASAT — aspartate aminotransferase. All data are the medians [range]. *p < 0.05 vs.
sham operation group at 24 or 72 h, respectively; ** p < 0.01 vs. sham operation group at 24 h; T p < 0.05 vs. 2% AP at 24 h; T p < 0.01 vs. 2%

AP at72h
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Tab. 2. Ratio of (wet weight-dry weight)/dry weight of remote organs in 2 and 6% taurodeoxycholate-induced pancreatitis models

Groups Time (h) Liver Lung Kidney
Sham 24 2.52 [2.39-2.65] 4.35[4.00-7.33] 3.77 [3.00-4.13]
72 2.57[2.34-3.00] 459 [4.21-5.33] 3.66 [3.09-4.12]
2% AP 24 2.77[2.65-2.97]* 4.73[3.89-7.25] 3.85[3.30-4.41]
72 2.66 [2.49-2.91] 4.66 [3.95-5.33] 3.60 [3.24-3.86]
2% AP with Me,Spm 24 2.77[2.46-3.60] 470 [4.10-5.94] 3.36 [2.04-4.12]
72 2.60[2.37-2.92] 4.72 [4.00-9.67] 3.53[3.30-4.13]
6% AP 24 2.87 [2.68-7.79]" 457 [4.53-4.88] 3.30 [2.62-3.38]
6% AP with Me,Spm 24 2.77 [1.96-6.96] 429 [3.53-7.50] 3.44[3.19-3.67]

AP — acute pancreatitis. All data are the medians [range]. ** p < 0.01 vs. sham operation group at 24 h

Tab. 3. Histological scores of remote organs in 2 and 6% tauro-
deoxycholate-induced pancreatitis models

Groups Time (h) Liver Lung Kidney
Sham 24 0[0-0] 2([0-4] 1[1-2]

72 0[0-11  3[1-4] 1[1-1]
2% AP 24 0[0-01 150131 2[1-2]

72 0[0-3] 25[1-4] 15[1-2]
2% AP 24 0[0-4]  3[0-4] 1.5[1-2]
WihMepSom 75 o031  3(1-8]  1[1-1]
6% AP 24 1[0-2]*  3[0-7] 1[1-2]
6% AP 24 1[0-5]  45[3-6] 1[1-2]
with Me,Spm

AP — acute pancreatitis. All data are the medians [range]. * p < 0.05
vs. sham operation group at 24 h

tions. Me,Spm seemed to accumulate in the liver
(Tab. 4). Me,Spm reversed the increases in putrescine
levels in both models, but this effect was statistically
significant only in the 6% taurodeoxycholate-induced
pancreatitis. There appeared to be some induction of
SSAT in the Me,Spm-treated groups with respective
decreases in higher polyamines, especially in sper-
midine levels (Tab. 4).

Lung injury

In 2% taurodeoxycholate-induced pancreatitis, no
lung injury was observed. In 6% taurodeoxycholate-
induced pancreatitis lung injury was observed using
histological analysis (hemorrhage, leukocyte infiltra-
tion and increasing thickness of the alveolar wall).

Tab. 4. SSAT activity and polyamine levels in the liver in 2 and 6% taurodeoxycholate-induced pancreatitis models

Groups Time (h)  Liver SSAT (pmol/mg Liver polyamines and MexSpm (nmol/mg protein)
protein/10 min)
Spermidine Spermine Putrescine MeoSpm

Sham 24 2[0-2.91] 5.43[4.51-7.21] 3.72[2.87-5.43] 0[0-0.1]

72 051 [0-2.97] 6.86 [4.18-9.61] 4.25[3.46-7.08] 0 [0-0]
2% AP 24 2.25[1.42-3.62] 6.34 [5.39-7.86] 3.83[3.06-4.66]  1.3[0.24-2.80]**

72 1.19[0-4.04] 7.02 [3-9.91] 3.81[2.48-6.08] 0[0-0.2]
2% AP 24 6.64[2.68-41.05]1  1.74[1.34-4.03]t 283[2.2-341"  0.24[0.04-2.25] 5.37 [4.49-6.88]
with Me,Spm 72 120[0.08-203]  627[226-926]  326[138-4.31]  006[0-0.15]  4.62[2.64-6.23]
6% AP 24 2 [0-13] 6.18 [3.57—7.41] 481[434-524]  3[2.22-511]**
6% AP 24 413-18] 3[1.97-4.11]ft 3.82[3.73-4.11]  0.45[0.04-2.19]'T  6.74 [4.98-7.82]
with Me,Spm

