
INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.

1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.

Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106



74-12,319

PRANCAN, Arthur V iesturs, 1946- 
EFFECT OF METHYLPREDNISOLONE AND PROSTAGLANDIN 
E, ON METABOLIC AND CARDIOVASCULAR RESPONSES 
TÔ E. COLI ENDOTOXIN.

The U niversity o f Oklahoma, Ph.D., 1973 
Physiology

University Microfilms, A XEROX Company, Ann Arbor, Michigan

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED.



THE UNIVERSITY OF OKLAHOMA 

GRADUATE COLLEGE

EFFECT OF METHYLPREDNISOLONE AND PROSTAGLANDIN E| 

ON METABOLIC AND CARDIOVASCULAR RESPONSES 

TO E. COLI ENDOTOXIN

A DISSERTATION 

SUBMITTED TO THE GRADUATE FACULTY 

in p a r t i a l  f u l f i l l m e n t  o f  t h e  r e q u i r e m e n t s  f o r  t h e

degree o f  

DOCTOR OF PH ILOSOPHY

BY

ARTHUR V. PRANCAN 

Oklahoma C i t y ,  Oklahoma  

1973



EFFECT OF METHYLPREDNISOLONE AND PROSTAGLANDIN E| 

ON METABOLIC AND CARDIOVASCULAR RESPONSES 

TO E. COLI ENDOTOXIN

APPROVED BY

J A .  f l .

DISSERTATION^COMMITTEE



ACKNOWLEDGEMENTS

The a u t h o r  wishes t o  exp re ss  h i s  s i n c e r e  a p p r e c i a t i o n  t o  

D r .  J i r o  Nakano,  Departm ent  o f  Pharmacology,  f o r  h i s  i n t e r e s t ,  gu id ance  

and ext rem e p a t i e n c e .  Throughout  t h e  p a s t  t h r e e  y e a r s .  Dr .  Nakano 

p r o v i d e d  t h e  a u t h o r  w i t h  unending o p p o r t u n i t i e s  f o r  personal  e d u c a t i o n  

and re s e a rc h  in many b io m e d i ca l  a r e a s .

The a u t h o r  a l s o  wishes t o  e x ten d  a p p r e c i a t i o n  t o  Dr .  A. K urt

Weiss,  Departm ent  o f  P h y s i o l o g y  and B i o p h y s i c s ,  f o r  t h e  s p e c i a l  i n t e r e s t  

he has t a k e n  in t h e  a u t h o r ' s  e d u c a t i o n ,  t o  D r .  K. Roger  Horn brook ,  

Departm en t  o f  Ph armaco logy,  f o r  h is  a d v i c e  and f o r  t h e  use o f  h i s  l a b o r a 

t o r y  and s p e c i a l  eq u ip m e n t ,  and t o  D rs .  M. Jack Key I , L e r n e r  B. Hinshaw  

and Robert  J.  Person o f  t h e  Departm ent  o f  P h y s i o l o g y  and B io p h y s ic s  f o r  

s e r v i n g  on t h e  a u t h o r ' s  p r o to c o l  and d i s s e r t a t i o n  c om m it te e .

S p e c ia l  g r a t i t u d e  is  due Mrs.  Nemat H. Mor sy ,  Departm ent  o f  

Pharmacology who has p la yed  a g r e a t  p a r t  in t e c h n i c a l l y  f a c i l i t a t i n g  

the s e  s t u d i e s  and a I I e a r l i e r  endeavors  by t h e  a u t h o r .

The s e c r e t a r i a l  a s s i s t a n c e  by Mrs.  E i l e e n  S p a i n ,  Departm ent  o f  

P h y s i o l o g y  and B i o p h y s i c s ,  Ms. L e s l i e  K. H en n in g e r .  O f f i c e  o f  t h e  Dean,  

Ms. Sammye J.  S u l l i v a n ,  D epartm ent  o f  Pharmacology and Ms. Ardessa A. 

P e r k i n s ,  Departm ent  o f  M i c r o b i o l o g y ,  U n i v e r s i t y  o f  I l l i n o i s  a t  t h e  Med

i c a l  C e n t e r ,  C h ic a g o ,  I l l i n o i s ,  is  h i g h l y  a p p r e c i a t e d .

The work d e s c r i b e d  here has been p a r t i a l l y  s upport ed  by



Departm ent  o f  Defense C o n t r a c t  N O O O I4 -68 -A -0495 .  D u r i n g  t h i s  work t h e  

a u t h o r  was a f e l l o w  o f  t h e  N a t i o n a l  Sc ience  Founda t i on  and a t r a i n e e  o f  

t h e  U. S. P u b l i c  H e a l t h  S e r v i c e ,  C a r d i o v a s c u l a r  P h y s i o l o g y  and Pharma

co logy  T r a i n i n g  G ra n t  HE 058 59 .

A p p r e c i a t i o n  is  e x ten d ed  t o  Dr .  P i k e  o f  t h e  Upjohn Company,  

Kalamazoo, M ich igan  f o r  p r o v i d i n g  a generous sup p ly  o f  p r o s t a g l a n d i n  E | ,  

and t o  t h e  Upjohn Company f o r  a g i f t  o f  methyl p r e d n i s o l o n e  sodium 

s u c c i n a t e  ( S o lu - M e d r o |T m ) .



TO CATHERINE NASH ELLZEY, MY FAMILY and MY FRIENDS



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS v i  i i

L IST  OF ABBREVIATIONS....................................................................................................................  x

C h a p t e r

I .  INTRODUCTION ......................................................................................................................  I

C a r d i o v a s c u l a r ,  C e l l u l a r  and M e t a b o l i c  C h a r a c t e r  o f
E ndotox in  Shock..................................................... •..............................................  2

E f f e c t  o f  C o r t i c o s t e r o i d s  on En dotox in  Shock ..................................  I I
E f f e c t  o f  P r o s t a g l a n d i n s  on En dotox in  Shock .......................................  15
Speci f i c  A im s ...............................................................................................................  17

I I .  MATERIALS AND METHODS........................................................................................................20

M a t e r i a l s ............................................................................................................................... 20
S u r v i v a l  S t u d i e s  .....................................................................................................  23
Measurement o f  S e l e c t e d  M e t a b o l i t e s  in E n d o t o x in -

T r e a t e d  M i c e ................................................................................................................ 25
C a r d i o v a s c u l a r ,  H e m a to lo g ica l  and M e t a b o l i c  S tu d ie s  

C o ncern in g  t h e  E f f e c t  o f  P r o s t a g l a n d i n  Ej on
Endotoxemic D o g s ...................................................................................................... 31

S t u d i e s  I n v o l v i n g  t h e  M e t a b o l i c  D e g r a d a t i o n  o f  PGE|
in t h e  Lung o f  Endotoxemic R a t s ................................................................... 35

D a t a ......................................................................................................................................... 35

I I I .  RESULTS........................................................................................................................................... 38

E f f e c t  o f  Methyl  p r e d n i s o l o n e  on t h e  L e t h a l i t y  o f
Endotoxemic M i c e ...................................................................................................... 38

E f f e c t s  o f  Methyl  p r e d n i s o l o n e  on M e t a b o l i c  Responses
t o  E ndotox in  in M i c e ............................................................................................ 41

E f f e c t s  o f  P r o s t a g l a n d i n  E| on t h e  C a r d i o v a s c u l a r ,
H e m a t o l o g i c a l  and M e t a b o l i c  Responses t o  Endotox in
in Dogs............................................................................................................................... 53

E f f e c t  o f  M ethyl  p r e d n i s o l o n e  on t h e  M e t a b o l i c  
D e g r a d a t i o n  o f  P r o s t a g l a n d i n  E| in  t h e  Lung o f  
Endotoxemic R a t s ...................................................................................................... 55

IV.  D IS C U S S I O N ................................................................................................................................. 52

E f f e c t  o f  Methyl  p r e d n i s o l o n e  on t h e  L e t h a l i t y  o f
Endotoxemic M i c e ...................................................................................................... 53

E f f e c t s  o f  Methyl  p r e d n i s o l o n e  on M e t a b o l i c
Responses t o  En dotox in  in M i c e .......................................................................65

V I



TABLE OF CON TEN TS-C ontinued

C h ap te r  Page

E f f e c t s  o f  P r o s t a g l a n d i n  E| on t h e  C a r d i o v a s c u l a r ,
H em a to l o g i ca l  and M e t a b o l i c  Responses t o
Endotox in  in Dogs.......................................................................................................75

E f f e c t  o f  Methyl  p r e d n i s o l o n e  on t h e  M e t a b o l i c  
D e g r a d a t io n  o f  P r o s t a g l a n d i n  Ej in t h e  Lung o f  
Endotoxemic R a t s ................................................................................................   79

V. SUMMARY......................................................................................................................................... 84

BIBLIOGRAPHY.............................................................................................................................   89

V I  I



LIST OF ILLUSTRATIONS 

F i g u r e  Page

1. Schedu le  f o r  i n j e c t i o n  o f  E. c o l l  e n d o t o x i n  (10 mg /kg,  i . p . )
and methyl  p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  t o  s tudy  e f f e c t
o f  methyl p r e d n i s o l o n e  on meta bo l i sm  in endotoxem ic  m ic e .  . . 25

2.  D iagram o f  S i l i c a  Gel G -co a te d  t h i n  l a y e r  chromatography
p l a t e ,  showing l o c a t i o n  o f  r e f e r e n c e  p r o s t a g l a n d i n  s ta n d a r d  
(PG s t d )  and sample a p p l i c a t i o n  ( 1 - 6 ) ...................................................37

3.  L e t h a l i t y  o f  mice produced by a d m i n i s t r a t i o n  o f  E . c o l i
e n d o t o x i n  in v a r y i n g  doses ....................................................................................  39

4.  E f f e c t  o f  methyl p r e d n i s o l o n e  (MP) on s u r v i v a l  o f  mice g iv e n
E. c o l i  e n d o t o x in  (30 mg/kg,  i . o . ) .............................................................   40

5. E f f e c t  o f  methyl p r e d n i s o l o n e  (MP) on s u r v i v a l  o f  mice when
g i v e n  b e f o r e ,  s i m u l t a n e o u s l y  w i t h ,  and a f t e r  E. c o l i  
e n d o t o x i n  (10 mg/kg,  i . p . )  .................................................................................... 42

6 . E f f e c t  o f  methyl  p r e d n i s o l o n e  (M-P ,  30 mg/kg.  s . c . )  on blood
g lu c o s e  c o n c e n t r a t i o n  in E. c o l i  e n d o t o x in  (10 mg/kg,  i . p . ) -
t r e a t e d  m i c e ................................................................................................................ 43

7.  E f f e c t  o f  methyl p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  on
m y o ca rd ia l  g lycogen c o n t e n t  in E. c o l i  e n d o t o x in  (10  mg /kg,  
i . p . ) - t r e a t e d  m i c e ...........................................................................................................45

8 . E f f e c t  o f  methyl p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  on l i v e r
g ly cogen  c o n t e n t  in E. c o l i  e n d o t o x i n  (10 mg/kg,  i . p . ) -  
t r e a t e d  m i c e ............................................................................................................................47

9 .  E f f e c t  o f  methyl p r e d n i s o l o n e  (30  mg/kg,  s . c . )  on myo
c a r d i a l  ATP c o n t e n t  in E. c o l i  e n d o t o x in  (10 mg/kg,
i . p .  ) - t r e a t e d  m i c e ..................................................................................................  48

10. E f f e c t  o f  methyl p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  on
l i v e r  ATP c o n t e n t  in E. c o l i  e n d o t o x in  (10 mg/kg ,  i . p . ) -  50
t r e a t e d  mice .................................................................................................................

11. E f f e c t  o f  methyl p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  on
m yo card ia l  p h o sp h o cre a t in e  (PC r)  c o n t e n t  in E. c o l i  endo-  
t o x i n  (10 mg /kg,  i . p .  ) - t r e a t e d  m i c e ..........................................................  51

12. E f f e c t  o f  methyl  p r e d n i s o l o n e  (M -P ,  30 mg/kg,  s . c . )  on
m y o ca rd ia l  l a c t a t e / p y r u v a t e  r a t i o  in  E. c o l i  e n d o t o x in
(10 M g / k g ,  i . p . ) - t r e a t e d  m i c e .........................................................................  52

V I  I I



LIST OF ILLUSTRAT!ONS-Cont inued  

F i g u r e  Page

13. E f f e c t  o f  methyl p r e d n i s o l o n e  (M-P ,  30 m g /k g ,  s . c . )  on
l i v e r  l a c t a t e / p y r u v a t e  r a t i o  in E . c o l i e n d o t o x i n
(10 mg/kg ,  i . p .  ) - t r e a t e d  m i c e ...................................................................................54

14. E f f e c t  o f  p r o s t a g l a n d i n  E| on c a r d i o v a s c u l a r  responses
t o  E. c o l i  e n d o t o x in  in d o g s .................................................................................. 55

15. E f f e c t  o f  p r o s t a g l a n d i n  Ej (PGE|)  on h e m a t o l o g i c a l
responses t o  E. c o l i  e n d o t o x i n  in d o g s .........................................................57

15. E f f e c t  o f  p r o s t a g l a n d i n  E| (PGE|)  i n f u s i o n  ( I  y g / k g / m i n . ,
i . v . )  on blood l a c t a t e  and g lu co s e  c o n c e n t r a t i o n  in dogs 
t r e a t e d  w i t h  E. c o l i  e n d o t o x in  ( 0 . 3 5  m g /k g ,  b o l u s ,  i . v . )
20 min a f t e r  PGE| i n f u s i o n  was s t a r t e d ......................................................... 58

17. E f f e c t  o f  p r o s t a g l a n d i n  E| (PGE| i n f u s i o n  ( I  y g / k g / m i n . ,
i . v . )  on blood f r e e  f a t t y  a c i d  (FFA) and p h o s p h o l i p i d  
c o n c e n t r a t i o n  in dogs t r e a t e d  w i t h  E. c o l i  e n d o to x in  
( 0 . 3 5  mg /kg ,  b o l u s ,  i . v . )  20 m in .  a f t e r  PGE| i n f u s i o n  
was s t a r t e d ................................................................................................................................59

