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Effects of ulinastatin on rat renal energy metabolism and blood flow

in hemorrhagic shock
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Abstract: The effect of ulinastatin on rat renal energy
metabolism and blood flow in hemorrhagic shock was studied
by P nuclear magnetic resonance spectroscopy. Hemorrhagic
shock was induced by withdrawing blood from the left carotid
artery into a reservoir until mean femoral arterial blood pres-
sure stabilized as 20 mmHg. Ulinastatin (50 000 units-kg™;
UTI group, n = 10) or saline (0.9% NaCl; NS group, n = 10)
was injected continuously during 30 min of hemorrhagic
shock. Next, the total volume of blood shed in the reservoir
was transfused into the right femoral vein over a period of
5 min. In the UTI group, 23.2 £ 15.1% of adenosine triphos-
phate (ATP) remained and intracellular pH (pHi) was
6.77 £ 0.07 at 30 min of hemorrhagic shock. However, ATP
was not detected and pHi showed severe acidosis (pHi:
6.49 = 0.04) in the NS group. After the transfusion of shed
blood, the UTI group exhibited higher ATP levels and pHi
values than the NS group. Rats treated with UTI maintained
mean arterial blood pressure and renal blood flow at sig-
nificantly higher values than those administered NS.

Ulinastatin improved the energy metabolism of the shocked
kidney. We believe that ulinastatin maintains mitochondrial
function against hemorrhagic shock by its membrane-stabiliz-
ing actions and might contribute beneficially in hemorrhagic
shock.
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Introduction

It has been shown that during shock in animals, there is
an increase in the activities of trypsin [1], plasmin [2],
kininogenase [3] and so on in the blood, and a decrease
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in the activity of serum plasmin inhibitor. This suggests
that protease activities might play an important role in
the pathogenesis and development of shock. In this
regard, it can be suggested that an enzyme inhibitor
attenuates the development of shock through the
inhibition of lysosomal enzyme. Ulinastatin (Miraclid,
Mochida Pharmaceutical, Tokyo, Japan) is an acid gly-
coprotein with a molecular weight of 67 000. Ohnishi et
al. reported that ulinastatin improves survival time and
hemodynamic status in experimental shock. They sug-
gested that ulinastatin might attenuate the activities of
lysosomal enzyme released into the serum during shock
[4]. However, anti-shock mechanisms of ulinastatin in
hemorrhagic shock and its metabolic effects have not
been fully studied at the cellular level.

The purpose of our study was to evaluate the cellular
and metabolic effects of ulinastatin on the renal
blood flow and energy metabolism monitored by 3'P
nuclear magnetic resonance spectroscopy (*'P-NMR) in
hemorrhagic shock.

Methods

Animals

This study was approved by the Kagawa Medical School
Animal Investigation Committee. Twenty male Wistar
rats (JCL-Wistar, Hamamatsu, Japan; body weight 375-
400 g) were used in this study. The rats were anes-
thetized by an intraperitoneal injection of sodium
pentobarbital (50 mg/kg body wt, Abbot, North
Chicago, IL, USA). After tracheotomy, anesthesia was
maintained with isoflurane (0.7%, Abbot) under artifi-
cial ventilation with a volume-limited respirator (EVM-
50A, Aika, Tokyo, Japan). Polyethylene catheters
(PE-50, Clay Adams, Parsippany, NJ, USA) were in-
serted into the femoral artery to monitor blood pressure
and into the femoral vein for injection. Mean arterial
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blood pressure was monitored with a polygraph (366,
NEC San-ei Instruments, Tokyo, Japan). The left kid-
ney was exposed by a dorsal incision for 3'P-NMR ob-
servation and renal blood flow measurement. After
completion of all surgery, rats were given heparin
(500 U-kgiv.).