SSAT — spermidine/spermine N'-acetyltransferase; Me,Spm — bismethylspermine; AP — acute pancreatitis. All data are the medians [range].
**p < 0.01 vs. sham operation group at 24 h; T p < 0.05 vs. 2% AP at 24 h; TT p < 0.01 vs. AP without Me,Spm at 24 h
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Tab. 5. SSAT activity and polyamine levels in the lung in 6% taurodeoxycholate-induced pancreatitis models

Groups Time (h) Lung SSAT Lung polyamines and MezSpm (nmol/mg protein)
(pmol/mg
protein/10 min) Spermidine Spermine Putrescine MeoSpm
Sham 24 87.50 [34-113] 4.90 [4.06-5.29] 3.58 [2.56-4.27] 0.18[0-0.22]
6% AP 24 34.50 [20-55]* 4.25[3.26-4.51] 2.25[2.01-2.44]** 0.81[0.43—1.42]*
6% AP with 24 127 [59-363] T 2.31[1.51-2.89]"" 136 [0.84-1.50] 0.71[0.43-1.18] 25[2.3-3.7]
Me,Spm

SSAT - spermidine/spermine N'-acetyltransferase; Me,Spm — bismethylspermine; AP — acute pancreatitis. All data are the medians [range].
*p < 0.05 vs. sham operation group at 24 h; ** p < 0.01 vs. sham operation group at 24 h; T p < 0.01 vs. 6% AP at 24 h

This injury was associated with a decrease in lung
SSAT activity. In addition, spermine levels were de-
creased, whereas the putrescine levels were increased
at 24 h (Tab. 5).

The administration of Me,Spm had no effect on
lung injury observed in 6% taurodeoxycholate-induced
pancreatitis. Me,Spm appeared to also accumulate in
the lung. Me,Spm reversed the SSAT depletion,
which resulted in decreased lung spermidine and sper-
mine levels (Tab. 5).

Renal injury

In 2% taurodeoxycholate-induced acute pancreatitis
plasma creatinine was increased at 24 and 72 h (Tab. 1).
Compared with the sham operation group, urine out-
put, kidney water content and histology remained un-

changed (Tabs. 1-3). The kidneys demonstrated
decreased SSAT activity at 24 h (Tab. 6). The sper-
midine and spermine levels also fell at 24 h, associ-
ated with increased putrescine levels at 72 h (Tab. 6).

In 6% taurodeoxycholate-induced acute pancreati-
tis, plasma creatinine increased two-fold compared to
2% taurodeoxycholate pancreatitis and by almost
three-fold compared to the sham operation at 24 h.
Urine output dropped significantly (Tab. 1). There
was no difference in the kidney water content be-
tween the 6% taurodeoxycholate-induced acute pan-
creatitis group and the sham operation group. Micros-
copy revealed no histological changes. SSAT activity
somewhat decreased whereas spermidine and spermine
levels remained unchanged at 24 h (Tab. 6). Similar to
the case of 2% taurodeoxycholate-induced pancreatitis,
the putrescine levels were elevated (Tab. 6).

Tab. 6. SSAT activity and polyamine levels in the kidney in 2 and 6% taurodeoxycholate-induced pancreatitis models

Groups Time (h)  Kidney SSAT (pmol/mg Kidney polyamines and MeoSpm (nmol/mg protein)
protein/10 min)
Spermidine Spermine Putrescine MeoSpm

Sham 24 54,55 [34.50-71.60] 3.11[2.47-3.59] 5.28 [5.05-5.99] 0.15[0-0.45]

72 51.47 [41.60-73] 3.59[3.21-3.77] 6.45 [6.08-6.94] 0.11[0-0.22]
2% AP 24 30.30 [16.40-45.70] * 2.33[2.01-2.471"*  4.62[4.20-5.36]"  0.41[0.22—0.61]

72 40.55 [30.70-53.70] 3.42 [3.20-4.04] 6.18 [5.85-6.66]  0.32 [0.25-0.44] **
2% AP 24 352.45[97.60-641.3011T  149[1.39-1.86]"" 299[2.73-338]"t 042[0.12-089]  7.19[5.81 -8.56]

with Me,Spm-—— 75 52.9 [40.80-90.20] t

2.48[2.18-3] Tt

353[3.34-4.71]""  0.32[0.21-0.54] 8.37 [8.28-8.46]