IB.  E f f e c t  o f  methyl p r e d n i s o l o n e  (50  m g /k g ,  s . c . )  on degra 
d a t i o n  o f  p r o s t a g l a n d i n  E| (^ H -P G E j )  in lungs _i_n_ 
v i t r o  o f  E. c o l i  e n d o t o x i n  (10  m g /k g ,  i . p . ) - t r e a t e d  r a t s  . . 61

19. M e ta b o l is m  o f  p r o s t a g l a n d i n  E | .................................................................................... 80

2 0.  Scheme o f  r e l a t i v e  amount o f  p r o s t a g l a n d i n  m eta bo l i sm
by p r o s t a g l a n d i n  dehydrogenase (PGDH) in lungs under
n o rm a l ,  i n f la m m a t io n  and shock c o n d i t i o n s ....................................................82

I X



LIST OF ABBREVIATIONS

ACTH

ADP

AMP

ATP

B-NAD, NAD+ 

B-NADH, NADH

c

cm

CPM

C y c I i  c AMP

°C

dl

d p / d t

DPM

Endotox i  n 

FFA

g

Hg

3h -PGE|

HR 

h r  

I . p .

i . V .

kg

A d r e n o c o r t i c o t r o p i c  hormone

Asenos in e  5 ’ - d i p h o s p h a t e

Aden osine  5 ’ -monophosphate

Aden osine  5 ’ - t r i p h o s p h a t e

B - N i c o t i n a m i de a den in e  d i n u c l e o t i d e

B - D i h y d r o n i c o t i n a m i d e  ade n in e  
di n u c l e o t i d e

C u r i e

C e n t i m e t e r  

Counts p e r  minute

C y c l i c  3 ’ , 5 ’ -Ad en os in e  monophosphate  

Degrees  C e n t i g r a d e  

D e c i I  i t e r

Maximum r a t e  o f  r i s e  in v e n t r i c u l a r  
p r e s s u r e

D e g r a d a t i o n s  p e r  min ute

E. c o l i  I i p o p o l y s a c c h a r i de

Fre e  f a t t y  a c i d

Gram

Mercury

^ H - P r o s t a g l a n d i n  E|

H e a r t  r a t e  

Hour

I n t r a p e r i t o n e a  I y 

I n t r a v e n o u s l y  

Ki logram



L I ST  OF ABBREVI A T IO N S -C o n t in u e d

L L i t e r

LAP L e f t  a t r i a l  p re s s u r e

LD50  Dose which is le tha l  t o  50^ of  th e
animals in 48 hours

LD50  Dose which is le tha l  t o  60^ o f  the
animals in 48 hours

LDgo Dose which is le tha l  t o  80^ o f  th e
animals in 48 hours

LDH L a c t a t e  dehydrogenase

M M o l a r

me Mi I I i c u r i e

meq, mEq Mi I I i e q u i v a l e n t

uc M i c r o c u r i e

ug Microgram

uI M i c r o l i t e r

uM M ic r o m o l a r

umoles Microm oles

min M in u te

mg M i l l i g r a m

ml Mi I I I I  i t e r

mm M i l l i m o l e

mM Mi I I i m o l a r

mmoles Mi I I imo I es

mm Hg M i l l i m e t e r s  mercury

M-P,  MP Methyl  p r e d n i s o l o n e

NAD+, B-NAD B - N i c o t i n a m i de a den in e  d i n u c l e o t i d e

XI



L I S T  OF ABBREVI A T IO N S -C o n t in u e d

NADH, B-NADH

NADP

n,N

N

ng

nm

O.D.

PAP

PCr

PG

PGA I

PGA2

PGDH

PGE|

PGE2

PGE3

PGFio

PGF20

POPOP

PPO

RAP

RF

rpm

B - D i h y d r o n i c o t i n a m i d e  a den in e  
di n u c l e o t i  de

N i c o t i n a m i d e  a d e n i n e  d i n u c l e o t i de 
phosphate

Number o f  a n i m a l s  p e r  e x p e r im e n ta l  
group

Normal

Nanogram

Nanometer

O p t i c a l  d e n s i t y

Pulmonary a r t e r i a l  p r e s s u r e

Phosphocre a t i  ne

P r o s t a g l a n d i n

P r o s t a g I a n d i n  A|

P r o s t a g l a n d i n  A2

P r o s t a g l a n d i n  dehydrogenase

P r o s t a g l a n d i n  E|

P r o s t a g l a n d i n  E2

P r o s t a g l a n d i n  E3

P r o s t a g l a n d i n  F | a

P r o s t a g l a n d i n  ? 2 a

1 . 4 - b i s - [ 2 - ( 5 - p h e n y l o x a z o l y l ) ] - b e n z e n e

2 . 5 - d i  p h e n y l o x a z o l e  

R i g h t  a t r i a l  p r e s s u r e  

R e s o l u t i o n  f a c t o r  

R e v o l u t i o n s  p e r  m in u te

X I  I



L I S T  OF ABBREVI A T IO N S -C o n t in u e d

SAP Sy s te m ic  a r t e r i a l  p re ss ur e

s . c .  Subcutane ously

s td  S ta nd a rd

T r i s  T r i s  ( h y d r o x y m e t h y I ) amino methane HCI

v / v  VO Iume t o  voIume

WBC W h i te  b Iood  ce I I

X I  I I



EFFECT OF METHYLPREDNISOLONE AND PROSTAGLANDIN E|

ON METABOLIC AND CARDIOVASCULAR RESPONSES 

TO ^  COLI ENDOTOXIN

CHAPTER I 

INTRODUCTION

En d o tox in  shock has gained  much i n t e r e s t  d u r i n g  t h e  p a s t  two 

decades because o f  i t s  c o n s i s t e n t  l e t h a l i t y  in p a t i e n t s  and because o f  

i t s  e l u s i v e  n a t u r e .  I n v e s t i g a t o r s  have been u nab le  t o  d e f i n e  t h e  p r e c i s e  

p a t h o p h y s i o lo g y  o f  shock o r  t o  recommend a s u i t a b l e  t r e a t m e n t .  Many i n 

v e s t i g a t o r s ,  h o w ever ,  have been d e e p ly  i n v o l v e d  in t h e  s earc h  f o r  a gen ts  

which w i l l  e x e r t  b e n e f i c i a l  e f f e c t s  on p a t i e n t s  in e n d o t o x i c  shock.  T h e i r  

e f f o r t s  have r a i s e d  a c o n t r o v e r s y  which is  p r i m a r i l y  focu sed  on t h e  c o r 

t i c o s t e r o i d s  and o n l y  r e c e n t l y  on t h e  p r o s t a g l a n d i n s  as w e l l .  Wi th meta 

b o l i c ,  c a r d i o v a s c u l a r  and h e m a to lo g i c a l  i n f o r m a t i o n  d u r i n g  e n d o to x in  

shock as a backg ro u n d ,  t h e  e f f e c t s  o f  methyl  p r e d n i s o l o n e  and p r o s t a g l a n d i n  

EI on t h e s e  p a r a m e te r s  were e v a l u a t e d  in l a b o r a t o r y  a n i m a l s .  These s t u d i e s  

were un d er tak en  in o r d e r  t o  b e t t e r  d e f i n e  t h e  e f f e c t s  o f  t h e s e  drugs on 

a n im als  d u r i n g  e n d o t o x i n  shock.



C a r d i o v a s c u l a r ,  C e l l u l a r  and M e t a b o l i c  

C h a r a c t e r  o f  En d o tox in  Shock 

The hemodynamic response t o  E. c o l i  e nd o to x in  i n j e c t i o n  is  

b i p h a s i c ,  w i t h  both changes r e s u l t i n g  in h y p o te n s io n .  The f i r s t  phase  

is t h e  i n i t i a l  r e a c t i o n  t o  e n d o t o x i n  seen d u r i n g  t h e  r e v e r s i b l e  s ta g e  o f  

shock and t h e  second phase is  t h e  p r o lo n g e d  hypotens ion  o f  i r r e v e r s i b l e  

shock.  S t u d y in g  t h e  hemodynamic a l t e r a t i o n s  seen in t h e  e a r l y  phase o f  

shock,  Hinshaw and h is  c o - w o r k e r s  ( 1 9 5 8 )  found t h a t  s y s te m ic  a r t e r i a l  

p r e s s u r e  f a l l s  w i t h i n  30 min a f t e r  e n d o t o x i n  in e v i s c e r a t e d  dogs in which  

t h e  c a r d i a c  i n f l o w  was kep t  c o n s t a n t .  They concluded t h a t  a dec re as e  in 

v a s c u l a r  t o n e  o ccu rs  a f t e r  e n d o t o x i n  and t h a t  i t  p r o b a b ly  has a s i g n i f i 

c a n t  e f f e c t  on l a t e r  phases o f  e n d o t o x i n  shock.  In t h e  i n t a c t  dog,  t h e  

i n i t i a l  response  t o  e n d o to x in  was a sudden,  p r e c i p i t o u s  drop in  s ys te m ic  

a r t e r i a l  p r e s s u r e  and a s im u l t a n e o u s  e l e v a t i o n  o f  p o r t a l  venous p r e s s u r e  

(MacLean and W e i l ,  1956; Weil  a t  , 1956 b ) .  With  t h e  subseq uent  de

c l i n e  o f  p o r t a l  venous p r e s s u r e ,  t h e  s y s te m ic  a r t e r i a l  p r e s s u r e ,  p a r t i a l l y  

r e c o v e r e d ,  and g r a d u a l l y  e n t e r e d  a s low d e c l i n e  t h a t  l a s t e d  t h r o u g h o u t  

t h e  d u r a t i o n  o f  t h e  shock s t a t e .  MacLean and c o -w o rk ers  ( 1 9 5 6 )  a s s o c i a t e d  

a l a r g e  i n c r e a s e  in l i v e r  and i n t e s t i n e  w e i g h t ,  due t o  p o o l i n g  o f  b lood  

1-2 min a f t e r  e n d o t o x i n ,  w i t h  t h e  pronounced f a l l  in s y s te m ic  a r t e r i a l  

p r e s s u r e  and t h e  r i s e  in p o r t a l  venous p r e s s u r e .  Hepatectomy o r  c i r 

c u l a t o r y  l i v e r  by -p as s  p r e v e n t e d  h y p o t e n s io n  (MacLean and W e i l ,  195 6 ) .

Weil  and c o - w o r k e r s  (19 56 )  a l s o  found a d ecre ase  in venous r e t u r n ,  and 

t h e y  c onc lu ded  t h a t  t h e  sharp h y p o t e n s i o n  f o l l o w i n g  e n d o t o x in  was caused  

by venospasm in t h e  l i v e r  and e l s e w h e r e ,  which caused p o o l i n g  o f  l a r g e  

amounts o f  b l o o d ,  r e s u l t i n g  in d ec re a s e d  venous r e t u r n  and t h e r e b y



d e c r e a s i n g  c a r d i a c  o u t p u t .  R e v e r s i b l e  e n d o to x in  shock was l a t e r  des 

c r i b e d  as an ischemic s t a t e  c h a r a c t e r i z e d  by a h igh p e r i p h e r a l  r e s i s t a n c e  

due t o  r e l e x  r e l e a s e  o f  c a t e c h o l a m i n e s  in response t o  low c i r c u l a t i n g  

blood volume,  and a d i m i n i s h e d  venous r e t u r n  and low c a r d i a c  o u t p u t ,  r e 

s u l t i n g  in decreased organ  p e r f u s i o n  (L i  I l e h e i  e t  a j_ . , 1 9 6 4 ) .  The ischemic  

phase can p rogre ss  t o  i r r e v e r s i b l e  s t a g n a n t  shock which leads t o  d e a t h .

I r r e v e r s i b i l i t y  in e n d o t o x i n  shock is  c o n s id e r e d  t o  o c c u r  some

t i m e  a f t e r  I hour f o l l o w i n g  e n d o t o x i n  i n j e c t i o n  (Hinshaw e t  £ j _ . , 1962;

F i n e ,  1 9 6 6 ) .  An e a r l y  f a c t o r  in t h e  p rogre ss  o f  shock which no doubt  

i n f l u e n c e s  t h e  l a t e r  d eve lo pm en ts ,  i s  t h e  s y m p a th e t i c  o v e r a c t i v i t y  

which causes v a s c u l a r  i n j u r y  s ev e r e  enough t o  produce n e c r o s i s  (Thomas,  

1956; H o r o w i t z ,  1 972 ) .  Li I l e h e i  and MacLean (1 9 5 8 )  d e s c r ib e d  an a c t i o n  

o f  e n d o t o x in  on t h e  bowel in dogs which p r e c i p i t a t e d  c h a r a c t e r i s t i c  

f e a t u r e s  o f  i r r e v e r s i b l e  sho ck.  In t h e i r  a n i m a l s ,  h em orrh ag ic  n e c r o s i s  

o f  t h e  bowel r e s u l t e d  in an i n c r e a s e  in h e m a t o c r i t  and plasma hem oglo b in ,  

m i r r o r e d  by a loss o f  p la sm a.  L a t e r  s t u d i e s  d e s c r i b e d  t h e  e n d o t o x i n  

i n j u r y  as an in t e n s e  vasospasm w i t h  p o o l i n g  o f  b lood in t h e  v i s c e r a  and 

t h e  s k i n  which leads t o  s t a g n a n t  a n o x i a  and profound m e t a b o l i c  d i s t u r b 

ances (L i  i l e h e i  £ t  £ l _ . , 1964; Li I l e h e i  e t  , 1967; Ro be r ts  and L aros ,  

197 1) .  The hemodynamic a l t e r a t i o n s  d u r i n g  l a t e  e n d o t o x in  shock in r a b 

b i t s  have been r e p o r t e d  a s - a  p r o g r e s s i v e  d ecre as e  irT-s^jt^t^mic a r t e r i a l

p r e s s u r e ,  d ecre as e  in c e n t r a l  venous p r e s s u r e ,  d ecre ase  in venous  

r e t u r n ,  d ecre as e  in c a r d i a c  o u t p u t ,  i n c r e a s e  in c i r c u l a t i o n  t i m e ,  de

c r e a s e  in m e s e n te r i c  b lo od  f l o w  and a d ecre as e  in plasma volume ( A s h f o r d ,  

et_ £ l _ . , 1966). Spink ( 1 9 6 2 )  d e s c r i b e d  t h i s  s i t u a t i o n  as p e r i p h e r a l  vas 

c u l a r  c o l l a p s e .  Hinshaw and c o - w o r k e r s  (1 9 6 6 )  concluded t h a t  one o f  t h e



p r im a ry  causes o f  h y p o te n s io n  a f t e r  e n d o t o x in  in subhuman p r i m a t e s  was a 

cont in uous  d e c l i n e  in venous r e t u r n ,  as shown e a r l i e r  in dogs. More r e 

c e n t l y  (Hinshaw e t  , 1970) t h e  r e d u c t i o n  o f  venous r e t u r n  in endo

toxem ic  rhesus monkeys was a s s o c i a t e d  w i t h  dec reas ed  s y s te m i c  venous 

r e s i s t a n c e  in pro m ot ing  t h e  h y p o t e n s i v e  re sponse .  In a d d i t i o n  t o  s ys 

te m i c  venous p o o l i n g ,  pulmonary p o o l i n g  o f  b lood was a l s o  found t o  be 

a s i g n i f i c a n t  f a c t o r  in dec re as ed  venous r e t u r n .  The pulmonary o b s t r u c 

t i o n  was produced by t h e  s e q u e s t r a t i o n  o f  p o lym o r p h o n u c l ea r  l e u ko c y tes  

in pulmonary c a p i l l a r i e s  and by a humoral venous c o n s t r i c t i o n .

