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Abstract

Endotoxin shock is a major cause of death in patients
with septicemia. Endotoxin induces nitric oxide (NO)
production and causes tissue damage. In addition, the
release of oxygen free radicals has also been observed in
endotoxin shock and was found to be responsible for the
occurrence of multiple organ failure. The purpose of the
present study was to evaluate suitable indicators for ear-
ly and late stages of endotoxin shock. The experiments
were designed to induce endotoxin shock in conscious
rats by means of an Escherichia coli lipopolysaccharide
(LPS) injection. Arterial pressure (AP) and heart rate (HR)
were continuously monitored for 72 h after LPS adminis-
tration. The maximal decrease in AP and increase in HR
and nitrate/nitrite level occurred at 9-12 h following LPS
administration. The white blood cell (WBC) count had
decreased at 3 h. Hydroxyl radical {(methyl guanidine,
MG) decreased rapidly after LPS administration. Plasma
levels of blood urea nitrogen (BUN), creatinine (Cr), lactic
dehydrogenase (LDH), creatine phosphokinase (CPK),
and glutamic oxaloacetic transaminase increased before
the rise of amylase. Our results suggest that changes in

AP, HR, WBC, free radicals, and chemical substances
(BUN, Cr) can possibly serve as approximate indicators
for the early stage of endotoxin shock. Severe multiple
organ damage may be caused by amylase release in the
late stage of endotoxin shock.

Copyright © 2002 National Science Council, ROCand S. Karger AG, Basel

Introduction

In recent years, sepsis has remained one of the major
causes of death in intensive care units [13, 20, 32]. Septi-
cemia leading to endotoxin shock is characterized by sys-
temic hypotension, hyporeactivity to vasoconstrictors,
generalized tissue damage, and mortality [14, 20, 29, 33].
Animal experiments under anesthesia have demonstrated
that endotoxin induces nitric oxide (NO) production in
many organs and causes tissue damage [7, 21, 27]. It has
also been reported that NO catalyzed by NO synthase
(NOS) plays an important role in cardiovascular failure
and tissue injury [13, 26, 29, 31]. The inducible NOS
(iNOS), one of the isoforms of NOS, can be activated by
immunological stimuli, such as endotoxin and cytokines
in macrophages and leukocytes [11, 23, 31]. The action of
iNOS in endotoxemia enhances NO production, leading
to circulatory failure and endotoxin shock [10, 31]. Re-
lease of free radicals has been shown to be involved in

© 2002 National Science Council, ROC
S. Karger AG, Basel
1021-7770/02/0096-0613$18.50/0
Accessible online at:

www. karger.com/jbs

KARGER

Fax +41 61306 12 34
E-Mail karger@karger.ch
www. karger.com

Prof. Hsing I. Chen, MD, PhD

Institute of Medical Sciences

Tzu Chi University

No. 701, Chung Yan Rd., Sec. 3, Hualien 97004, Taiwan (ROC)

Tel. +886 3 8560824, Fax +886 3 8562036, E-Mail chenhi@mail.tcu.edu.tw



endotoxin shock and multiple organ failure [4-7, 9]. Early
sepsis 1s usually reversible. However, patients in shock
status have high mortality [12, 20]. Accordingly, investi-
gating appropriate indicators for early and late stages of
septicemia is an important issue in clinical practice.

In the present study, we observed changes in arterial
pressure (AP), heart rate (HR) and white blood cell
(WBC) count. In addition, free radicals such as nitrate/
nitrite and methyl guanidine (MG) were detected. Blood
urea nitrogen (BUN), creatinine (Cr), lactic dehydroge-
nase (LDH), creatine phosphokinase (CPK), glutamic ox-
aloacetic transaminase (GOT), and amylase (a pancreatic
enzyme) were determined in conscious animals before
and after the induction of sepsis. We developed a simple
technique to maintain the rats in a conscious state without
restraints. Rats were placed in Chen’s metabolic cage
(Shingshieying, Hualien, Taiwan), and their tails were
fixed with a piece of tape [8]. The animals were free to
move and had access to food and water. However, they
never left the cage for as long as 1 week. This new, simple
model using conscious, unrestrained rats allowed us to
continuously monitor changes in AP and HR for as long
as 72 h. Blood samples (1 ml) for measurements of white
blood cells (WBC) and biochemical substances were taken
before Escherichia coli lipopolysaccharide (LPS) adminis-
tration and at 3, 6, 9, 12, 18, 24, 48, and 72 h after LPS
administration. The present study may provide impor-
tant information for the clinical prevention of sepsis and
its therapy in patients. The time course of these changes
was used to evaluate organ failure in the early and late
stages of sepsis in animals without anesthesia. To our
knowledge, this is the first report of animals given LPS
and continuously observed for as long as 72 h.