6% AP 24 12 [3-19] ** 230[1.40-2.80]  5.04[3.77-551]  0.94[0.77-1.85]**
6% AP 24 76 [67-209] # 1.26[0.90-2.101%  2.89[2.81-3]%  0.23[0.18-0.98]% 19.27 [9.66-24.35]%
with Me,Spm

SSAT — spermidine/spermine N'-acetyltransferase; Me,Spm — bismethylspermine; AP — acute pancreatitis. All data are the medians [range].
*p < 0.05 vs. sham operation group at 24 h; ** p < 0.01 vs. sham operation %roup at24 or 72 h, respectively; 7T p < 0.01 vs. 2% AP at 24 or 72 h,

respectively;® p < 0.05 vs. 6% AP at 24 h; ¥ p < 0.01 vs. 6% AP at 24 h; §
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In 2% taurodeoxycholate-induced pancreatitis,
Me,Spm accumulated in the kidneys, similar to that
observed in the liver (Tab. 4 and 6). The treatment
with Me,Spm decreased urine output considerably
24 h after the induction of acute pancreatitis with 2%
taurodeoxycholate (Tab. 1). Me,Spm treatment also
significantly increased the level of plasma creatinine
at 72 h (Tab. 1). The water content and the histology
was not ameliorated after Me,Spm was given. SSAT
activity temporarily increased 10-fold with supple-
mentation of Me,Spm, but returned to baseline level
by 72 h (Tab. 6). The induced SSAT activity resulted
in lower spermidine and spermine levels.

Ornithine

obC

Spd synthase N'-acetylspermidine

s O

Spm synthase SMO

N' -acetylspermine
/‘@’ "
W

Fig. 1. Polyamine catabolism of the pancreas in an acute pancreatitis
model. Polyamine synthesis includes the following: generating putre-
scine from ornithine by the catalysis of ornithine decarboxylase
(ODC); yielding spermidine (spd) from putrescine by spd synthase;
and yielding spermine (spm) from spermidine by spm synthase.
Spermidine/spermine N'-acetyltransferase (SSAT) catabolizes sper-
mine to N'-acetylspermine, which is catabolized by polyamine oxi-
dase (PAO) to spermidine. SSAT and PAO also catabolize spermid-
ine to putrescine, which is again the precursor of spermidine and
spermine. Spermine is also partially converted back to spermidine
by the catalysis of spermine oxidase (SMO). SSAT is the rate-limiting
enzyme in polyamine catabolism. Increased SSAT and putrescine
and decreased spermidine and spermine in the pancreas can be ob-
served in the experimental pancreatitis model. “44”, increase;
“¥¥” decrease

In 6% taurodeoexycholate-induced pancreatitis,
treatment with the same dose of Me,Spm resulted in
more accumulation in the kidneys than in the case of
2% taurodeoxycholate-induced pancreatitis (Tab. 6).
Me,Spm did not ameliorate the plasma creatinine or
urine output, which were already severely disturbed
without any treatment at 24 h. As in 2% taurodeoxy-
cholate-induced pancreatitis, SSAT activity increased
after treatment with Me,Spm, followed by a fall in
spermidine and spermine levels (Tab. 6). In this case,
the accumulated dose of renal Me,Spm was the high-
est, at 6.7 times the level of renal spermine.

Mortality in acute pancreatitis models

Initially, we hypothesized that Me,Spm would per-
haps reduce mortality, which was expected to be al-
most 100% in 6% taurodeoxycholate pancreatitis.
Therefore, survival with and without Me,Spm treat-
ment was investigated in an experiment with a large
enough number of rats to assess the effect on mortal-
ity. In 6% taurodeoxycholate treated rats, half of the
rats died within 24 h after the induction of acute pan-
creatitits and the mortality ratio increased up to 83%
by 72 h (Fig. 2). The use of Me,Spm did not have any
significant effect on the mortality in this 6% taurode-
oxycholate-induced pancreatitis (Fig. 2).

The induction of acute pancreatitis by 2% taurode-
oxycholate did not cause any mortality for 72 h. How-
ever, upon observing the groups studied to investigate
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Fig. 2. Effect of Me,Spm on survival in 6% taurodeoxycholate-
induced pancreatitis model. The animals began to die within 24 h in
both the control and treatment groups. Mortalities increased with
time. There was no significant difference in mortality between the two
groups. Control, acute experimental pancreatitis treated with vehicle
(0.9% NaCl); treatment, acute experimental pancreatitis treated with
Me,Spm (25 mg/kg)
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the remote organ injuries, we found that there were no
deaths for 24 h after the administration of Me,Spm,
but 11 rats were needed to obtain 6 rats for observa-
tion at 72 h due to 45% mortality.