These p e r i p h e r a l  v a s c u l a r  changes assume c e n t r a l  importance  as 

shock p r o g r e s s e s .  Pr o lon g e d  i n c r e a s e  in c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e ,  

d ecrease  in c o l l o i d  osm ot ic  p re s s u r e  and changes in c a p i l l a r y  p e r m e a b i l i t y  

may r e s u l t  in e x t r a v a s c u 1a r  f l u i d  a c c u m u l a t io n  (Hinshaw ,  1 9 5 9 ) .  I s o -  

g r a v i m e t r i c  c a p i l l a r y  p r e s s u r e  in t h e  i s o l a t e d  c a n in e  f o r e l i m b  decreased  

markedly  4 hours a f t e r  e n d o t o x i n ,  i n d i c a t i n g  an i n c r e a s e  in c a p i l l a r y  

p e r m e a b i l i t y  (Solomon and Hinshaw,  196 8 ) .  O t h e r  i n v e s t i g a t o r s  found  

s i m i l a r  r e s u l t s  in i s o l a t e d  f o r e l i m b  and i n t e s t i n e  s t u d i e s  (Motsay e t  a l . ,  

1970, 1 97 1 ) .

The r o l e  o f  t h e  h e a r t  in e n d o t o x i n  shock remains  c o n t r o v e r s i a l .  

M yo c ard ia l  f a i l u r e  in s e p t i c  shock p a t i e n t s  was r e p o r t e d  by S i e g e l  and 

co -w o rk ers  ( 1 9 6 7 ) ,  and depressed m y o ca rd ia l  f u n c t i o n  f o l l o w e d  by h e a r t  

f a i l u r e  was d e s c r i b e d  by B e l l  and Thai  ( 1 9 7 0 ) .  S o l i s  and Downing (19 66 )  

s t u d i e d  t h e  f u n c t i o n  o f  t h e  l e f t  v e n t r i c l e  in c a t s  and t h e y  concluded  

t h a t  reduced l e f t  v e n t r i c u l a r  c o n t r a c t i l i t y  and perha ps  depressed myo

c a r d i a l  f u n c t i o n  a r e  d i r e c t l y  due t o  e n d o t o x i n .  Londe and h i s  a s s o c i a t e s  

(1 9 67 )  found no e f f e c t  o f  e n d o t o x in  on h e a r t  r a t e ,  h e a r t  rhythm,  c or on a ry



p e r f u s i o n  p re s s u r e  o r  coronary  b lood f l o w  in t h e  i s o l a i e d  c a n in e  h e a r t .  

Pr ia r io  and c o -w o rk ers  (1 970 )  a l s o  conc luded t h a t  e n d o to x in  has no d e t r i 

mental  e f f e c t  on t h e  i s o l a t e d  dog h e a r t .  Hinshaw and c o - w o r k e r s  (19 71 )  

s t u d i e d  t h e  i s o l a t e d  dog h e a r t  p e r fu s e d  by a donor dog, measu r in g  l e f t  

v e n t r i c u l a r  end d i a s t o l i c  p r e s s u r e ,  m y o ca rd ia l  c o n t r a c t i l e  f o r c e ,  c a rd  Iac  

power ( w o r k / s e c ) ,  l e f t  v e n t r i c u l a r  d p / d t ,  O g uptake and C O g  p r o d u c t i o n  

f o r  '3 hours f o l l o w i n g  e n d o t o x i n .  These i n v e s t i g a t o r s  con cluded  t h a t  

e n d o t o x in  had no e f f e c t  on t n e  i s o l a t e d  dog h e a r t s .  In a r e c e n t  s tudy  

d u r in g  a l a t e r  s ta g e  o f  shock,  however ,  Hinshaw and co-workei 'S ( 1 9 7 2 ) ,  

using an i s o l a t e d  dog h e a r t  p r e p a r a t i o n ,  observe d  t iear t  f a i l u r e  6 - 9  

hours a f t e r  e n d o t o x i n .  The r e s u l t s  in t h i s  study in c lu d ed  e l e v a t e d  l e f t  

v e n t r i c u l a r  end d i a s t o l i c  p r e s s u r e  and dec reased maximum change in l e f t  

v e n t r i c u l a r  p r e s s u r e  ( d p / d t ) .

Pulmonary c e l l u l a r  damage d u r i n g  shock has r e c e n t l y  been des 

c r i b e d  by s e v e r a l  i n v e s t i g a t o r s .  In 1971 R a t l i f f  and c o -w o r k e r s  found a 

sharp decrease  in c i r c u l a t i n g  w h i t e  b lood c e l l s ,  e s p e c i a l l y  n e u t r o p h i l s ,  

d u r i n g  h em orrh ag ic  shock. M ea n w h i le ,  t h e  n e u t r o p h i l s  appeared  e l e v a t e d  

in t h e  lungs.  These c e l l s  a l s o  e x h i b i t e d  a l t e r e d  s t r u c t u r e ,  loss o f  

d e n s i t y  in the  c e l l  sap,  in c rea se d  d e n s i t y  in I he g r a n u l e s  and unusual  

a p p o s i t i o n  between t h e  plasma membrane o f  t h e  n e u t r o p h i l  and t h e  a d j a c e n t  

en d o t h e l i u m  o f  lung v e s s e l s .  R a t l i f f  and his. a s s o c i a t e s  con cluded  t h a t  

t h e  n e u t r o p h i l s  become s t i c k y  in some way d u r i n g  shock and t h e y  c o l l e c t  

in t h e  lung, t h e r e b y  a c c o u n t in g  f o r  some a b n o r m a l i t i e s  in pulmonary c i r 

c u l a t i o n .  O t h e r  i n v e s t i g a t o r s  d e s c r i b e d  s i m i l a r  changes d u r i n g  e n d o to x in  

shock (Coalson e t  a l . ,  1970; Massion e t  a l . ,  1 9 7 2 ) .  En d o tox in  caused a



dec re ase  in c i r c u l a t i n g  po ly m or ph o n u c lea r  l e u ko c y tes  and p l a t e l e t s  in 

dog lung. These c e l l s  p r o b a b ly  adhered t o  t h e  pulmonary v a s c u l a t u r e ,  

causing  an i n c r e a s e  in pulmonary v a s c u l a r  r e s i s t a n c e  f o l l o w i n g  e n d o t o x i n .  

Massion and h i s  c o - w o r k e r s  a l s o  found an in c r e a s e  in 3 - G l u c u r o n i d a s e  

a c t i v i t y  in t h e  lung d u r i n g  shock due t o  lysosomal d i s r u p t i o n .  Wi lson  

and c o - w o r k e r s  (19 72  a ,  b)  found t h a t  in a d d i t i o n  t o  d i s r u p t i n g  p l a t e l e t s  

and p o ly m o r p h o n u c l e a r  l e u k o c y t e s ,  e nd o to x in  d i s t u r b e d  t h e  p h a g o c y t i c  

a b i l i t y  o f  t h e  p o ly m o r p h o n u c l e a r  l e u k o c y t e s .  Pronounced e n d o t h e l i a l  and 

e p i t h e l i a l  s w e l l i n g  was a l s o  obse rved  in t h e  lu n g ,  as w e l l  as t h e  de

s t r u c t i o n  o f  m i t o c h o n d r i a  in a l v e o l a r  c e l l s .

The l i v e r  has a l s o  been d e s c r ib e d  as a focus o f  e n d o t o x i n - r e 

l a te d  damage. In 1962 ,  Weissman and Thomas o b serv ed  a pronounced e l e 

v a t i o n  in 3- g l u c u r o n i d a s e  and c a t h e p s i n  a c t i v i t y  in t h e  s u p e r n a t a n t  o f  

t h e  la r g e  g r a n u l a r  f r a c t i o n  o f  r a b b i t  l i v e r  s h o r t l y  a f t e r  a d m i n i s t r a t i o n  

o f  e n d o t o x i n .  J a n o f f  and c o -w o r k e r s  (1 9 62 )  a l s o  l o c a l i z e d  a h e p a t i c  o r i 

g in  f o r  p lasma lysosomal enzymes.  More r e c e n t l y ,  Rangel and h i s  a s s o c i 

a t e s  (19 70  a )  c onc lu ded  t h a t  t h e  massive r e l e a s e  o f  h e p a t i c  lysosomal  

enzymes i n t o  t h e  g e n e r a l  c i r c u l a t i o n  may acc ou nt  f o r  t h e  dev elopm en t  o f  

i r r e v e r s i b i l i t y  in e n d o t o x i n  shock.  The mechanisms i n v o l v e d  may be t h e  

r e l e a s e  o f  k i n i n s  by t h e  enzymes,  c aus ing  h yp o ten s io n  and c a p i l l a r y  

l e akag e ,  and e nzym e- in d u ced  h y p e r c o a g u l a b i l i t y  o f  t h e  b l o o d ,  f o l l o w e d  by 

d is s e m in a t e d  i n t r a v a s c u I a r  c l o t t i n g  (Massion and B l u m e l ,  1 9 7 1 ) .

S t r u c t u r a l  changes have a l s o  been found in t h e  l i v e r  f o l l o w i n g  

e n d o t o x i n ,  and t h e y  may be r e l a t e d  t o  t h e  f u n c t i o n a l  a l t e r a t i o n s  r e p o r t e d  

by o t h e r  i n v e s t i g a t o r s .  A c o n s i s t e n t  o b s e r v a t i o n  has been s w o l l e n  o r  

d i s t o r t e d  m i t o c h o n d r i a .  B o l e r  and B ib ighau s  ( 1 9 6 7 )  saw s w o l l e n  mi t o -



c h o n d r i a  15 min a f t e r  e n d o t o x i n  in t h e  dog l i v e r ,  s p h e r i c a l  m i t o c h o n d r i a  

a t  75 min and s e v e r e l y  s w o l l e n  m i t o c h o n d r i a  w i t h  a loss o f  i n t e r i o r  

s t r u c t u r e  a t  135 min .  O t h e r  work ers  a l s o  o b se rve d  s w o l le n  m i t o c h o n d r i a  

in r a t  l i v e r  f o l l o w i n g  e n d o t o x i n  (DePaIma e t  , 1970; Me I a e t  a l . ,

1 9 7 1 ) .  In a d d i t i o n ,  DePalma and c o - w o r k e r s  n o t i c e d  e n g u l f e d  m i t o c h o n d r i a  

w i t h i n  a u t o p h a g i c  v a c u o l e s .  S t e w a r t  ( 1 9 7 0 )  o b se rve d  f u r t h e r  e f f e c t s  o f  

e n d o t o x i n  on t h e  u l t r a s t r u c t u r e  o f  t h e  l i v e r  in hamsters  24 hours a f t e r  

e n d o t o x i n .  He r e p o r t e d  h e p a t i c  c e l l u l a r  changes such as gaps between 

c e l l s ,  d i s c o n t i n u o u s  basement  membranes, s w e l l i n g  o f  p l a t e l e t s  and red  

b lo o d  c e l l  a g g r e g a t i o n  in t h e  c a p i l l a r i e s .

The l i v e r  p r o b a b l y  makes a p r o t e c t i v e  response  t o  e n d o to x in  

e a r l y  in shock as e v id e n c e d  by an i n c r e a s e  in smooth endop la sm ic  r e -  

t r i c u l u m  ( B o l e r  and B i b i g h a u s ,  1967; Rangel e t  a l . ,  1 9 7 0 ) .  Rangel and 

c o - w o r k e r s  found a more s e v e r e  h yp o ten s io n  when e n d o t o x i n  was i n j e c t e d  

in t h e  s y s te m ic  c i r c u l a t i o n  as compared t o  t h e  p o r t a l  v e i n .  They con

c l u d e d  t h a t  t h e  l i v e r  may m e t a b o l i z e  o r  remove t h e  e n d o t o x i n  d u r in g  t h e  

i n i t i a l  phase o f  shock ,  and t h a t  t h i s  a b i l i t y  p r o b a b l y  d e t e r i o r a t e s  as 

shock p r o g r e s s e s ,  e v e n t u a l l y  l e a d in g  t o  h e p a t i c  i n j u r y .