IP-NMR

3P-.NMR spectra were obtained on a GSK 270 WB
spectrometer (6.3T, JEOL, Tokyo, Japan) operating at
109.25 MHz for phosphorous. The kidney was attached
to a five-turn surface coil {10 mm in diameter). To elimi-
nate the effect of surrounding tissues on the NMR sig-
nal, a thin copper sheet was inserted to provide physical
separation between the surrounding muscles and the
kidney. The rat was placed in the bore of the magnet in
a vertical head-up position. The body temperature was
maintained at 36° = 1°C throughout the experiment
using temperature controller of our own design. The
pulse width was 10 usec and 400 scans were accumu-
lated at 1.0-s intervals.

Since the p-peak of adenosine triphosphate (B-ATP)
is the only peak that was unique to ATP on the spec-
trum, tissue ATP levels were assessed by comparing
changes in the area of 3-ATP. Intracellular pH (pHi)
was calculated from the chemical shift between the peak
of Pi and that of a-ATP [5-7].

Renal blood flow

Renal blood flow (RBF) in the left renal artery was
measured continuously by a small-diameter flow trans-
ducer (FI-0057, Nihon Kohden, Tokyo, Japan) con-
nected to an electromagnetic flow-meter (MFV-1200,
Nihon Kohden). We determined absolute zero flow
through the renal artery before an experiment by com-
pletely occluding the artery distal to the probe with
forceps for 2-3 s; baseline drift was negligible. Renal
blood flow was measured to an accurary of + 15% [8].

Experimental protocol

Hemorrhagic shock was induced by withdrawing blood
from the left carotid artery into a reservoir unil mean
arterial pressure (MAP) reached 20 mmHg. This blood
pressure was maintained by transferring blood in and
out of the reservoir for 30 min. Then, the total blood
shed in th reservoir was transfused to the rat via
the right femoral vein over Smin. Ulinastatin
(50 000 U-kg™%; UTIL n = 10) or saline (0.9% NaCl; NS,
n =10) was administered continuously during the
30 min of hemorrhagic shock. Each group was divided
into subgroups, *P-NMR measurement (n =35) and
RBF measurement (n =5), respectively. To ensure

stability of the experimental conditions, the observation
of 3P-NMR spectra and the measurement of renal
blood flow were performed three times (10-min inter-
vals) before inducing hemorrhage as control, three
times (10-min intervals) during hemorrhagic shock, and
four times (every 15 min) after transfusion.

Statistical analysis

All values are expressed as mean + SD. Mean values of
each group were compared by analysis of variance
(ANOVA) and Student’s t-test for paired values. A P
value less than 0.05 was considered to be statistically
significant.

Results

In our hemorrhagic shock model, MAP was maintained
at 20 mmHg during shock. No RBF was detected during
hemorrhagic shock. To compare the severity of the
hemorrhagic shock in both groups, we measured bleed-
ing volume and body weight. No significant difference
between the groups was found in either the bleeding
volume or body weight (Table 1), indicating that the
severity of the hemorrhage was similar in both groups.

Figure 1 shows sequences of 3'P-NMR spectra ob-
tained from rat kidney treated with UTI and NS during
the control period before ischemia (bottom trace), and
during ischemia (next 3 traces), and subsequent trans-
fusion (top 6 traces). During hemorrhagic shock, the 3-
ATP signal rapidly decreased and disappeared after
20 min, and that of inorganic phosphate shifted to the
right in the NS group. However, the -ATP signal in the
UTI group persisted during hemorrhagic shock.

Figure 2 shows the time course of MAP during the
experiment. The UTI group exhibited higher MAP val-
ues throughout the recovery period with a final MAP of
94.4 + 7.9 mmHg.

Figure 3 shows the time course of RBF during the
experiment. The control value of RBF was 3.7 ml-min—*
grams kidney weight™! in both groups. No RBF was
measured during hemorrhagic shock, but at 60 min after

Table 1. Bleeding volume and body weight in both groups

Hemorrhagic Hemorrhagic
shock shock
+ +
Saline Ulinastatin
(n =10) (n =10)
Bleeding volume (ml) 59+02 6.1+ 0.6
body weight (g) 387.5 = 85 387.5 £ 85

All value are mean = SD.