Discussion

The infusion of taurodeoxycholate into the pancreatic
duct was able to cause not only local pancreatic damage
but also multi-organ damage, due to the presence of
liver and kidney injuries [11]. However, lung injury in
2% taurodeoxycholate-induced pancreatitis was not
found in an earlier [11] or in the present study. Whereas
4% taurodeoxycholate infusion induced transient pul-
monary injury [21], more persistent injury was found
with the 6% infusion treatment in this study, as it was
shown that the higher the taurodeoxycholate concentra-
tion, the higher the mortality. Previously, 2% infusion of
taurodeoxycholate yielded no association with mortality
[11], 3% taurodeoxycholate resulted in 24% mortality
within 72 h, whereas 5% solution led to 100% mortality
in 31 h [19]. These data are in agreement with the pres-
ent results, where 2% infusion of taurodeoxycholate was
not associated with mortality and 6% taurodeoxycholate
was associated with 50% mortality at 24 h.

No data have been reported on the polyamine
changes in pancreatitis-associated remote organ injury
nor have attempts been made to ameliorate such injury
with polyamine supplementation. The rationale for this
approach lies in the recent findings [13, 17] that re-
markable changes in pancreatic polyamine homeostasis
take place, and that supplementation by long-acting
synthetic polyamine analogs partially reverses the in-
jury. However, the changes in polyamine catabolism in
remote organs were not similar to the polyamine
changes in the pancreas during pancreatitis.

The stimulation of SSAT in the pancreas was
higher in the less severe 2% taurodeoxycholate treat-
ment than in the more severe 6% taurodeoxycholate-
induced pancreatitis [18]. Similar stimulation was
found in the liver and kidney in the less severe 2%
taurodeoxycholate-induced pancreatitis, whereas more
severe 6% taurodeoxycholate-induced pancreatitis
was associated with unchanged (liver) or decreased
(kidney and lung) rather than increased SSAT activity.
The reason why SSAT activity seems to be inversely
associated with the level of organ damage is not
known.

1006 Pharmacological Reports, 2011, 63, 999-1008

In the experimental pancreatic injury, the increased
SSAT activation was associated with lower spermid-
ine and spermine levels together with elevated putre-
scine levels (Fig. 1) [1, 17]. In this study, it was ob-
served that SSAT activation was absent and that pu-
trescine levels were elevated in all the organs studied,
whereas spermidine and spermine levels remained un-
changed or decreased. Earlier studies have reported
that liver injury was characterized by an accumulation
of putrescine and depletion of spermine [16, 24].
SSAT activation was observed in a kidney ischemia-
reperfusion injury model [29], and paralleling the in-
crease of polyamine transport in lung tissue, polya-
mine content was enhanced by pulmonary hypoxic
exposure [3, 12]. Thus, the polyamine changes differ
according to the model studied. The present studies
suggest that an increased putrescine level may be as-
sociated with remote organ injury.

Treatment with Me,Spm has been shown to ame-
liorate pancreatic injury during the first 24 h [13, 17],
but in the present study, in the case of 2% taurodeoxy-
cholate-induced pancreatitis, Me,Spm was found to
exert severe renal toxicity. Furthermore, the admini-
stration of Me,Spm led to high mortality in the 6%
taurodeoxycholate-induced model. The dose of Me,Spm
in the present study was not beneficial to remote or-
gans in the taurodeoxycholate-induced pancreatitis
model. The same doses in other studies have been
shown to be beneficial to the pancreas [13, 17]. Thus,
in this experimental setting, the side effects of
Me,Spm in the remote organs exceed its beneficial ef-
fects on the pancreas. However, smaller doses might
also lack beneficial effects to the pancreas because of
the lower accumulation of Me,Spm in the tissue [17].

The effect of polyamine analogues may be variable
in different pancreatitis models. According to earlier
studies [1, 13, 17], the protective effect of Me,Spm or
MeSpd has been observed in SSAT-induced trans-
genic pancreatitis, L-arginine-induced pancreatitis
and taurodeoxycholate-induced pancreatitis models.
In a study by Biczo in 2010 [5], the benefit of MeSpd
was not found in L-ornithine-induced acute pancreati-
tis model. The variation might be caused by the types
of animal models, the timing of administering and the
dose administered.