Changes in c a r b o h y d r a t e  m e ta b o l i s m  have a l s o  been a s s o c i a t e d  

w i t h  e n d o t o x in  a d m i n i s t r a t i o n  in  a n i m a l s  and w i t h  s e p t i c  shock in p a t i e n t s .  

E a r l y  s t u d i e s  w i t h  g r a m - n e g a t i v e  b a c t e r i a  in  r a b b i t s  r e v e a l e d  a h yp e r 

g ly c e m ia  in t h e  i n i t i a l  response t o  i n f e c t i o n  (Menten and Manning,  1924;  

Zeckwer  and Goode I I , 1 9 2 5 ) .  De I a f i e l d  ( 1 9 3 2 ) ,  howev er ,  observed a prompt  

f a l l  o f  b lo od  g lu c o s e  t o  h yp og lyce mic  l e v e l s  in r a b b i t s  i n j e c t e d  w i t h  

g r a m - n e g a t i v e  b a c t e r i a .  Subsequent  work has a l s o  shown a hypoglycem ic  

response  t o  e n d o t o x i n .  B er r y  and c o - w o r k e r s  ( 1 9 5 9 )  found a dec re ase  in
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b lo od g lu cose  in mice f o l l o w i n g  e n d o t o x i n  i n j e c t i o n .  O t h e r  i n v e s t i g a t o r s  

found a hypoglyce mic  a c t i v i t y  o f  e n d o t o x i n  in r a t s  (LaNoue e t  _aj_., 1958 a ,  

b; Shands e t  a l . ,  1 96 9 ) .  They a t t r i b u t e d  t h e  low blood g lu co s e  b e f o r e  

dea th  in t h e s e  r a t s  t o  an a l t e r a t i o n  in h e p a t i c  g lu c o n e o g e n e s is .

L a t e r  work ,  however,  r e v e a l e d  a b i p h a s i c  change in b lood g lu co s e  

c o n c e n t r a t i o n .  Berk and h i s  a s s o c i a t e s  ( 1 9 7 0 )  s t u d i e d  t h e  hypoglycem ia  

o f  shock in 129 dogs and r e p o r t e d  a s i g n i f i c a n t  d ecre ase  in b lood g lu c o s e  

im m ed ia te ly  a f t e r  e n d o t o x in  in 42^ o f  t h e i r  a n i m a l s .  The r e m a in in g  58^  

o f  t h e  group e x h i b i t e d  an i n i t i a l  i n c r e a s e  in b lood  g lu co s e  t o  143% o f  

t h e  c o n t r o l  le v e l  and a subsequent  d e c l i n e ,  1 -2  hours a f t e r  e n d o to x in  

which a l s o  r e s u l t e d  in a s i g n i f i c a n t  h y p o g ly ce m ia .  W i l l i a m s o n  and co

w ork ers  ( 1 9 7 0 )  found s i m i l a r  r e s u l t s  in endotoxe mic  r a t s .  O n e - h a l f  o f  

t h e i r  a n i m a l s  showed an i n i t i a l  h y p e r g ly c e m ia  which c u l m i n a t e d  in a 

p r o g r e s s i v e  hypoglycem ia  a f t e r  I h o u r ,  l e a d i n g  t o  dea th  5 - 5  hours a f t e r  

e n d o t o x i n .  F u r th e r m o r e ,  t h e s e  i n v e s t i g a t o r s  s t u d i e d  s p e c i f i c  m e t a b o l i c  

changes in t h e  l i v e r  which m ig h t  a cc ou n t  f o r  such a p ro fo und  a l t e r a t i o n  

in g lu co se  m e ta b o l i s m .  They observe d  an i n i t i a l  i n c r e a s e  in g Iuconeo

g en e s i s  f o l l o w i n g  e n d o t o x i n ,  which p r o g r e s s i v e l y  dropped t o  sub-normal  

l e v e l s  w i t h i n  I hour .  The dec re as e  in g lu co n e o ge n es is  was a s s o c i a t e d  

w i t h  an a c c u m u l a t io n  o f  f r u c t o s e - 1. 6 - d i p h o s p h a t e  and w i t h  a c o r r e s p o n d in g  

d e p l e t i o n  o f  f r u c t o s e - 5 - p h o s p h a t e  and g I u c o s e - 5 - p h o s p h a t e ,  s u g g e s t in g  

e i t h e r  an in c r e a s e  in p h o s p h o f r u c to k i n a s e  a c t i v i t y  o r  a d ecre ase  in 

f r u c t o s e  d ip h o sp h a ta se  a c t i v i t y .  W i l l i a m s o n  and h i s  a s s o c i a t e s  conc luded  

t h a t  some derangement  d u r in g  e n d o t o x i n  shock,  perhaps a d ecre ase  in 

a d e n o s i ne 5' - t r i p h o s p h a t e ,  which r e g u l a t e s  p h o s p h o f r u c t o k i n a s e ,  r e s u l t s  

in a b l o c k  o f  g Iuconeogenesis  and c o n s e q u e n t l y  s t i m u l a t e s  g l y c o l y s i s .



H yperg lycemia  f o l l o w i n g  e n d o t o x i n  has been r e p o r t e d  in r e c e n t  

work,  but  i t  appears t o  be r e l a t e d  t o  t h e  e a r l y  o r  m i l d  hyp e rg ly ce m ia  

shown in some o f  t h e  an im a ls  s t u d i e d  by t h e  Berk and W i l l i a m s o n  groups  

(Rangel e t  a l . ,  1970; C r y e r  _et _aj^., 1 9 7 1 ) .  The c h a r a c t e r i s t i c  response  

o f  b lood g lu co s e  c o n c e n t r a t i o n  t o  e n d o t o x in  appears t o  be a m i l d  e a r l y  

i n c r e a s e  f o l l o w e d  by a pro found dec re as e  t h r o u g h o u t  t h e  d u r a t i o n  o f  t h e  

shock s t a t e .  The hypoglycemia is  p r o b a b ly  due t o  an i n a b i l i t y  o f  t h e  

l i v e r  t o  conduct  adequate  g Iuconeogenes is  in t h e  f a c e  o f  both d e p l e t i o n  

o f  g lycogen  s t o r e s  and inc re ased  g lu c o s e  needs o f  ischemic  t i s s u e s  

( F i l k i n s ,  197 3 ) .

Glycogen d e p l e t i o n  in t h e  l i v e r  is  a n o t h e r  d e f e c t  o f  c a r b o h y d r a t e  

metabol is m which has been c o n s i s t e n t l y  a s s o c i a t e d  w i t h  e n d o t o x in  shock.

De I a f i e l d  ( 1 9 3 2 )  r e p o r t e d  a dec re as e  in l i v e r  g lycogen in r a b b i t s  which  

had been i n j e c t e d  w i t h  a suspension o f  g r a m -n e g a t i v e  b a c t e r i a .  B er r y  

and c o - w o r k e r s  (19 59 )  p u b l is h e d  s i m i l a r  r e s u l t s  f o l l o w i n g  s t u d i e s  on 

d i f f e r e n t  s t r a i n s  o f  mice g iv en  e n d o t o x i n .  L a t e r  work c o n f i r m e d  t h e s e  

f i n d i n g s  in a v a r i e t y  o f  a n i m a l s .  B o l e r  and B ib ig h au s  (19 57 )  observe d  

u l t r a s t r u c t u r a l l y  a loss o f  g ly cogen  in dog l i v e r  w i t h i n  15 min a f t e r  

e n d o t o x i n .  In o t h e r  u l t r a s t r u c t u r e  s t u d i e s ,  g lycogen was d e p l e t e d  in 

hamster  l i v e r  24 hours a f t e r  e n d o t o x i n  ( S t e w a r t ,  1 9 7 0 ) .  Glycogen loss  

was a l s o  measured in r a b b i t  l i v e r  8 hours a f t e r  e n d o t o x in  (L u n d sgaard -  

Hansen ejf » 1972 ) .  Most r e c e n t l y ,  F i l k i n s  (1 9 7 3 )  showed a sharp  de

c r e a s e  in h e p a t i c  g ly cogen  c o n t e n t  in r a t s  f o l l o w i n g  e n d o t o x i n .

Hamosh and S h a p i r o  ( I 9 6 0 )  were a b l e  t o  s p e c u l a t e  on t h e  mecha

nism o f  t h i s  loss o f  g lycogen f o l l o w i n g  t h e i r  s t u d i e s  on g l y c o g e n o l y s i s  

in e n d o t o x i n - t r e a t e d  r a t s .  They found a lm o s t  com ple te  c o n v ers io n  o f
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phosphorylase  t o  t h e  a c t i v e  form f o l l o w i n g  e n d o t o x i n .  An in c r e a s e  in 

p h o s p h o r y l a s e - k i n a s e  a c t i v i t y  p r e c i p i t a t e d  t h i s  c o n v e r s i o n ,  which  

accounted f o r  t h e  a c c e l e r a t e d  g l y c o g e n o l y s i s  and t h e  subsequent  g lycogen  

d e p l e t i o n .  In s u p p o r t  o f  t h i s  h y p o t h e s i s ,  Gimpel and c o -w o rk ers  (19 71 )  

r e p o r te d  d i r e c t  s t i m u l a t i o n  o f  l i v e r  adenyl c y c l a s e  in v i t r o  f rom gu inea  

p ig s  by e n d o t o x i n .  Such an e v e n t  cou ld  r a p i d l y  e l e v a t e  c y c l i c  3 ' , 5 ' -  

a denos in e  monophosphate l e v e l s ,  c o n v e r t i n g  p h o sp h o ry l as e  k in as e  t o  i t s  

a c t i v e  form (Bowness, 1956;  Krebs a t  , 1 9 6 6 ) .  An a d d i t i o n a l  mechanism 

which may be i n s t r u m e n t a l  in g lycogen d e p l e t i o n  was r e p o r te d  by Ber ry  

and c o -w o rk ers  ( 1 9 6 8 ) ,  who d es cr ib ed  an a p p a r e n t  i n h i b i t o r y  e f f e c t  on 

h e p a t i c  g lycogen s y n t h e s i s  by en d o to x in  in m ic e .

F u r t h e r  r e l a t e d  m e t a b o l i c  d i s o r d e r s  have a l s o  been d e s c r i b e d  as 

c h a r a c t e r i s t i c s  o f  e n d o t o x i n  shock. Adenosine 5 ’ - t r l p h o s p h a t e  (ATP) 

c o n t e n t  was shown t o  be depressed in b r a i n ,  l i v e r  and k idney  o f  endotox 

emic r a t s  ( S t a p l e s  et_ £ | _ . , 196 9) .  S i m i l a r l y ,  h e a r t  and l i v e r  decrease  

o f  ATP a s s o c i a t e d  w i t h  a r i s e  in adenosine  d ip h o s p h a t e  (ADP) and adeno

s i n e  monophosphate (AMP) was observed in r a b b i t s  4 - 8  hours a f t e r  endo

t o x i n  (Pappova e t  a d y ,  1971; Lundsgaard-Hansen e t  a j _ . , 1972) .

Blood l a c t a t e  e l e v a t i o n ,  which i n d i c a t e s  impa irment  o f  e n e r g y -  

p roduc in g  p r o c e s s e s ,  has been shown t o  o c c u r  in s e p t i c  shock p a t i e n t s  

as w e l l  as in end o to xem ic  l a b o r a t o r y  a n i m a l s .  A marked r i s e  in b lood  

l a c t a t e  was noted in e n d o t o x i c  p a t i e n t s  who u l t i m a t e l y  d ie d  d u r i n g  shock  

( B l a i  r  e t  £ l _ . , 1 9 6 9 ) .  V i t e r  and Cowley ( 1 9 7 1 )  d ev is e d  a p r o g n o s t i c  

method using blood l a c t a t e  c o n c e n t r a t i o n  as an i n d i c a t o r  o f  m o r t a l i t y  

in shock.  They a s c r i b e d  20^ m o r t a l i t y  t o  l a c t a t e  l e v e l s  in t h e  range  

o f  I . 5 - 4 . 5  meq l a c t a t e / L  b lo o d ,  70^ t o  4 . 5 - 9 . 0 ,  85% t o  9 . 0 - 1 3 . 5  and
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\ 0 0 %  m o r t a l i t y  t o  13 .5  meq l a c t a t e / L  b lood o r  o v e r .  Sub-human p r i m a t e s  

have a l s o  been r e p o r t e d  t o  d i s p l a y  e l e v a t e d  blood l a c t a t e  d u r i n g  endo

t o x i n  shock (Cavanagh,  1969 ) .  High t i s s u e  l a c t a t e / p y r u v a t e  r a t i o s  were  

found in h e a r t  and l i v e r  o f  r a b b i t s  a f t e r  e n d o t o x i n  (Pappova e t  a l . ,

1971: Lundsgaard-Hansen e t  a j y ,  1972 ) .

E f f e c t  o f  C o r t i c o s t e r o i d s  on En d o tox in  Shock 

C o r t i c o s t e r o i d s  have long been used in t h e  t r e a t m e n t  o f  p a t i e n t s  

w i t h  a v a r i e t y  o f  s e p t i c  d is eases  i n c l u d i n g  th o s e  caused by g r a m - n e g a t i v e  

b a c i l l i  ( S p i n k ,  1 9 5 7 ) .  Sp ink suggested t h a t  s h o r t - t e r m  use o f  a d r e n o -  

c o r t i c o t r o p h i c  hormone (ACTH) o r  a d r e n o c o r t i c o s t e r o i d s  in c a r e f u l l y  

s e l e c t e d  p a t i e n t s  w i t h  s e v e r e  i n f e c t i o n s  w i l l  f r e q u e n t l y  c o n t r i b u t e  t o  

t h e  r e c o v e r y  o f  p a t i e n t s  and may p r e v e n t  permanent  d i s a b i l i t y  o f t e n  

a s s o c i a t e d  w i t h  t h e s e  d i s e a s e s .  A c o n t r o v e r s y ,  which s t i l l  e x i s t s ,  was 

e v i d e n t  a t  t h a t  t i m e ,  as p o i n t e d  o u t  by an e d i t o r i a l  p u b l is h e d  in t h e  

New England Journ a l  o f  M e d ic in e  in March o f  1958.  The w r i t e r  o f  t h e  

e d i t o r i a l  s t r e s s e d  t h a t  S p ink  and most o f  t h e  a u t h o r s  he c i t e d  were im

pressed by t h e  f a v o r a b l e  appearance  o f  p a t i e n t s  a f t e r  t h e  c o r t i c o s t e r o i d s  

were a d m i n i s t e r e d ,  a n o n - s p e c i f i c ,  p h arm ac o l o g i ca l  e f f e c t  o f  t h e  d ru g s ,  

which was seen as o f t e n  in  th o s e  p a t i e n t s  which d i d  n o t  s u r v i v e  o r  had 

s e r i o u s  c o m p l i c a t i o n s ,  as in those  which re c o v e re d  f rom t h e i r  i n f e c t i o n s .  