M. Ueki et al.: Renal energy metabolism and blood flow in hemorrhagic shock 67

saline group

ulinastatin group

transfusion

o

Renal Blood Flow (% of control)
N
=}

hemorrhagic shock

b control 5

Fig. 1. Representative P nuclear magnetic resonance (*'P-
NMR) spectra during hemorrhagic shock (30 min) and after
transfusion period (60 min) of ulinastatin and saline groups.
Each spectrum was obtained by accumulation of 400 data
points. The vertical axis shows the time course of the experi-
ment, the abscissa shows the chemical shift in ppm. The peaks
observed were, from left to right: phosphomonoesters, inot-
ganic phosphate, phosphodiesters, and the three resonances
of adenosine triphosphate (ATP)—y, a, and B-phosphate
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Fig. 2. Time course of changes in mean arterial blood pres-
sure during hemorrhagic shock and transfusion period. All
values are mean * SD. UTI, ulinastatin group (closed circles,
n = 10); NS, saline group (open circles, n = 10). * P < 0.05,
P <0.01 UTI vs NS
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Fig. 3. Time course of changes in renal blood flow during

hemorrhagic shock and transfusion period. All values are

mean * SD. UTI, ulinastatin group (closed circles,n = 5); NS,

saline group (open circles,n = 5).* P <0.05,™ P < 0.01 UTI vs
NS
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Fig. 4. Time course of changes in ATP during hemorrhagic
shock and transfusion period. All values are mean = SD. UTI,
ulinastatin group (closed circles, n = 5); NS saline group
(open circles,n = 5). " P< (.05, ™ P <0.01 UTI vs NS

transfusion it had returned to 79.5 = 13.5% of contro!l
values in the NS group and 95.7  3.1% in the UTI
group. The UTI group exhibited significantly higher
RBF values than the NS group after reperfusion.
Figure 4 shows the time course of the changes in ATP
during the experiment. In the NS group, ATP was
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Fig. 5. Time course of changes in intracellular pH (pHi) dur-
ing hemorrhagic shock and transfusion period. All values are
mean = SD. UTI, ulinastatin group (closed circles, n = 5);
NS saline group (open circles, n =5). * P <0.05, ” P <0.01
UTI vs NS
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rapidly depleted during hemorrhagic shock and was
62.5 +19.6% of the control value at 60 min after
transfusion. However, 23.2 + 15.1% of ATP was still
detected at 30 min of hemorrhagic shock and 83.8 +
12.4% of the control value at 60 min after transfusion
in the UTI group. The UTI group exhibited sig-
nificantly higher ATP values than the NS group during
the experiment.

The changes of pHi are shown in Fig. 5. In the NS
group, pHi showed severe acidosis (pHi: 6.49 = 0.04
from 7.23 = 0.06) at 30 min of hemorrhagic shock and
7.13 £ 0.09 at 60 min after transfusion. In the UTI
group, pHi was 6.77 = 0.07 at 30 min, which was not as
acidic as that in the NS group, and finally returned
to 7.19 £ 0.07. The UTI group exhibited significantly
higher pHi values than the NS group during the
experiment.

Discussion

Hemorrhagic shock leads to a release of lysosomal
enzymes, extreme depletion of ATP, accumulation of
lactic acid, and the decrease of tissue pH [9]. Because
tissue viability depends on adenine nucleotides [10,11],
several investigators have attempted to inhibit ATP
depletion or accelerate its restoration to improve the
survival rate after hypoxic damage [12-15]. It is well
accepted that ischemia caused by circulatory deficiency
is important in the pathogenesis of cell injury involving

the disruption of lysosome and zymogen granules dur-
ing shock. Thus, these subcellular alterations cause the
release of lysosomal enzymes and the formation of toxic
substances by these enzymes, resulting in further tissue
injury during shock [16-18]. In this regard, it can be
proposed that an enzyme inhibitor possibly attenuates
the development of shock through the inhibition of ly-
sosomal enzyme.