During the treatment of pancreatitis with Me,Spm,
the level of polyamine catabolizing enzyme SSAT
was increased in the remote organs. This is consistent
with what has been observed in the pancreas, where
Me,Spm seemed to induce SSAT and decrease sper-
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midine and spermine levels [17]. In the liver, spermid-
ine and spermine are required for cell regeneration
and are involved in cell growth after injury [2]. Simi-
larly, the reductions of spermidine and spermine lev-
els in the blood and increase in the level of renal
SSAT were observed in renal failure patients and in
the kidney ischemia-reperfusion model [15, 29]. The
perturbations from accumulated Me,Spm are likely to
contribute to the structural or functional injury of re-
mote organs.

The amount of Me,Spm accumulated in the tissues
varied in the different organs (Tabs. 4-6). In the liver,
the levels of accumulated Me,Spm remained stable.
However, the renal levels of Me,Spm were changed
according to different time points or different severity
of pancreatitis. The disturbances in the natural homeo-
stasis of polyamines, as induced by exogenous admini-
stration of the substrate (Me,Spm) for SSAT, may sug-
gest a mechanism for the toxic effects of Me,Spm.

In conclusion, although polyamines have been pre-
viously shown to be closely connected with the devel-
opment of pancreatic injury in acute pancreatitis, the
changes in polyamine homeostasis in the remote or-
gans have some dissimilarities, while the increased
putrescine level according to the severity of the injury
was shown to be a common feature. Supplementation
with a synthetic polyamine analog, Me,Spm, does not
ameliorate the remote organ injuries, but causes renal
toxicity and is associated with mortality of the ani-
mals when tested at a dose that has an ameliorative ef-
fect on the pancreatic injury.

Acknowledgments:

This work was supported by a grant from the Pirkanmaa Hospital
District. Equipment and drugs were from Tampere University
Hospital, the University of Tampere, the University of Kuopio and
the Russian Academy of Sciences. Cordial thanks to the following
collaborators who contributed to this study: University of Kuopio:
Mrs. Riitta Sinervirta and Tuula Reponen for skilful technical
assistance. Tampere University Hospital: Immo Rantala, Department
of Pathology, Centre for Laboratory Medicine. University of
Tampere: Tuija Hartin, Anne Hartin-Gathuo, Sanna Lehti and Tarja
Tulonen, Medical School; Leena Honkaniemi and Pirkko Rajala,
Clinical Medicine, Medical School; Pekka Vilja and Marja-Leena
Koskinen, Medical School; Teemu Honkanen, Medical School.

References:

1. Alhonen L, Parkkinen JJ, Keindnen T, Sinervirta R,
Herzig KH, Janne J: Activation of polyamine catabolism

10.

11.

12.

13.

14.

15.

16.

in transgenic rats induces acute pancreatitis. Proc Natl
Acad Sci USA, 2000, 97, 8290-8295.

. Alhonen L, Risinen TL, Sinervirta R, Parkkinen JJ,

Korhonen VP, Pietild M, Jianne J: Polyamines are re-
quired for the initiation of rat liver regeneration. Bio-
chem J, 2002, 362, 149—-153.

. Babal P, Manuel SM, Olson JW, Gillespie MN: Cellular

disposition of transported polyamines in hypoxic rat lung
and pulmonary arteries. Am J Physiol Lung Cell Mol
Physiol, 2000, 278, 610-617.

. Bernacki RJ, Oberman EJ, Seweryniak KE, Atwood A,

Bergeron RJ, Porter CW: Preclinical antitumor efficacy
of the polyamine analogue N, N'!-diethylnorspermine
administered by multiple injection or continuous infu-
sion. Clin Cancer Res, 1995, 1, 847-857.

. Bicz6 G, Hegyi P, Sinervirta R, Berczi S, Dosa S, Siska

A, Ivanyi B et al.: Characterization of polyamine homeo-
stasis in L-ornithine-induced acute pancreatitis in rats.
Pancreas, 2010, 39, 1047-1056.

. Connor S, Alexakis N, Raraty MG, Ghaneh P, Evans J,

Hughes M, Garvey CJ et al.: Early and late complica-
tions after pancreatic necrosectomy. Surgery, 2005, 137,
499-505.

. Desmet VI, Knodell RG, Ishak KG, Black WC, Chen

TS, Craig R, Kaplowitz N et al.: Formulation and appli-
cation of a numerical scoring system for assessing histo-
logical activity in asymptomatic chronic active hepatitis.
J Hepatol, 2003, 38, 382-386.