The e d i t o r i a l  c o n t i n u e d  by s ay in g  t h a t  many c l i n i c a l  i n v e s t i g a t o r s  have  

adopted a c o n s e r v a t i v e  a t t i t u d e  tow ard  t h e  use o f  c o r t i c o s t e r o i d s  because  

o f  u n f a v o r a b l e  r e s u l t s  r e p o r t e d  in t h e  l i t e r a t u r e ,  t h e  s c a r c i t y  o f  

s u p p o r t i n g  c l i n i c a l  e v i d e n c e  f rom c o n t r o l l e d  s t u d i e s ,  t h e  f a c t  t h a t  p h y s i -  

ci  ans tend  t o  r e c o r d  wh at  " im p re ss es "  them f a v o r a b l y  and seldom r e p o r t  

f a i l u r e s  in s i m i l a r  c i r c u m s t a n c e s ,  r e p o r t s  o f  untoward e f f e c t s  o f  hormone
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t h e r a p y ,  and t h e  f a i l u r e  o f  a d r e n o c o r t i c a l  hormones t o  y i e l d  f a v o r a b l e  

r e s u l t s  in  some s i t u a t i o n s  in which t h e y  a r e  c o n s id e r e d  t o  be c l e a r l y  

i n d i c a t e d  by some w o r k e r s .  The c o n c l u s i o n  p la ce d  t h e  burden o f  p ro o f  

t h a t  a d r e n o c o r t i c a l  hormones may be b e n e f i c i a l  In c e r t a i n  t y p e s  o f  

i n f e c t i o n s  w i t h  t h e  i n v e s t i g a t o r s  who make such c l a i m s .

In t h e  succe eding  y e a r s  many c i i n i c a l  o b s e r v a t i o n s  and e x p e r i 

mental  s t u d i e s  were p u b l i s h e d ,  y e t  t h e  n a t u r e  o f  t h e  c la i m e d  b e n e f i c i a l  

e f f e c t  o f  c o r t i c o s t e r o i d s  on g r a m - n e g a t i v e  b a c t e r i a l  s e p s i s  is  s t i l l  

unknown. A l t e m e i e r  ( 19 58 )  suggested  a p la n  o f  t r e a t m e n t  f o r  s e p t i c  shock  

which i n c l u d e d  t h e  use o f  c o r t i s o l  o n l y  i f  b lood p r e s s u r e  c o u ld  n o t  be 

m a i n t a i n e d  by o t h e r  means. He d i d ,  how ever ,  ob se rve  an a p p a r e n t  l i f e -  

s a v i n g  e f f e c t  o f  c o r t i s o l  on 3 p a t i e n t s .  Subsequent c l i n i c a l  r e p o r t s  and 

l a b o r a t o r y  i n v e s t i g a t i o n s  have a l s o  d e s c r i b e d  an in c r e a s e  in  p a t i e n t  and 

l a b o r a t o r y  animal s u r v i v a l  when c o r t i c o s t e r o i d s  were used.  L i l l e h e i  and 

Mac lean ( 1 9 5 9 )  r e p o r t e d  t h a t  dogs p r e t r e a t e d  w i t h  c o r t i s o l  t o l e r a t e d  

shock due t o  e n d o t o x i n  much b e t t e r  t h a n  d id  u n t r e a t e d  c o n t r o l s .  The  

s u r v i v a l  o f  endotoxe mic  an im a ls  in  t h i s  s tu dy  was s i g n i f i c a n t l y  in c r e a s e d  

w i t h  c o r t i s o l .  E n d o t o x i n - t r e a t e d  m ice  a l s o  s u r v i v e d  in g r e a t e r  numbers 

when t r e a t e d  w i t h  p r e d n i s o l o n e  ( W e i l ,  1 96 2 ) .  P a t i e n t  s u r v i v a l  f o l l o w i n g  

g r a m - n e g a t i v e  shock was doubled w i t h  t h e  use o f  c o r t i s o l  a c c o r d i n g  t o  one  

s tu dy  (We i l  ejf a j_ . , 1964) and i t  was as h ig h  as 85? in a n o t h e r  when 

methyl  p r e d n i s o l o n e  was employed (Motsay  e t  , 197 0 ) .  Rec en t  animal  

s t u d i e s  a l s o  d e s c r ib e d  a dec reas ed  m o r t a l i t y  o f  e n d o t o x i n  shock f o l l o w i n g  

g l u c o c o r t i c o i d  a d m i n i s t r a t i o n  (Hinshaw et^ aj_» » 1967; Thomas and Brockman,  

1966;  K adowitz  and Y a r d ,  1 97 0 ) .  O t h e r  i n v e s t i g a t o r s  have recommended t h e  

use o f  c o r t i c o s t e r o i d s  f o r  t r e a t m e n t  o f  e n d o t o x in  shock p a t i e n t s
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( L i l l e h e i  e t  a l . ,  1964;  R o b i n s ,  1966; L i l l e h e i  e t  a l . ,  1967; Oaks and 

Cohn, 1967; Cavanagh e t  a l . ,  1968; Rigby and C h r i s t y ,  1968; Schwarz,  1968;  

Larson and A b s to n ,  1970; L e f e r ,  197 0) .

C o r t i c o s t e r o i d s  have been c r e d i t e d  w i t h  t h e  a b i l i t y  t o  p r e v e n t  

and r e p a i r  t h e  v a s c u l a r  and c a r d i a c  damage t h a t  e n d o t o x i n  is  t h o u g h t  t o  

c ause .  In 1958 and 1959,  L i l l e h e i  and MacLean r e p o r t e d  t h a t  c o r t i s o l  

p re ve nte d  t h e  b lo od  p r e s s u r e  drop and t h e  pIasma loss  t h e y  a s s o c i a t e d  w i t h  

e n d o t o x i n  a d m i n i s t r a t i o n  in dogs. They d id  f i n d ,  howev er ,  t h a t  l i v e r  

c o n g e s t io n  p e r s i s t e d  d e s p i t e  c o r t i c o s t e r o i d  t r e a t m e n t .  In def ense  o f  

c o r t i s o l  t h e r a p y  in shock p a t i e n t s ,  L i l l e h e i  and c o - w o r k e r s  (1 9 6 4 )  p o in te d  

o u t  t h a t  t h i s  drug n e v e r  depressed  blood p r e s s u r e  o r  o t h e r  v i t a l  s igns  

f u r t h e r  when g i v e n  t o  a n i m a l s  o r  p a t i e n t s  in e n d o t o x i c  shock and f u r t h e r 

more,  t h a t  i t  p r o b a b l y  b lo ck e d  t h e  o n s e t  o f  i r r e v e r s i b l e  shock.

A d i r e c t  e f f e c t  on t h e  h e a r t  in shock has been d e s c r ib e d  by many 

i n v e s t i g a t o r s  as a p r i m a r y  b e n e f i c i a l  a c t i o n  o f  c o r t i c o s t e r o i d s .  The 

a d m i n i s t r a t i o n  o f  c o r t i c o s t e r o i d s  was seen t o  i n c r e a s e  c a r d i a c  o u t p u t  

tow ard  normal l e v e l s  in shock p a t i e n t s  (Me I b y ,  1964;  Sambhi e t  £ j _ . , 1965;  

W i ls on  and F i s h e r ,  1968; Robson, I 9 7 i ) .  In a gr eem en t  w i t h  th e s e  f i n d i n g s ,  

o t h e r  i n v e s t i g a t o r s  have measured a p o s i t i v e  i n o t r o p i c  e f f e c t  o f  c o r t i c o 

s t e r o i d s  on t h e  normal h e a r t  ( F r a n z ,  1 96 4 ) ,  and on t h e  endotoxe mic  h e a r t  

in c a t s  (K a d o w i t z  and Y a r d ,  1 970 ) .

The r e p o r t e d  in c r e a s e  in c a r d i a c  o u t p u t  may a l s o  be a r e s u l t  o f  

p e r i p h e r a l  a c t i o n s  o f  c o r t i c o s t e r o i d s .  A sh fo rd  and c o -w o r k e r s  ( 1 9 6 6 )  ob

s erv ed  v a r i o u s  hemodynamic e f f e c t s  i n c l u d i n g  i n c r e a s e d  c e n t r a l  venous  

p r e s s u r e ,  i n c r e a s e d  m e s e n t e r i c  f lo w  and in c r e a s e d  plasma volume in endo

to x e m ic  r a b b i t s  f o l l o w i n g  dexamethasone.  V a s o d i l a t i o n  has f r e q u e n t l y  been



r e p o r t e d  as an e f f e c t  o f  c o r t i c o s t e r o i d  t r e a t m e n t  whicli  r e s t o r e s  blood  

f lo w  and in c r e a s e s  t i s s u e  p e r f u s i o n  in e n d o t o x i n  shock (D ie tzman e t  a l . ,  

1967; Hinshaw e t  a l . ,  1967; Dietzman e t  , 1969;  Motsay £+_£]_•» 1970 a ,  

b; Reo and Cavanagh,  1970; M a r g u l i s  e t  £ j _ . , 1 97 1 ) .  A nother  im p o r ta n t  

a l t e r a t i o n  due t o  e n d o t o x in  is  t h e  loss o f  v esse l  i n t e g r i t y .  Using  

i s o l a t e d  dog f o r e  1 imb and i n t e s t i n e  p r e p a r a t i o n s  in e n d o t o x i n - t r e a t e d  

a n i m a l s ,  Motsay and c o -w o rk ers  ( 1 9 7 1 ,  1972)  were a b l e  t o  show t h a t  

methyl  p r e d n i s o l o n e  p r o t e c t s  c a p i l l a r y  and smal l  vessel  i n t e g r i t y  in  

endotoxe mic  a n i m a l s .  They measured t h e  w e i g h t  and i s o g r a v i m e t r i c  c a p i l 

l a r y  p r e s s u r e  in t h e  i s o l a t e d  s t r u c t u r e s  and conc lu ded  t h a t  e n d o to x in  

leads t o  an i n c r e a s e  in vessel  p e r m e a b i l i t y ,  which is  a p p a r e n t l y  p re ve nte d  

w i t h  c o r t i c o s t e r o i d  use.

The damage caused by t h e  r e l e a s e  o f  lysosomal enzymes d u r in g  

e n d o t o x in  shock a l s o  appears  t o  be p re v e n t e d  by t h e  use o f  c o r t i c o s t e r o i d s .  

Se vera l  i n v e s t i g a t o r s  have concluded t h a t  c o r t i c o s t e r o i d s  may s t a b i l i z e  

lysosomal membranes, and in t h i s  way p r o t e c t  c e l l s  in v a r i o u s  t i s s u e  f rom  

damage ( M e ib y ,  1964;  R e p lo g le  e t  £ j _ . , 1966;  Rigby and C h r i s t y ,  1968;

Mass ion and B l u m e l ,  1971) .

C a r b o h y d r a t e  m etabo l is m is  a l s o  s e r i o u s l y  a f f e c t e d  d u r in g  endo

t o x i n  shock and i t  appears  t o  respond t o  c o r t i c o s t e r o i d  t r e a t m e n t .  B er r y  

and c o - w o r k e r s  ( 1 9 5 9 )  found t h a t  e n d o t o x i n  d e p l e t e d  v i r t u a l l y  a l l  c a r b o 

h y d r a t e  f rom mice b u t  t h a t  much o f  i t  was p r e s e r v e d  when t h e  a n im a ls  were  

p r e t r e a t e d  w i t h  c o r t i s o l .  In endotoxe mic  m ic e ,  c o r t i s o l  e l e v a t e d  c a r b o 

h y d r a t e  c o n t e n t  s i g n i f i c a n t l y  above p o s t - e n d o t o x i n  l e v e l s .  C o r t i s o l  

a c c e l e r a t e s  g lu c o n e o g e n e s is  and in c r e a s e s  l i v e r  g lycogen s t o r e s  w h i l e  i t  

decreas es  p e r i p h e r a l  g lucose  u t i l i z a t i o n  (Levenson e t  £ l _ . , 1961;
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Lecoq e t  aj_- * 1964; Novak ei^ a]_ . , 197 0) .

The g lu c o n e o g e n ic  and g l y c o g e n i c  a c t i v i t i e s  o f  c o r t i s o l  a re  

p a r t l y  e x p l a i n e d  by i t s  s t i m u l a t i o n  o f  phosphoenoI p y r u v a t e  c a r b o x y k i n a s e ,  

g I u co s e -6- p h o s p h a t a s e  and glycogen s y n t h e t a s e  in t h e  l i v e r  ( P r i t h a m ,  196 8 ) .  

H e a r t  e n z y m a t i c  changes have a l s o  been d em on s t r a ted .  Decreases in r a t  

h e a r t  g ly cogen  and g ly cogen  s y n th e ta s e  a c t i v i t y  due t o  e n d o to x in  were p r e 

vented  by dexamethasone when r a t s  were p r e t r e a t e d  w i t h  t h e  drug (Daw e t  

a l . ,  1968 ) .  Glycogen c o n t e n t  and glycogen  s y n t h e t a s e  a c t i v i t y  in r a t  

h e a r t  were a l s o  r e s t o r e d  when dexamethasone was g i v e n  a f t e r  end o to x in  

(Daw e t  , 19 6 9 ) .