Materials and Methods

Preparation of Animals

Sixteen-week-old male Wistar-Kyoto rats weighing 351-368 g
used in the experiments were purchased from the National Animal
Center and were housed in the university’s animal rooms under a
12-hour light/dark cycle. Food and water were provided ad libitum.
The animals were anesthetized with ether inhalation for about
10 min. During the period of anesthesia, a femoral artery was cannu-
lated and connected to a pressure transducer (Gould Instruments,
Cleveland, Ohio, USA) to record AP and HR on a polygraph recorder
(Power Lab, AD Instruments, Mountain View, Calif., USA). A femo-
ral vein was catheterized for intravenous administration of drugs.
The operation was completed within 15 min, and the section wound
was as small as possible (less than 0.5 cm?). After the operation, the
animal was placed in Chen’s metabolic cage. The rat awakened soon
after the operation.
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Endotoxin Shock

Endotoxin shock was induced by a slow intravenous infusion of
10 mg/kg of LPS (Sigma Chemical, St. Louis, Mo., USA) in 20 min.
The infusion was begun at 12 h after the operation. The drug was
dissolved in sterile physiological saline immediately before use. All
invasive devices were operated under aseptic conditions. After endo-
toxin administration, the animals were continuously observed for
72 h.

Blood Sample Analyses

The blood sample for the measurement of WBC (Sysmex K-1000,
N.Y., USA) was taken and immediately centrifuged at 3,000 g for
10 min. The supernatant was used for nitrate/nitrite measurement
with high-performance liquid chromatography (ENO-20, AD Instru-
ments) [15].

As the formation of MG is an index of hydroxyl radical produc-
tion in the blood [16], this substance was measured using its fluores-
cence spectrum (Jasco 821-FP, Spectroscopic Co., Tokyo, Japan).
The emission maximum was set at 500 nm and the excitation maxi-
mum at 395 nm. The assay was calibrated with authentic MG (Sigma
MO0377).

The plasma samples were diluted 1:100 with distilled water
before measurements. Plasma BUN, Cr, LDH, GOT, CPK, and
amylase were measured with an autoanalyzer (Vitros 750, Johnson &
Johnson, N.Y., USA) for evaluating various organ functions, i.e.,
BUN and Cr for the kidney, GOT for the liver, CPK and LDH for the
heart as well as possibly other organs, and amylase for pancreatic
function [19].

Statistical Analysis

All data are expressed as the mean £ SEM. One-way analysis of
variance (ANOVA) was used to evaluate differences related to group
and time. Student’s paired t test was used to compare treatment ef-
fects within different times. A p value of less than 0.05 was consid-
ered to be significant.

Results

Hemodynamic Profile

Mean lung weight was 1.78 £ 0.22 g. Representative
changes in AP and HR in our experiment are shown in
figure 1. The first hypotensive phase occurred rapidly
after LPS injection. A secondary hypotensive phase was
observed at 9 h (from the basal level of 121.5 £ 5.8 to
93.3 = 7.7 mm Hg) and at 12 h (85.2 = 7.1 mm Hg)
following LPS injection (fig. 2). At these times, the HR

Fig. 1. Example showing the decrease in AP and increase in HR fol-
lowing infusion (from start to end) of LPS.

Fig. 2. Time course of changes in mean AP and HR. Data are the
mean + SEM (n = 8). * p < 0.05 compared with the pre-administra-
tion (pre) level of LPS.
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Fig. 3. Changes in WBC level. Bars repre-
sent the mean = SEM (n = 8). *p < 0.05
compared with the pre-administration (pre)
level of LPS.

Fig. 4. Time course of changes in nitrate/
nitrite (a) and MG (b). Values are the mean
+ SEM (n = 8). * p<0.05 compared with the
pre-administration level of LPS.
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was significantly higher at 446 *+ 12 to 436 * 14 beats/
min (bpm) than the basal level of 363 = 17 bpm (p <
0.05).