. Grigorenko NA, Vepséldinen J, Jarvinen A, Keinénen

TA, Alhonen L, Jénne J, Kritsyn AM, Khomutov AR:
A new synthesis of alpha-methylspermidine (Russian).
Bioorg Khim, 2004, 30, 441-445.

. Hanigan MH, Lykissa ED, Townsend DM, Ou CN,

Barrios R, Lieberman MW: y-Glutamyl transpeptidase-
deficient mice are resistant to the nephrotoxic effects of
cisplatin. Am J Pathol, 2001, 159, 1889—1894.

Hartwig W, Werner J, Uhl W, Buchler MW: Manage-
ment of infection in acute pancreatitis. J Hepatobiliary
Pancreat Surg, 2002, 9, 423-428.

He ZJ, Alho H, Harmoinen A, Ahola T, Nordback I:
Extrapancreatic multiorgan injury in a severe sublethal acute
pancreatitis model. Int J Surg Investig, 1999, 1, 177-184.
Hoet PH, Nemery B: Polyamines in the lung: polyamine
uptake and polyamine-linked pathological or toxicologi-
cal conditions. Am J Physiol Lung Cell Mol Physiol,
2000, 278, 417-433.

Hyvonen MT, Herzig KH, Sinervirta R, Albrecht E,
Nordback I, Sand J, Keindnen TA et al.: Activated
polyamine catabolism in acute pancreatitis: o.-methylated
polyamine analogues prevent trypsinogen activation and
pancreatitis-associated mortality. Am J Pathol, 2006,
168, 115-122.

Hyvonen T, Keindnen TA, Khomutov AR, Khomutov
RM, Eloranta TO: Monitoring of the uptake and metabo-
lism of aminooxy analogues of polyamines in cultured
cells by high-performance liquid chromatography.

J Chromatogr, 1992, 574, 17-21.

Igarashi K, Ueda S, Yoshida K, Kashiwagi K: Polyamines
in renal failure. Amino Acids, 2006, 31, 477-483.

Janne J, Alhonen L, Keindnen TA, Pietild M, Uimari A,
Pirinen E, Hyvonen MT, Jarvinen A: Animal disease

Pharmacological Reports, 2011, 63, 999-1008 1007



20.

21.

22.

23.

1008

models generated by genetic engineering of polyamine
metabolism. J Cell Mol Med, 2005, 9, 865-882.

. Jin HT, Lamsa T, Hyvonen MT, Sand J, Réty S,

Grigorenko N, Khomutov AR et al.: A polyamine analog
bismethylspermine ameliorates severe pancreatitis in-
duced by intraductal infusion of taurodeoxycholate.
Surgery, 2008, 144, 49-56.

. Jin HT, Lamsa T, Merentie M, Hyvonen MT, Sand J,

Rity S, Herzig KH et al.: Polyamine levels in the pan-
creas and the blood change according to the severity of
pancreatitis. Pancreatology, 2008, 8, 15-24.

. Lankisch PG, Ihse I: Bile-induced acute experimental

pancreatitis. Scand J Gastroenterol, 1987, 22, 257-260.
Maeda Y, Fujino Y, Uchiyama A, Matsuura N, Mashimo
T, Nishimura M: Effects of peak inspiratory flow on de-
velopment of ventilator-induced lung injury in rabbits.
Anesthesiology, 2004, 101, 722-728.

Morel DR, Frossard JL, Cikirikcioglu B, Tapponnier M,
Pastor CM: Time course of lung injury in rat acute pan-
creatitis. Intensive Care Med, 2006, 32, 1872—-1880.
Neoptolemos JP, Kemppainen EA, Mayer JM, Fitz-
patrick JM, Raraty MG, Slavin J, Beger HG et al.: Early
prediction of severity in acute pancreatitis by urinary
trypsinogen activation peptide: a multicentre study.
Lancet, 2000, 355, 1955-1960.

Niiranen K, Keindnen TA, Pirinen E, Heikkinen S, Tusa
M, Fatrai S, Suppola S et al.: Mice with targeted disrup-
tion of spermidine/spermine N!-acetyltransferase gene
maintain nearly normal tissue polyamine homeostasis
but show signs of insulin resistance upon aging. J Cell
Mol Med, 2006, 10, 933-945.

Pharmacological Reports, 2011, 63, 999-1008

24.