E f f e c t  o f  P r o s t a g l a n d i n s  on En dotox in  Shock 

P r o s t a g l a n d i n s  a r e  known t o  be v a s o a c t i v e  a g e n ts .  They e x e r t  

p o s i t i v e  c h r o n o t r o p i c  and i n o t r o p i c  a c t i o n s  on t h e  h e a r t ,  i n c r e a s e  c a r d i a c  

o u t p u t ,  in c r e a s e  pu lmonary a r t e r i a l  p r e s s u r e  and in c r e a s e  c a p i l l a r y  p e r 

m e a b i l i t y  (Nakano and McCurdy, 1967; Bergs trom  e t  a j_ . , 1968; Nakano and 

McCurdy, 1968; Nakano and C o l e ,  1969; Nakano,  1973 a ) .  The p r o s t a g l a n d i n  

E-compounds (PG Ej ,  PGE2 and PGE3 ) and t h e  p r o s t a g l a n d i n  A-compounds (PGA| 

and PGA2 ) d ecre ase  t o t a l  p e r i p h e r a l  r e s i s t a n c e  and s ys te m ic  a r t e r i a l  p r e s 

sure  w h i l e  i n c r e a s i n g  blood f low  in p e r i p h e r a l  and cor on ary  v a s c u l a t u r e  

(Bergstrom e t  £ | _ . , 1968;  Nakano, 1968; Nakano and McCurdy,  1968; Lee,

1970; Murphy, 1970; Nakano e t  £ j _ . , 1971; B arn e r  et_ £ j _ . , 1972; Nakano,  1973 

a ) .  P r o s t a g l a n d i n  F-compounds (PGF|a and PGF2a )  e x e r t  an o p o s i t e  e f f e c t .  

They produce a m i l d  v a s o c o n s t r i c t i o n ,  e l e v a t i n g  s y s te m ic  a r t e r i a l  p r e s s u r e  

and d ec r e a s in g  b lo od  f l o w  in t h e  p e r i p h e r y .  (Nakano,  1968; Nakano and 

C o l e ,  1969; McCloy e t  £ j _ . , 1973; Nakano,  1973 a ) .

O t h e r  v a s o a c t i v e  agents  such as k i n  ins and b i o g e n i c  amines have



been a s s o c i a t e d  w i t h  t h e  dev elopm ent  o f  hemodynamic a l t e r a t i o n  in endo

t o x i n  shock (Mignone,  1962; Shoemaker,  1967; Hinshaw,  1971; K i t z m i I  1er ,  

1971; T h a i ,  1 9 7 1 ) .  R e c e n t l y ,  p r o s t a g l a n d i n s  have a l s o  been i m p l i c a t e d  

in t h e  p a t h o l o g i c a l  d i s o r d e r  found in shock.  S p e c u l a t i o n  by s e v e r a l  i n 

v e s t i g a t o r s  has in v o l v e d  in c r e a s e d  b i o s y n t h e s i s  and r e l e a s e  o f  p r o s t a 

g la n d i n s  in  v a r i o u s  p a t h o l o g i c a l  derangements i n v o l v i n g  in f lam m ato ry  and 

immunological  r e a c t i o n s  (Greaves e t  £ j _ . , 1971: KaIey e t  a_[_., 1971; P i p e r  

and Vane, 1971; W i l l i s ^ £ ] _ . ,  1 9 7 2 ) .  O t h e r  w ork ers  have s t u d i e d  t h e  

p o t e n t  p h arm ac o lo g ica l  e f f e c t s  o f  p r o s t a g l a n d i n s  which s i m u l a t e  i n f l a m 

matory and immunological  r e a c t i o n s  in v a r i o u s  a n i m a l s  (Glenn e t  a j_ . , 1972;  

Glenn and R o h l o f f ,  1972;  Nakano, 1973 a ,  b ) .

P r o s t a g l a n d i n  l e v e l s  in t h e  plasma have been shown t o  i n c r e a s e  

du r in g  e n d o t o x i n  shock,  i n d i c a t i n g  perhaps t h a t  t h e s e  compounds a r e  i n 

t i m a t e l y  i n v o l v e d  in t h e  shock syndrome ( K e s s l e r  et_ a j_ . , 1969;  Skarnes  

and H a r p e r ,  1972; M i l t o n ,  1972; Anderson e t  £ | _ . , 1973;  K e s s l e r  e t  a l . ,  

1 97 3 ) .  These compounds have a l s o  been shown t o  m e d i a t e  c e r t a i n  mani 

f e s t a t i o n s  o f  e n d o t o x i n  shock such as a b o r t i o n ,  d i a r r h e a ,  f e v e r  and 

pulmonary h y p e r t e n s i o n  ( M i l t o n ,  1972; Skarnes and H a r p e r ,  1 9 7 2 ) ,  p o s s i b l y  

f u r t h e r  i m p l i c a t i n g  them in t h e  gen e s is  o f  t h e  shock syndrome. P r o s t a 

g l a n d i n  P2a has been shown t o  induce lysosomal f r a g i l i t y ,  a n o t h e r  common 

c h a r a c t e r i s t i c  o f  e n d o t o x i n  shock which p r o b a b ly  leads  t o  w id esp re ad  

c e l l u l a r  damage (W e in e r  and K a l e y ,  1 9 7 2 ) .

B e n e f i c i a l  e f f e c t s  o f  p r o s t a g l a n d i n s  on t h e  shock s t a t e  in 

a n im als  have a l s o  been r e p o r t e d .  An a n t i - i n f l a m m a t o r y  e f f e c t  o f  p r o s t a 

g l a n d i n s  was obse rved  in  r e c e n t  s t u d i e s  (Glenn  e t  £ j _ . , 1972; Glenn and 

R o h l o f f ,  1 9 7 2 ) .  P r o s t a g l a n d i n  E| i n h i b i t e d  t h e  e n d o t o x i n - i n d u c e d  r e l e a s e
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o f  lysosomal enzymes f rom leukocytes  in s t u d i e s  by o t h e r  i n v e s t i g a t o r s  

(We i ssman e t  _a]_., 1962; S o r r e l  I s e t  £ j _ . , 1 9 7 2 ) .  S o r r e l l s  and h i s  asso 

c i a t e s  a l s o  found t h a t  PGE| b locked t h e  r i s e  in pulmonary v a s c u l a r  r e 

s i s t a n c e  a s s o c i a t e d  w i t h  e n d o to x in  shock in  dogs.  However , t h i s  e f f e c t  

may be r e l a t e d  t o  t h e  i n h i b i t i o n  o f  lysosomal  enzyme r e l e a s e  in t h e  lungs .  

A d d i t i o n a l  hemodynamic and m e t a b o l i c  improvements and an i n c r e a s e  in 

animal s u r v i v a l  due t o  PGE| and PGP2a were found in p o s t o i i g e m i c  shock  

(G le n n ,  1972;  P r  i ano e t  , 1972) and in e n d o t o x i n  shock (Glenn e t  a l . ,  

1971) .

S p e c i f i c  Aims

A l l  o f  t h e  s t u d i e s  i n c o r p o r a t e d  i n t o  t h i s  d i s s e r t a t i o n  a r e

d i r e c t l y  concern ed  w i t h  t h e  use o f  methyl  p r e d n i s o l o n e  o r  p r o s t a g l a n d i n  E|

f o r  t h e  t r e a t m e n t  o f  e n d o to x in  sho ck.  C o r t i c o s t e r o i d s  have been used f o r  

t h e  t r e a t m e n t  o f  e n d o t o x i n  shock in p a t i e n t s  and a n i m a l s ,  and t h e s e  drugs  

a r e  c o n s i d e r e d  by many i n v e s t i g a t o r s  t o  be b e n e f i c i a l .  In s p i t e  o f  t h e i r  

common t h e r a p e u t i c  use ,  no we 11- c o n t r o l  le d  s t u d i e s  in humans have been 

done t o  c l e a r l y  e s t a b l i s h  t h e  t h e r a p e u t i c  e f f i c a c y  o f  c o r t i c o s t e r o i d s  in  

s e p t i c  shock (Robson,  1 97 1 ) .  The la c k  o f  a d e q u a te  c o n t r o l s  a l s o  a p p l i e s  

t o  dog e n d o t o x i n  shock models .  T h e r e ,  t h e  u n c e r t a i n  b i o l o g i c a l  s t a t u s

o f  t h e  c o n t r o l  a n i m a l s  and v a r i a b i l i t y  due t o  t h e  u s u a l l y  small  number o f

an im als  p e r  s tu d y  cause an u n r e l i a b l e  c o n d i t i o n  f o r  e n d o to x in  shock s u r 

v i v a l ,  mechanism and t r e a t m e n t  s t u d i e s  ( F i n e ,  1 9 6 5 ) .

Fo r  t o x i c o l o g i c a I  s t u d i e s ,  mice a r e  more advantageous than  mon

g r e l  dogs s i n c e  t h e r e  a r e  c o n s i d e r a b l y  f e w e r  pharm ac ogenet ic  and p h y s i o 

l o g i c  v a r i a t i o n s  in  mice.  F u r th e r m o r e ,  m ic e  a r e  less  e x p e n s iv e  so t h a t  

r e l a t i v e l y  l a r g e  numbers o f  a n im als  can be used f o r  more m ean in g fu l
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s t a t i s t i c a l  a n a l y s i s .  Hence,  a s tu dy  was undert aken  t o  e s t a b l i s h  t h e  

l e t h a l i t y  o f  ^  c o l i  e n d o t o x in  in male  a d u l t  a l b i n o  m i c e ,  and a l s o  t o  

compare t h e  e f f e c t  o f  methyl p r e d n i s o l o n e  on t h e  l e t h a l i t y  o f  e n d o t o x i n -  

t r e a t e d  mice t o  t h a t  o f  c o n t r o l  m ic e .

The m e t a b o l i c  response t o  E. c o l i  en d o to x in  has n o t  been c l e a r l y  

d e f i n e d ,  and n e i t h e r  has t h e  e f f e c t  o f  c o r t i c o s t e r o i d  t r e a t m e n t  on meta

b o l i c  p a r am e te rs  in endotoxe mic  a n i m a l s .  Carb o h y dr a te  and h ig h  energy  

phosphate  m e ta b o l is m  is  c e r t a i n l y  c r u c i a l  t o  t h e  s u r v i v a l  a b i l i t y  o f  a n i 

mals in shock ,  as i n d i c a t e d  by t h e  s t u d i e s  which have been concerned  w i t h  

t h i s  p ro b le m .  F o r  t h i s  r e as o n ,  s e l e c t e d  m e t a b o l i t e s  were measured in 

t h e  h e a r t ,  l i v e r  and plasma o f  mice f o l l o w i n g  e n d o t o x in  a d m i n i s t r a t i o n  

and f o l l o w i n g  t h e  use o f  methyl  p r e d n i s o l o n e  in t h e  end o to xem ic  a n i m a l s .

As d e s c r i b e d  e a r l i e r ,  t h e  b e n e f i c i a l  e f f e c t  o f  p r o s t a g l a n d i n s  in 

e n d o t o x i n - t r e a t e d  a n i m a l s  is  u n c e r t a i n .  P r o s t a g l a n d i n s  may p o s s i b l y  p r o 

mote o r  p r e v e n t  p a t h o g e n i c  m a n i f e s t a t i o n s  o f  e n d o t o x in  shock.  In o r d e r  

t o  c l a r i f y  t h e  p o s s i b l e  b e n e f i c i a l  a c t i o n s  o f  p r o s t a g l a n d i n s  in  t h i s  d i s 

o r d e r ,  c a r d i o v a s c u l a r ,  m e t a b o l i c  and h e m a t o lo g i c a l  e f f e c t s  o f  PGE| were  

s t u d i e d  in c a n i n e  e n d o t o x i n  shock.

E l e v a t e d  plasma l e v e l s  o f  p r o s t a g l a n d i n s  have been shown t o  

o ccu r  in e n d o t o x i n  shock in a n i m a l s .  A l though s e v e r a l  i n v e s t i g a t o r s  have 

suggested t h a t  p r o s t a g l a n d i n  b i o s y n t h e s i s  and r e l e a s e  a r e  enhanced d u r in g  

p a t h o l o g i c a l  d i s o r d e r s ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  in  e n d o t o x i n  shock,  

where pronounced lung damage is  known t o  o c c u r ,  t h e  m e t a b o l i c  d e g r a d a t i o n  

o f  p r o s t a g l a n d i n s  may a l s o  be i m p a i r e d .  The r e p o r te d  b e n e f i c i a l  e f f e c t s  

o f  methyl  p r e d n i s o l o n e  on t h e  s t r u c t u r e  and f u n c t i o n  o f  t h e  a l v e o l i  and 

th e  v a s c u l a t u r e  in t h e  lung d u r i n g  shock may p r e v e n t  such a d i s o r d e r ,  i f



in f a c t  i t  does o c c u r .  T h is  h y p o t h e s is  was t e s t e d  by measur ing t h e  meta

b o l i c  d e g r a d a t i o n  o f  PGEj in t h e  lung o f  r a t s  in l e t h a l  e n d o t o x in  shock.  

F u r t h e r m o r e ,  t h e  a b i l i t y  o f  methyl  p r e d n i s o l o n e  t o  p r o t e c t  t h e  lung f rom 

any a p p a r e n t  a l t e r a t i o n s  was a l s o  i n v e s t i g a t e d .

In summary, t h e  s p e c i f i c  aims o f  t h e  s t u d i e s  d e s c r i b e d  in  t h i s  

d i s s e r t a t i o n  were:

1) To d e te r m in e  t h e  l e t h a l i t y  o f  E. c o l l  e n d o t o x in  in mice.

2 )  To s tudy  t h e  e f f e c t  o f  methyl p r e d n i s o l o n e  on l e t h a l i t y  in 

e n d o t o x i n - t r e a t e d  m ice.