Blood Cells

WBC counts had dramatically decreased by 3h [(7.9 =
0.53) x 103 vs. (2.12 = 0.26) x 103/ul] after LPS injec-
tion (fig. 3), and had progressively recovered to near the
basal level by 9 h [(7.3 £ 0.33) x 103/ul)]. After 12 h, a
secondary and gradual decrease was observed.

NO and Free Radicals
The basal plasma nitrate/nitrite level was 3352 £
109 pmol/l. The level progressively increased up to 9 h

Indicators for Septic Shock in
Conscious Rats

(5,892.8 £ 565.5 pmol/l) and then returned to the basal
level at 48 h (fig. 4a); however, there was a rapid decrease
in MG after LPS injection (fig. 4b).

Biochemical Analyses

BUN increased rapidly from the basal 10 + 1.24 mg/dl
to a peak of 38.75 = 6.26 mg/dl at 12 h and slowly
declined thereafter (fig. 5a). The Cr level increased from
the basal 0.3 = 0.02 mg/dl to a peak of 1.36 £ 0.13 mg/dl
at 18 h (fig. 5b). LDH rose from the basal 807.3 = 135.1
units/l to a peak of 4,782.1 = 226.2 units/l at 6 h (fig. 6a).
The level of CPK had increased by 24 h (from the basal
271 £ 45.73 to 4,422.25 = 406.97 units/l), and had
returned to the basal level by 72 h (fig. 6b). The concentra-
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tion of GOT had two peak phases. The first peak was seen
at 9 h (from the basal 280.4 = 77.8 to 663.9 £ 139.9
units/l), with a secondary phase at 24 h. Then GOT
remained at a high level until 48 h, after which it returned
to the basal level by 72 h (fig. 7). Amylase reached a peak
(from the basal 1,622.6 £ 151.3t0 7,581.3 £ 270.3 units/
1) at 24 h after LPS administration and decreased thereaf-
ter (fig. 8).
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Discussion

Administration of endotoxin resulted in decreased
blood pressure. In this study, early hypotension that fol-
lowed LPS injection was similar to that reported in other
studies [10, 20, 29]. Secondary decreases in AP occurred
at 9 and 12 h after LPS with a concomitant increase in
HR. The nitrate/nitrite level increased and reached a peak
at about the same time. This implies that production of
NO contributes to the hypotension in septic shock. The
time course of WBC counts during endotoxin shock was
similar to those reported in previous studies [2, 25]. There
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is a rapid decrease in the WBC count after LPS adminis-
tration. This leukocytopenia is likely due, at least in part,
to the fact that a large number of WBCs are used for fight-
ing the initial invasion of endotoxin, with a concomitant
rise in free radicals. In addition, WBC counts increase fol-
lowing kidney and liver damage. As is known, overpro-
duction of the hydroxyl radical can induce acute organ
damage. Zurovsky and Haber [34] reported that the
decline in renal function was markedly slower in rats giv-
en antioxidants. In our study, the hydroxyl radical level

Indicators for Septic Shock in
Conscious Rats

decreasing after LPS injection is likely due to the reaction
of NO with the superoxide anion to form a potent oxidant
such as peroxynitrite [28].

The kidneys and liver have important functions in the
excretion of waste products and exchange of metabolites.
Nussler et al. [18] and Salzman et al. [24] revealed that
endotoxin induces iNOS synthesis in human intestinal
and liver cells with functional and morphologic damage.
In a previous animal study, polymicrobial sepsis resulted
in elevated serum BUN and Cr detected 18 h after surgery

J Biomed Sci 2002;9:613-621 619



[12]. However, in our study, the plasma level of BUN and
Cr increased in the early phase of endotoxin shock at 3 h
after LPS injection. In addition, results of our study were
similar to those of Ayala et al. [1], in which the liver func-
tion deterioration began in early sepsis, while LDH was
also concomitantly elevated. Chan et al. [3] showed that
plasma endotoxin levels progressively increased as liver
function declined. Thus the impaired clearance of endo-
toxin may play an important role in the progression of
hepatic and renal disturbances [17]. Therefore renal and
hepatic functions must be measured in the early stage of
sepsis, and the plasma levels of BUN, Cr and GOT may
also be used as indicators for early sepsis.