25.

26.

27.

28.

29.

30.

Résdnen TL, Alhonen L, Sinervirta R, Keinédnen T,
Herzig KH, Suppola S, Khomutov AR et al.: A poly-
amine analogue prevents acute pancreatitis and restores
early liver regeneration in transgenic rats with activated
polyamine catabolism. J Biol Chem, 2002, 277,
39867-39872.

Résdnen TL, Alhonen L, Sinervirta R, Uimari A, Kaasi-
nen K, Keindnen T, Herzig KH, Jénne J: Gossypol acti-
vates pancreatic polyamine catabolism in normal rats and
induces acute pancreatitis in transgenic rats over-
expressing spermidine/spermine N!-acetyltransferase.
Scand J Gastroenterol, 2003, 38, 787-793.

Wallace HM: The physiological role of the polyamines.
Eur J Clin Invest, 2000, 30, 1-3.

Wallace HM, Fraser AV: Inhibitors of polyamine metabo-
lism: review article. Amino Acids, 2004, 26, 353-365.
Wallace HM, Fraser AV, Hughes A: A perspective of
polyamine metabolism. Biochem J, 2003, 376, 1-14.
Wang Z, Zahedi K, Barone S, Tehrani K, Rabb H, Matlin
K, Casero RA, Soleimani M: Overexpression of SSAT in
kidney cells recapitulates various phenotypic aspects of
kidney ischemia-reperfusion injury. J Am Soc Nephrol,
2004, 15, 1844-1852.

Wilinski B, Wilinski J, Somogyi E, Piotrowska J, Goral-
ska M: Atorvastatin affects the tissue concentration of
hydrogen sulfide in mouse kidneys and other organs.
Pharmacol Rep, 2011, 63, 184—188.

Received: December 30, 2010; in the revised form: March 6,
2011; accepted: March 28, 2011.



	849	Review Œ Lipoic acid Œ biological activity and therapeutic potential.
	Anna Gor¹ca, Halina Huk-Kolega, Aleksandra Piechota, Paulina Kleniewska, El¿bieta Ciejka, Beata Skibska

	859	Review Œ Statin-induced myopathies.
	Micha³ Tomaszewski, Karolina M. Stêpieñ, Joanna Tomaszewska, Stanis³aw J. Czuczwar

	867	Review Œ Novel mechanistic and clinical implications concerning the safety of statin discontinuation.
	Magdalena Jasiñska-Stroschein, Jacek Owczarek, Irena Wejman, Daria Orszulak-Michalak

	880	Anxiolytic-like activity of MGS0039, a selective group II mGlu receptor antagonist, is serotonin- and GABA-dependent.
	Katarzyna Stachowicz, Joanna Wieroñska, Helena Domin, Shigeyuki Chaki, Andrzej Pilc

	888	Behavioral deficits and exaggerated feedback control over raphe-hippocampal serotonin neurotransmission in restrained rats.
	Darakhshan J. Haleem

	898	Influence of aripiprazole on the antidepressant, anxiolytic and cognitive functions of rats.
	Kinga Burda, Anna Czubak, Krzysztof Kus, El¿bieta Nowakowska, Piotr Ratajczak, Jennifer Zin

	908	Buspirone improves the anti-cataleptic effect of levodopa in 6-hydroxydopamine-lesioned rats.
	Javad Mahmoudi, Alireza Mohajjel Nayebi, Morteza Samini, Siamak Reyhani-Rad, Vahab Babapour

	915	Neuroprotective effect of carvedilol against aluminium induced toxicity: possible behavioral and biochemical alterations in rats.
	Anil Kumar, Atish Prakash, Samrita Dogra

	924	Non-neutral nonsynonymous single nucleotide polymorphisms in human ABC transporters: the first comparison of six prediction methods.
	Da Cheng Hao, Yao Feng, Rongrong Xiao, Pei Gen Xiao

	935	Transdermal buprenorphine in the treatment of cancer and non-cancer pain Œ the results of multicenter studies in Poland.
	Anna Przeklasa-Muszyñska, Jan Dobrogowski

	949	Involvement of kainate receptors in the analgesic but not hypnotic effects induced by inhalation anesthetics.
	Li-Hua Hang, Dong-Hua Shao, Yue-Ping Gu, Ti-Jun Dai

	956	Beneficial role of telmisartan on cardiovascular complications associated with STZ-induced type 2 diabetes in rats.
	Bhoomika R. Goyal, Kaushal Parmar, Ramesh K. Goyal, Anita A. Mehta