3 )  To s tu d y  t h e  e f f e c t  o f  methyl p r e d n i s o l o n e  on t h e  l e v e l s  o f  

ATP, P C r ,  l a c t a t e ,  p y r u v a t e  and g ly cogen  in t h e  h e a r t  and l i v e r ,  and on 

t h e  le v e l  o f  b lood g lu cose  in e n d o t o x i n - t r e a t e d  mice.

4 )  To s tu d y  t h e  c a r d i o v a s c u l a r ,  m e t a b o l i c  and h e m a t o lo g i c a l  

e f f e c t s  o f  PGE| on e n d o t o x i n  shock in dogs.

5 )  To s tu dy  t h e  e f f e c t  o f  E. c o l i  e n d o t o x in  on t h e  a c t i v i t y  o f  

p r o s t a g l a n d i n  dehydrogenase (PGDH) in t h e  lung o f  r a t s .

6 ) To s tudy  t h e  e f f e c t  o f  methyl p r e d n i s o l o n e  on t h e  a c t i v i t y  o f  

PGDH in  t h e  lung o f  e n d o t o x i n - t r e a t e d  r a t s .



CHAPTER I I 

MATERIALS AND METHODS 

M a t e r i  a Is  

Animals

Male  a d u l t  a l b i n o  mice were o b t a i n e d  f rom A r t h u r  S u t t e r ,  S p r i n g 

f i e l d ,  M is s o u r i  and f rom The Mouse House,  M ar lo w ,  Oklahoma. Male  a d u l t

a l b i n o  Hol tzman s t r a i n  r a t s  were o b t a i n e d  f rom t h e  Oklahoma Medical

Research Foundat ion  Animal Wing,  Oklahoma C i t y ,  Oklahoma.

A d u l t  mongrel  dogs were o b t a i n e d  f rom C h a r l e s  A l e x a n d e r ,  Wynne-

wood, Oklahoma. A t o t a l  o f  533 mic e ,  12 r a t s  and 28 dogs were used in 

t h e s e  s t u d i e s .  A l l  a n i m a l s  were kep t  in t h e  U n i v e r s i t y  o f  Oklahoma H e a l t h  

Sciences  C e n t e r  animal  f a c i l i t y  f o r  a p e r i o d  o f  t i m e  r a n g i n g  f rom 5 - 7  days  

t o  accustom them t o  t h e  change in env ir o n m e n t  and d i e t  b e f o r e  t h e y  became 

e x p e r i m e n t a l  s u b j e c t s .

Drugs and Hormones

E. c o l i  e n d o t o x in  ( I i p o p o i y s a c c h a r i de W, batch  #209684 and batch  

#26 1989 )  was o b t a i n e d  f rom D i f c o  L a b o r a t o r i e s ,  D e t r o i t ,  M ic h ig a n .  L i p o -  

p o l y s a c c h a r i de W, batch #261989 was used o n l y  in t h e  s tu dy  concern ing  

t h e  e f f e c t s  o f  p r o s t a g i a n d i n  E| on t h e  c a r d i o v a s c u l a r ,  h em a to lo g i c a l  and 

m e t a b o l i c  responses t o  e n d o t o x i n  in dogs. Methyl  p r e d n i s o l o n e  sodium

20



s u c c i n a t e  (Sol u-Medrol"*^'” ) was s u p p l i e d  by The Upjohn Company, Kalamazoo,  

M i c h i g a n .  L i q u a e m i n ^ m  sodium h e p a r i n  was s u p p l i e d  by Dr .  H. A. S t r a d e  

o f  Organon,  I n c . ,  W. Orange,  New J e r s e y .  P e n t o b a r b i t a l  sodium was p u r 

chased f rom J.  I .  Bak er  Chemical Company, P h i I  I i p s b u r g .  New J e r s e y .  The

P G E j  used in t h e s e  s t u d i e s  was s u p p l i e d  by D r .  J .  R. P i k e ,  The Upjohn  

Company, Kalamazoo, M i c h i g a n .  PGE| was d i s s o l v e d  in pure e thano l  

(10  m g / m l ) ,  s t o r e d  a t  0°C and d i l u t e d  w i t h  0 . 9 %  NaCI s o l u t i o n  t o  make a 

100 ng/ml s o l u t i o n .  ^ H - p r o s t a g I a n d i n  E| ( ^ H -P G E | ) (50  mc/mmole) was 

purchased  f rom t h e  New England N u c l e a r  C o r p o r a t i o n ,  Boston,  M a s s a c h u s e t ts .

Enzymes and Co-Enzymes  

Y e a s t  h ex o k i n a s e  (140 U /m g ) ,  g I u c o s e - 6-ph o s p h a te  dehydrogenase  

(14 0  U /m g) ,  c r e a t i n e  k in as e  f ro m  r a b b i t  muscle  (25 U/mg) and l a c t a t e  de

hydrogenase  f rom r a b b i t  muscle  (5 50  U/mg)  were o b t a i n e d  f rom B o e h r in g e r

Mannheim C o r p . ,  New Y o r k ,  New Y o r k .  L a c t a t e  dehydrogenase f rom bee f  

h e a r t  (125  U/mg) was purchased f rom W o r t h in g to n  Biochemical  C o r p . ,  F r e e 

h o l d ,  New J e r s e y .  6 - N i c o t i n a m i d e  a d e n i n e - d i n u c l e o t i d e  ( 6-NA D ) ,  6- d i h y d r o 

n i c o t i n a m i d e  a de n in e  d i n u c l e o t i d e  ( 6-NADH) and n i c o t i n a m i d e  a de n in e  d i 

n u c l e o t i d e  phosphate  (NADP) were purchased  f rom Sigma Chemical Company,

S t .  L o u i s ,  M i s s o u r i .

S u b s t r a t e  S tandard s  

Glucose was o b t a i n e d  f ro m  Mann Research L a b o r a t o r i e s ,  New Y o r k ,  

New Y o rk .  L - l a c t a t e  and p y r u v a t e  were o b t a i n e d  f rom B o eh r in g e r  Mannheim 

C o r p o r a t i o n ,  New Y o r k ,  New Y o r k .  G ly c og e n ,  a d e n o s i n e - 5 ’ - t r i p h o s p h a t e  

(A T P ) ,  a d e n o s i n e - 5 ' - d i p h o s p h a t e  (ADP) and p h o s p h o c r e a t i ne (PCr)  were  

purchased f rom Sigma Chemical Company, S t .  L o u i s ,  M i s s o u r i .
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O thers

G lu c o s ta fT m  was o b t a i n e d  f rom W o r th in g to n  B io chem ic a l  C o r p o r a t i o n ,  

F r e e h o l d ,  New J e r s e y .  F i s h e r  re d uc in g  r e a g e n t  was purchased f rom F i s h e r  

S c i e n t i f i c  Company, F a i r  Lawn, New J e r s e y .  Bovine  Albumin ( l o t  No. lOC-  

4 3 8 0 )  was o b t a i n e d  f rom Sigma Chemical  Company, S t .  L o u is ,  M i s s o u r i .

S i l i c a  Gel G ( a c c .  S t a h l )  produced by E. Merck was purchased  f rom B r i n k 

man I n s t r u m e n t s ,  I n c o r p o r a t e d ,  W estbury ,  New Y o r k .  S i l i c i c  a c i d  (100  

mesh) was o b t a i n e d  f rom M a l i n c k r o d t  Chemical Works,  S t .  L o u i s ,  M i s s o u r i .

I ,  4 - b i S - C 2 - ( 5 - p h e n y I o x a z o l y I ) 3 - b e n z e n e  (FOPOP) and 2 ,  5 - d i p h e n y l o x a z o l e  . 

(PPO) were purchase d  f rom Packard in s t r u m e n t  Company, Downers G ro ve,  

I l l i n o i s .  T r i s  h y d r o c h l o r i d e .  T r i s  ( b a s e )  were o b t a i n e d  f rom S c h w a r tz /  

Mann, O ra n g eb u rg ,  New Y o r k .  O t h e r  c h e m ic a l s  used were a l l  r e a g e n t  g r a d e .

S p e c i a l  S o l u t i o n s  

The f r e e  f a t t y  a c i d  d e t e r m i n a t i o n  r e q u i r e d  t h e  use o f  t h e  

f o l l o w i n g  s o l u t i o n s :

CHM s o l u t i o n  c o n t a i n e d :

C h lo r o fo r m  1000 ml

Heptane 750 ml

Methanol  35 ml

Cu-TEA s o l u t i o n  (made week ly  a t  pH 8 . 1 )  c o n t a i n e d :

Cu(N0 3 ) 2  2 . 4 2  g

IM T r i e t h a n o l a m i n e  10 .0 0  ml

IN NaOH 3 . 5 0  ml

NaCI 3 3 . 0 0  g

D i s t i l l e d  w a te r  t o  1 00 .0 0  ml
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DPC s o l u t i o n  (made d a i l y )  c o n t a i n e d :

D i p h e n y I c a r b a z i de 0 . 4  g

IM T r i e t h a n o l a m i n e  1 .0  ml

96^ Ethanol  t o  100 .0  ml

B u f f e r s

100 mM T r i s  b u f f e r  was used f o r  ATP and PCr d e t e r m i n a t i o n s  and 

a t  pH 7 . 5  i t  c o n t a i n e d  p er  l i t e r :

T r i s  (ba s e )  9 . 8 8  g

T r i s  MCI 0 . 5 8  g

200 mM c a r b o n a t e  b u f f e r  was r e q u i r e d  f o r  l a c t a t e  d e t e r m i n a t i o n  

and a t  pH 9 . 7  i t  c o n t a i n e d  p e r  l i t e r :

Na2C03  16.10  g

NaHCOj 4 . 0 5  g

100 mM phosphate  b u f f e r ,  which was used f o r  p y r u v a t e  d e t e r m i 

n a t i o n ,  a t  pH 7 . 0  c o n t a i n e d  p e r  l i t e r :

K2 HPO4 11.32  g

KH2 PO4 4 . 7 8  g

S u r v i v a l  S t u d i e s

T h ree  hundred t h i r t y - n i n e  male  a d u l t  a l b i n o  mice w e ig h in g  between  

20 and 50 g ,  which were fed  P u r i n a  R a t  Chow ad I i b i t u m  c o n t i n u o u s l y  

t h r o u g h o u t  t h e  e x p e r i m e n t ,  were d i v i d e d  i n t o  t h r e e  s e c t i o n s .  The F i r s t

S e c t i o n  c o n t a i n e d  129 mice which were  d i v i d e d  i n t o  t h r e e  g ro u p s .  Each

group r e c e i v e d  a d i f f e r e n t  dose o f  E. c o l i  e n d o t o x i n :  Group A (10 mice)

100 mg /k g ,  i n t r a p e r i t o n e a  I y ( i . p . ) ;  Group B (60  m ic e )  30 mg/kg ,  i . p .  

and Group C (59  m ic e )  10 mg /k g ,  i . p .  The mice were i n s p e c te d  h o u r l y
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f o r  48 hours and t h e  number o f  s u r v i v o r s  r e c o r d e d .  A l l  mice a l i v e  a t  

t h e  end o f  48 hours a f t e r  e n d o to x in  were c o n s i d e r e d  t o  be s u r v i v o r s .

The p e r c e n t a g e  o f  mice which d ie d  in each group was ta k e n  as t h e  measure  

o f  l e t h a l i t y  o f  t h a t  p a r t i c u l a r  dose o f  E. c o l i  e n d o t o x i n .

The Second S e c t io n  c o n t a i n e d  72 mice which were d i v i d e d  i n t o  

t h r e e  groups and a l l  a n im a ls  r e c e i v e d  E. c o l i  e n d o t o x i n  (30  mg/kg i . p . ) .  

Each group r e c e i v e d  a d i f f e r e n t  dose o f  methyl  p r e d n i s o l o n e  one hour  

b e f o r e  e n d o t o x i n ;  Group A (20 mice)  6 m g /k g ,  subcutaneous I y ( s . c . ) ;

Group B (20  m ic e )  30 mg/kg, s . c .  and Group C (32 m ic e )  150 mg/kg ,  s . c .

A l l  mice were in s p e c te d  h o u r ly  f o r  48 hours and t h e  number o f  s u r v i v o r s  

was r e c o r d e d .  The p er ce n ta g e  o f  s u r v i v a l  was c a l c u l a t e d  f o r  each group  

and t h e  v a l u e s  were compared t o  Group B in  t h e  F i r s t  S e c t io n  which  

r e c e i v e d  e n d o t o x i n  (30 mg/kg,  i . p . )  a l o n e .

The T h i r d  S e c t i o n  c o n t a i n e d  138 mice which were d i v i d e d  in t o  

t h r e e  groups and a l l  a n im als  r e c e i v e d  E. c o l i  e n d o t o x i n  (10  mg/kg,  i . p . )  

Each group r e c e i v e d  a d i f f e r e n t  dose o f  methyl  p r e d n i s o l o n e  a t  v a r i o u s  

t im e s  r e l a t i v e  t o  t h e  i n j e c t i o n  o f  e n d o t o x i n :  Group A (69 m ic e )  30 mg/kg,

s . c .  and Group B (69  mice)  150 mg/kg s . c .  The methyl  p r e d n i s o l o n e  was 

a d m i n i s t e r e d  t o  Groups A and B a c c o r d i n g  t o  t h e  f o l l o w i n g  s ch ed u le :

I hour  b e f o r e  e n d o t o x i n  (12 mice each g r o u p ) ;  s im u l ta n e o u s  w i t h  e n d o to x in  

(12  mice each g r o u p ) ;  I hour a f t e r  e n d o t o x i n  (12 mice each g r o u p ) ;  2 hours  

a f t e r  e n d o t o x i n  (12 mice each g r o u p ) ;  4 hours  a f t e r  e n d o to x in  ( I I  mice  

each g r o u p )  and 6 hours a f t e r  e n d o to x in  (10  mice each g r o u p ) .  The mice  

were in s p e c te d  h o u r l y  f o r  48 hours and t h e  number o f  s u r v i v o r s  re c o r d e d .  