Amylase is commonly used as an indicator of pancreat-
ic function [19]. Inflammatory mediators such as endo-
toxin have been implicated in the pathogenesis of pancre-
atitis [22]. Vaccaro et al. [30] reported that LPS infusion
induced tissue lesions and impaired exocrine protein
secretion of the pancreas in rats. Thereafter, endotoxin
induced increases in intestinal epithelial permeability and
bacterial translocation [24]. However, the present study
demonstrated that blood levels of amylase approached
peaks at 18 and 24 h after LPS administration, and
decreased after 48 h. The level of CPK increased at
approximately the same time. These data suggest that
pancreatic and heart damage occurs after impairment of
renal and hepatic functions. Thus amylase and CPK lev-
els are both useful as indicators for late sepsis.
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Acknowledgements

This study was supported in part by grants from the National
Science Council (90-2320-B-320-004 and 90-2320-B-320-002), the
intramural fund of Tzu Chi University (TCMRC8902), and a Cheng
Hsin Hospital Research Grant. We would like to thank Mr. Shu Jang
Kou for his excellent technical advice on the conscious animal exper-
iment.

Ayala A, Evans TA, Chaudry IH. Does hepato-
cellular injury in sepsis involve apoptosis? J
Surg Res 76:165-173;1998.

Goode HF, Webster NR. Free radical and an-
tioxidant in sepsis. Crit Care Med 21:1770-
1776;1993.

11

Lorente JA, Landin L, Pablo RD, Renes E,
Liste D. L-Arginine pathway in the sepsis syn-
drome. Crit Care Med 21:1287-1295;1993.

Bernard C, Merval R, Esposito B, Tedgui A. 7 Lee RP, Wang D, Kao SJ, Chen HI. The lung is 12 Maier S, Emmanuilidis K, Entleutner M, Zantl
Resistance to endotoxin shock in spontaneous- the major site that produces nitric oxide to N, Werner M, Pfeffer K, Heidecke CD. Mas-
ly hypertensive rats. Hypertension 31:1350- induce acute pulmonary edema in endotoxin sive chemokine transcription in acute renal
1356;1998. shock. Clin Exp Pharmacol Physiol 28:315- failure due to polymicrobial sepsis. Shock 14:
Chan CC, Hwang SJ, Lee FY, Wang SS, Chang 320;2001. 187-192;2000.

FY,LiCP, ChuCJ, LuRH, Lee SD. Prognostic 8 Lee RP, Wang D, Lin NT, Chen HI. A modi- 13 Moncada S, Palmer RM, Higgs EA. Nitric ox-
value of plasma endotoxin levels in patients fied technique for tail-cuff pressure measure- ide: Physiology, pathophysiology, and pharma-
with cirrhosis. Scand J Gastroenterol 32:942- ment in unrestrained rats at conscious state. J cology. Pharmacol Rev 43:109-142;1991.
946;1997. Biomed Sci 9:424-427;2002. 14 Munford RS. Sepsis and septic shock. In: Wil-
Cowley HC, Bacon PJ, Goode HF, Webster 9 Leff JA, Parsons PE, Day CE. Serum antioxi- son, JD, Braunwald E, Isselbacher KJ, eds.
NR, Jones JG, Menon DK. Plasma antioxidant dants as predictors of adult respiratory distress Harrison’s Principles of Internal Medicine.
potential in severe sepsis: a comparison of sur- syndrome in patients with sepsis. Lancet 341: New York, McGraw-Hill, 776-780;1997.
vivors and non-survivors. Crit Care Med 24: 777-780;1993. 15 Muscare MN, Nucci G. Simultaneous determi-
1179-1183;1996. 10 Liu S, Adcock IM, Old RW, Barnes PJ, Evans nation of nitrite and nitrate anions in plasma,

Goode HF, Cowley HC, Walker BE, Howdle
PD, Webster NR. Decreased antioxidant status
and increased lipid peroxidation in patients
with septic shock and secondary organ dysfunc-
tion. Crit Care Med 23:646-651;1995.

TW. Lipopolysaccharide treatment in vivo in-
duces widespread tissue expression of induci-
ble nitric oxide synthase mRNA. Biochem Bio-
phys Res Commun 196:1208-1213;1993.

620

J Biomed Sci 2002;9:613-621

urine and cell culture supernatants by high-per-
formance liquid chromatography with post-col-
umn reactions. J Chromatogr Biomed Appl
686:157-164;1996.

Lee/Wang/Lin/Chen



19

20

21

22

Nakamura K, lenaga K, Yokozawa T, Fujitsu-
ka N, Oura H. Production of methyl guanidine
from creatinine via cretol by active oxygen spe-
cies: Analysis of the catabolism in vitro. Neph-
ron 58:42-46;1991.