	967	Protective effect of novel pyridoindole derivatives on ischemia/reperfusion injury of the isolated rat heart.
	Zuzana Broskova, Vladimir Knezl

	975	Long-term use of low-dose spironolactone in spontaneously hypertensive rats: Effects on left ventricular hypertrophy and stiffness.
	Marcelo P. Baldo, Ludimila Forechi, Elis A.S. Morra, Divanei Zaniqueli, Rebeca C. Machado, Wellington Lunz, Sérgio L. Rodrigues, José Geraldo Mill

	983	Can vitamins C and E restore the androgen level and hypersensitivity of the vas deferens in hyperglycemic rats?
	Glaura S.A. Fernandes, Daniela C.C. Gerardin, Thaiane A. Assumpção, Kleber E. Campos, Débora C. Damasceno, Oduvaldo C.M. Pereira, Wilma D.G. Kempinas

	992	C3435T polymorphism of the ABCB1 gene: impact on genetic susceptibility to peptic ulcers.
	Aleksandra Sa³agacka, Malwina Bartczak, Marta ¯ebrowska, Marcin Ja¿d¿yk, Mariusz Balcerczak, Robert Janiuk, Marek Mirowski, Ewa Balcerczak

	999	Association between remote organ injury and tissue polyamine homeostasis in acute experimental pancreatitis Œ treatment with a polyamine analogue bismethylspermine.
	Hai-Tao Jin, Teemu Lämsä, Panu H. Nordback, Mervi T. Hyvönen, Nikolay Grigorenko, Alex R. Khomutov, Isto Nordback, Sari Räty, Ilkka Pörsti, Leena Alhonen, Juhani Sand

	1009	Antiatherogenic effect of quercetin is mediated 
by proteasome inhibition in the aorta and circulating leukocytes.
	Denis A. Pashevin, Lesya V. Tumanovska, Victor E. Dosenko, Vasyl S. Nagibin, Veronika L. Gurianova, Alexey A. Moibenko

	1019	Effect of indometacin pretreatment on protamine sulfate-mediated relaxation of the isolated rat uterus: the role of the antioxidative defense system.
	Jelena Kordiæ-Bojinoviæ, Zorana Oreıèanin-Duıiæ, Marija Slaviæ, Ratko Radojièiæ, Mihajlo Spasiæ, Slobodan R. Milovanoviæ, Duıko Blagojeviæ

	1029	Anti-inflammatory effects of LASSBio-998, a new drug candidate designed to be a p38 MAPK inhibitor, in an experimental model of acute lung inflammation.
	Aline C. Brando Lima, Alexandre L. Machado, Patrícia Simon, Moisés M. Cavalcante, Daniele C. Rezende, Gilberto M. Sperandio da Silva, Paulo Gustavo B. D. Nascimento, Luis E. M. Quintas, Fernando Q. Cunha, Eliezer J. Barreiro, Lídia M. Lima, Vera L.G. Koatz

	1040	Effects of propranolol on the development of glucocorticoid-induced osteoporosis in male rats.
	Joanna Folwarczna, Maria Pytlik, Leszek „liwiñski, Urszula Cegie³a, Barbara Nowiñska, Monika Rajda

	SHORT COMMUNICATIONS
	1050	Anxiolytic-like activity of zinc in rodent tests.
	Anna Partyka, Magdalena Jastrzêbska-Wiêsek, Bernadeta Szewczyk, Katarzyna Stachowicz, Anna S³awiñska, Ewa Poleszak, Urszula Doboszewska, Andrzej Pilc, Gabriel Nowak


	1056	Dopaminergic drug-induced modulation of the expression of the dopamine transporter in peripheral blood lymphocytes in Parkinson™s disease.
	Alessandra Fanciulli, Roberta Misasi, Dario Campanelli, Francesca R. Buttarelli, Francesco E. Pontieri

	1061	Neuropeptide FF receptor modulates potassium currents in a dorsal root ganglion cell line.
	Catherine Mollereau, Michel Roumy, Jean-Marie Zajac

	1066	Effects of the antioxidant baicalein on the pharmacokinetics of nimodipine in rats: a possible role of P-glycoprotein and CYP3A4 inhibition by baicalein.
	Young-Ah Cho, Jun-Shik Choi, Jin-Pil Burm
	1074	Note to Contributors





	content
	cont
	contents_3'2005
	contents