Ulinastatin was extracted and purified from fresh hu-
man urine by the method of Proksch and Routh [19]. It
is an acid glycoprotein (molecular weight 67 000) which
is known to inhibit trypsin, a-chymotrypsin, lipase, amy-
lase, elastase, and carboxypeptidase [20]. Previously,
ulinastatin was reported to improve survival time and
hemodynamic status in experimental shock [4]. How-
ever, cellular and metabolic effects of ulinastatin on
various organs have not been fully studied and its
anti-shock mechanisms in hemorrhagic shock have
not yet been resolved. After intravenous administration
of ulinastatin, its renal concentration increases and
almost all of the administered drug will be stored in
the kidney tissue. Therefore, the kidney is the most
suitable test organ for ulinastatin investigations. In
this study, the effects of ulinastatin on renal energy
metabolism were investigated in hemorrhagic shock
using *P-NMR.

The application of 3'P-NMR to provide a noninvasive
assessment of the phosphorous metabolism of living
cells is well established [21,22]. Real time values for
ATP, Pi and pHi were obtained from the *P-NMR.

In this study, ATP was completely depleted within 20
minutes in the NS group. In the UTI group, however,
20% of the ATP was still maintained at 30 min of
hemorrhagic shock and pHi was not as low as in the NS
group. After transfusion of the shed blood, MAP, RBF,
ATP, and pHi in the UTT group were higher than those
in the NS group. These results confirmed the beneficial
effects of ulinastatin on metabolic aberration during
and after hemorrhagic shock.

There is a close correlation between lysosomal func-
tion and ATP metabolism [23-25]. The uncoupling of
oxidative phosphorylation in mitochondria is caused by
lysosomal enzymes, which results in a depression of
phosphorylation. An study revealed that the lysosomal
enzymes released during anoxia and low flow states
could destroy the structure, and thus the function, of
mitochondrial membranes [26]. Mela et al. [27]
suggested that released lysosomal enzymes in ischemic
tissues directly caused an alteration in mitochondrial
energy-linked functions. This implies that drugs with
membrane-stabilizing or enzyme-inhibiting effects
might improve the energy metabolism of the hypoxic
organs.

According to this theory, our results suggest that
ulinastatin can maintain the energy metabolism of the
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kidney by lessening the mitochondrial damage caused
by hemorrhagic shock.

Ulinastatin also inhibited the decrease of pHi during
and after shock in our study. Depletion of ATP leads to
a marked reduction in oxidative phosphorylation, and
ischemic cells begin anaerobic glycolysis with the ac-
cumulation of lactate, concomitantly generating hydro-
gen ions, which decreases pHi. In the UTI group, the
membrane channels could transport these hydrogen
ions out of the cell because of the utilization of the ATP
that was still maintained during and after hemorrhagic
shock. Consequently, the decrease in pHi was not
severe in the UTI group.

Another factor believed to be involved in the damage
of mitochondria during ischemia and reperfusion is free
radical-induced membrane lipid peroxidation [28].
Yoshikawa et al. [29] suggested that ulinastatin may be
oxygen radical scavenger. Ulinastatin might diminish
mitochondrial damage during and after hemorrhagic
shock and this may involve the scavenging of free
radicals. Further studies will be necessary to determine
this.

Ulinastatin restored MAP, RBF, ATP, and pHi after
hemorrhagic shock in our studies. This result suggests
that ulinastatin improved the energy metabolism in the
shocked kidney, which might mean that ulinastatin
could protect the mitochondrial function from hemor-
rhagic shock due to its membrane-stabilizing effect.
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