Nakatani Y, Fukui H, Kitano H, Nagamoto I,
Tsujimoto T, Kuriyama S, Kikuchi E, Hoppou
K, Tsujii T. Endotoxin clearance and its rela-
tion to hepatic and renal disturbances in rats
with liver cirrhosis. Liver 21:64-70;2001.
Nussler AK, Silvio MD, Billiar TR, Hoffman
RA, Geller DA, Sclby R, Madariaga J, Sim-
mons L. Stimulation of the nitric oxide syn-
thase pathway in human hepatocytes by cyto-
kines by cytokines and endotoxin. J Exp Med
176:261-264;1992.

Pagana KD. Diagnostic and Laboratory Test
Reference. London, Mosby-Year Book Inc.,
51-838;1997.

Parrillo JE. Pathogenetic mechanisms of septic
shock. N Engl J Med 328:1471-1477;1993.
Peake SL, Moran JL, Leppard P1. N-acetyl-L-
cysteine depresses cardiac performance in pa-
tients in septic shock. Crit Care Med 24:1302-
1310;1996.

Pozsar J, Schwab R, Simon K, Fekete L, Or-
govan G, Pap A. Effect of endotoxin adminis-
tration on the severity of acute pancreatitis in
two experimental models. Int J Pancreas 22:
31-37;1997.

Indicators for Septic Shock in
Conscious Rats

23

24

25

26

27

Robbins RA, Springall DR, Warren JB, Kwon
OJ, Buttery LD, Wilson AJ, Adconck IM, Rive-
ros-Moreno V, Moncada S, Polak J, Barnes PJ.
Inducible nitric oxide synthase is increased in
murine lung epithelial cells by cytokine stimu-
lation. Biochem Biophys Res Commun 198:
835-843;1994.

Salzman AL, Menconi MJ, Unno N, Ezzel RM,
Casey DM, Gonzalez PK, Fink MP. Nitric
oxide dilates tight junctions and depletecs ATP
in culture Caco-2BB intestinal epithelial mono-
layers. Am J Physiol 268:G361-G373;1995.
Schmid-Schonbein GW, Seiffge D, DeLaano
FA, Shen K, Zweichach BW. Leukocyte counts
and activation in spontaneously hypertensive
and normotensive rats. Hypertension 17:323—
330;1991.

Stamler JS, Loh E, Roddy MA, Currie KE,
Creager MA. Nitric oxide regulates basal sys-
temic and pulmonary vascular resistance in
healthy humans. Circulation 89:2035-2040;
1994.

Stewart TE, Valenza F, Ribeiro SP. Increased
nitric oxide in exhaled gas as an early marker of
lung inflammation in a model of sepsis. Am J
Respir Crit Care Med 151:713-718;1995.

28

29

30

3

32

33

34

Szabo C, Cuzzocrea B, Zingarelli B, O’Connor
B, Salzman L. Endothelium dysfunction in a
rat model of endotoxic shock: Importance of
the activation of poly (ADP-ribose) synthetase
by peroxynitrite. J Clin Invest 100:723-735;
1997.

Szabo C, Mitchell JA, Thiemermann C, Vane
JR. Nitric oxide mediated hyporeactivity to
noradrenaline precedes the induction of nitric
oxide synthase in endotoxin shock. Br J Phar-
macol 108:786-792;1993.

Vaccaro MI, Dagrosa MA, Mora MI, Tiscornia
OM, Sordelli DO. The effect of chronic intra-
peritoneal infusion of bacterial endotoxin on
exocrine pancreas function in rats. Int J Pan-
creas 19:49-54;1996.

Wang D, Wei J, Hsu K, Chao DE, Chen HI.
Effects of nitric oxide synthase (NOS) inhibi-
tors on the systemic hypotension, cytokines
and inducible NOS expression and lung injury
following endotoxin in rats. J Biomed Sci 6:28-
35;1999.

Wright CE, Rees DD, Moncada S. Protective
and pathological roles of nitric oxide in endo-
toxin shock. Cardiovasc Res 26:48-57;1992.
Zapol WM, Rimar S, Gillis N, Marletta M,
Bosken CH. Nitric oxide and the lung. Am J
Respir Crit Care Med 149:1375-1380;1994.
Zurovsky Y, Haber C. Antioxidants attenuate
endotoxin-gentamicin induced acute renal fail-
ure in rats. Scand J Urol Nephrol 29:147-154;
1995.

J Biomed Sci 2002;9:613-621

621