The p e r c e n t a g e  o f  s u r v i v a l  was computed f o r  each group and t h e  v a lu e s  were  

compared t o  Group C in t h e  F i r s t  S e c t i o n ,  which r e c e i v e d  e n d o to x in
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(10  mg/kg, i . p . )  a l o n e .

Measurement o f  S e l e c t e d  M e t a b o l i t e s  in E n d o t o x i n - T r e a t e d  Mice

One hundred n i n e t y - f o u r  male a d u l t  a l b i n o  mice w e ig h in g  between  

30 and 45 g ,  which were fed P u r i n a  Rat  Chow ad l i b i t u m  c o n t i n u o u s l y  

th r o u g h o u t  t h e  e x p e r i m e n t ,  were d i v i d e d  i n t o  7 s e c t i o n s .  The sch edu le  

f o r  t h e  i n j e c t i o n  o f  e n d o t o x in  and methyl  p r e d n i s o l o n e  t o  s tu dy  t h e  

e f f e c t  o f  methyl  p r e d n i s o l o n e  on m eta bol is m in end otoxe mic  mice is  shown 

in F i g u r e  I .  A l l  i n j e c t i o n  sch ed u le s  were begun (0 Hour)  between 6 and

7 a .m.  The F i r s t  S e c t i o n  c o n t a i n e d  30 mice which were d i v i d e d  i n t o  

f i v e  groups.  A l l  mice r e c e i v e d  0 . 9 #  NaCI ( 0 . 5  m l ,  i . p . ) .  Each group 

was s a c r i f i c e d  a t  a d i f f e r e n t  t i m e  a f t e r  t h e  s a l i n e  i n j e c t i o n :

Group A, 0 hours ;  Group B, 2 ho u rs ;  Group C, 4 hours ;  Group D, 8 hours ;  

and Group E, 12 hours .

The Second S e c t i o n  c o n t a i n e d  42 mice which were d i v i d e d  i n t o  

f o u r  groups.  A l l  mice r e c e i v e d  E. c o l i  e n d o to x in  (10  mg/kg i . p . ) .  Each 

group was s a c r i f i c e d  a t  a d i f f e r e n t  t i m e  a f t e r  e n d o t o x i n  i n j e c t i o n :

Group A, 2 hours ;  Group B, 4 hours ;  Group C, 8 h o u rs ;  and Group D,  12 

h o u rs .  Each o f  t h e  f o l l o w i n g  s e c t i o n s  c o n t a i n e d  t h r e e  groups o f  mice  

which were s a c r i f i c e d  a t  a s p e c i f i e d  t i m e  f o l l o w i n g  t h e  i n j e c t i o n  o f  

methyl p r e d n i s o l o n e :  Group A, 2 hours;  Group B, 4 h o u rs ;  and Group C,

8 hours .  The T h i r d  S e c t i o n  c o n t a i n e d  18 mice which r e c e i v e d  methyl p r e d 

n i s o l o n e  (30 mg/kg,  s . c . )  one hour  b e f o r e  E. c o l i  e n d o t o x i n  (10  mg/kg,  

i . p . ) .  The Fourth  S e c t i o n  c o n t a i n e d  18 mice which r e c e i v e d  methyl  p r e d n i s 

o l o n e  (30  mg/kg, s . c . )  s i m u l t a n e o u s l y  w i t h  E. c o l i  e n d o t o x i n  (10  mg/kg,

i . p . ) .  The F i f t h  S e c t i o n  c o n t a i n e d  30 mice which r e c e i v e d  E. c o l i  e ndo-  

t o x i n  (10 mg/kg,  i . p . )  f o l l o w e d  by methyl  p r e d n i s o l o n e  (30  m g/kg ,  s . c . )
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A(5) B(6) C(6) D (6) E (5 )
CONTROL

A(6) B (6) C (IO ) D(20)
2. ENDOTOXIN

f y *  A(6) B(6) C(6)
3. M-P -1  HOUR

l y  A(6) B (5) C(6)
4. M-P 0 HOUR

y  A(6) B(12) C(12)
5. M-P +1 HOUR mÊÊmmmmmmâ Ê̂im^mm âÊÊmmmmmmÊÊÊÊÊ^

f tp  A(8) B(16) C (8)
6. M-P +2 HOUR

It P  A(8) B (8) 0 (8 )
7. M-P +4 HOUR

 1 1 1 1 1 1 1 1 1 1 1 1 1 1-----
0 2 4 6 8 10 12

HOURS AFTER ENDOTOXIN ADMINISTRATION

F i g u r e  I .  Schedule  f o r  i n j e c t i o n  o f  E. c o l i  e n d o t o x in  (10  mg/kg 
i . p . )  and methyl  p r e d n i s o l o n e  (M-P ,  30  mg/kg,  s . c . )  t o  s tu d y  e f f e c t  o f  
methyl p r e d n i s o l o n e  on m e ta b o l is m  i n  endotoxem ic  m ic e .  S e c t i o n  I ( c o n t r o l )  
r e c e i v e d  o n l y  0 . 9 %  NaCI s o l u t i o n  ( 0 . 5  m l ,  i . p . )  a t  0 hours a f t e r  e n d o t o x i n .  
S e c t io n s  2 - 7  r e c e i v e d  e n d o t o x i n  a t  0 hour  and methyl p r e d n i s o l o n e  as i n 
d i c a t e d  by M-P.  Each e x p e r i m e n t a l  group was d e s i g n a t e d  by a l e t t e r  and 
t h e  number o f  an im a ls  i t  c o n t a i n e d ,  f o r  e xa m p le ,  0 ( 1 2 ) ,  a t  t h e  t i m e  i t  
was s a c r i f i c e d  a f t e r  e n d o t o x i n  o r  s a l i n e  i n j e c t i o n .
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one hour l a t e r .  The S i x t h  S e c t i o n  c o n t a i n e d  32 mice wl i i rh  r e c e i v e d  il.  

c o l i  e n d o t o x in  (10  mg/kg, i . p . )  which was f o l l o w e d  by mefhyI  p r e d n i s o l o n e  

(30  mg/kg,  s . c . )  2 hours l a t e r .  The Seventh S e c t i o n  c o n t a i n e d  24 mice  

which r e c e i v e d  E. c o l i  e n d o t o x in  (10  mg/kg,  i . p . )  f o l l o w e d  by m e t h y l -  

p r e d n i s o l o n e  (30 mg/kg,  s . c . )  4 hours l a t e r .

Each mouse was l i g h t l y  a n e s t h e t i z e d  w i t h  60 mg/ml sodium p e n t o 

b a r b i t a l  ( 0 . 0 5  m l ,  s . c . )  10 min u tes  b e f o r e  i t  was s a c r i f i c e d .  Then,  

t h e  abdomen and c h e s t  were r a p i d l y  opened w i t h  s c i s s o r s ,  and t h e  h e a r t  

and l i v e r  were e x c i s e d  d i r e c t l y  i n t o  a beaker  c o n t a i n i n g  ace to n e  and 

dry  i c e .  The t e m p e r a t u r e  o f  t h i s  m i x t u r e  was - 8 0 ° C .  The f r o z e n  t i s s u e s  

were wrapped in a luminum f o i l  and s t o r e d  a t  - 8 0 ° C .  Blood f rom t h e  open 

c h e s t  c a v i t y  was c o l l e c t e d  in  c o l d  c e n t r i f u g e  t u b e s  which were the n  spun 

in an I n t e r n a t i o n a l  CL C e n t r i f u g e  a t  3000 r . p . m .  f o r  10 m i n u t e s .  An 

a l i q u o t  ( 0 . 2  m l)  o f  t h e  s u p e r n a t a n t  plasma was a n a l y z e d  f o r  g lu co se  

c o n t e n t .

Blood g lu c o s e  c o n t e n t  was d e te r m in e d  by an e n z y m a t i c  method.  The 

blood sample was d i l u t e d  10 x in w a t e r ,  m ixed ,  and 2 %  ZnS04 ( I  ml )

and 1. 8 % B a(0 H )2 8 -H20 ( I  m l )  were added in o r d e r  t o  d e p r o t e i n a t e  t h e  

sample.  The m i x t u r e  was c e n t r i f u g e d  ( I n t e r n a t i o n a l  CL) a t  3000 r . p . m .  

f o r  10 m in u t e s .  An a l i q u o t  ( 50 0  u l )  o f  t h e  s u p e r n a t a n t ,  a g lucose  

s ta n d a r d  and a w a t e r  b la n k  were each mixed w i t h  G l u c o s t a t ^ ^  r e a g e n t  (2 m l ) ,  

The r e a c t i o n  was stopped a f t e r  e x a c t l y  10 m in utes  w i t h  t h e  a d d i t i o n  o f  

I drop o f  2 N H C I ,  and 5 m in u tes  l a t e r  t h e  o p t i c a l  d e n s i t y  o f  each 

sample was read a t  400 nm in  a s p e c t r o p h o t o m e t e r  ( H i t a c h i ,  t y p e  S | 2~ B ) .

The c o n c e n t r a t i o n  o f  t h e  unknown g lu co s e  sample was c a l c u l a t e d  as f o l l o w s :  

Cu = Cs X A u /A s ,  where A is  a b s o r b a n c y ,  C is  c o n c e n t r a t i o n  o f  g l u c o s e .
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u is  unknown and s is  s t a n d a r d .

The t i s s u e  was n ex t  p re p a re d  f o r  t h e  measurement o f  m e t a b o l i t e s  

by t h e  method o f  Lowry and Passonneau ( 1 9 7 2 ) .  The f r o z e n  h e a r t s  and 

l i v e r s  were powdered in a small  metal  m o r t a r  and p e s t l e  which was c oo le d  

t o  - 8 0 ° C .  T h is  powdered t i s s u e  was t h e n  weighed t o  a p p r o x i m a t e l y  100 mg 

on a R o l l e r - S m i t h  t o r s i o n  b a lan c e  in a room m a in ta in e d  a t  - 2 0 ° C .  At  

a l l  o t h e r  t i m e s  t h e  t i s s u e  was k e p t  a t  - 8 0 ° C  o r  under dry  i c e .  The 

"eighed t i s s u e  powder was t r a n s f e r r e d  d i r e c t l y  t o  an 8 ml g l a s s  t u b e  

c o n t a i n i n g  0 . 3  ml 3M HCIO^ which was f r o z e n .  T h is  com b i n a t io n  was 

mixed in an a l c o h o l  bath (25% ETOH and d ry  i c e )  a t  - 8 ° t o - I O ° C  u n t i l  

t h e  a c i d  p e n e t r a t e d  t h e  t i s s u e  p a r t i c l e s  ( 5 - 1 5  m i n ) .  Then ,  I ml d i s t i l l e d  

w a t e r  was added t o  each t u b e .  The c o n t e n t s  were mixed a t  4°C f o r  5 - 1 0  

min and c e n t r i f u g e d  (3000 r . p . m . ,  10 m in )  in an I n t e r n a t i o n a l  CL c e n t r i 

fug e .  The s u p e r n a t a n t  was t r a n s f e r r e d  and n e u t r a l i z e d  im m e d i a te l y  w i t h  

2M KHCO3 ( 0 . 3 3  ml p e r  ml d i s t i l l e d  w a t e r  a d d e d ) .  The n e u t r a l i z e d  s u p e r 

n a t a n t  was f r o z e n  and s t o r e d  a t  - 8 0 ° C  u n t i l  i t  cou ld  be assayed f o r  ATP,  

PCr,  l a c t a t e  and p y r u v a t e .  The p r e c i p i t a t e  was assayed f o r  g l y c o g e n .

H e a r t  and l i v e r  t i s s u e  g l y c o g e n  c o n t e n t  were d e t e r m in e d  v i a  t h e  

method d e s c r i b e d  by Walaas and Walaas ( 1 9 5 0 ) .  The p r e c i p i t a t e  f rom t h e  

p e r c h l o r i c  a c i d  e x t r a c t i o n  p ro ce d u re  d e s c r i b e d  above was s u b j e c t e d  t o  

d i g e s t i o n  by 30% KOH (2 m l)  f o r  15 min a t  IOO°C. A f t e r  t h e  t u b e s  were  

a t  room t e m p e r a t u r e  a g a i n ,  4 . 5  ml 96% ETOH and 2 drops s a t u r a t e d  Na2 S04  

were added and t h e  c o n t e n t s  were m ix e d .  T h is  m i x t u r e  was s l o w l y  b r o u g h t  

t o  a b o i I  and s l o w l y  a I lowed t o  c o o l . Once t h e  tubes  were a t  room 

t e m p e r a t u r e ,  t h e y  were c e n t r i f u g e d  ( I n t e r n a t i o n a l  UV) a t  2000 r . p . m .  

f o r  15 min .  The s u p e r n a t a n t  was d e c a n te d  and t h e  p r e c i p i t a t e  was washed
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w i t h  4 ml 95/6 ETOH. The c e n t r i f u g a t i o n  was then  r e p e a t e d .  The s u p e r 

n a t a n t  was a g a i n  decanted and t h e  p r e c i p i t a t e  was d r i e d  by immersing  

t h e  tu b e s  in h o t  w a t e r .  Glucose was r e l e a s e d  from t h e  glycogen  by 

h e a t i n g  t h e  p r e c i p i t a t e  w i t h  I ml 2N H2 SO4 in a b o i l i n g  w a t e r  bath  

( P r e c i s i o n  S c i e n t i f i c  Company) f o r  I h o u r .  T h i s  s o l u t i o n  was n e u t r a l i z e d  

w i t h  a p p r o x i m a t e l y  I ml 2N NaOH. An a l i q u o t  (2 ml)  o f  G l u c o s t a t ^ ^  

r e a g e n t  was added t o  500 y I o f  t h e  s am p le ,  a g lu co s e  s ta n d a r d  and a 

w a t e r  b l a n k .  The r e a c t i o n  was stopped  a f t e r  e x a c t l y  10 m in u tes  w i t h  t h e  

a d d i t i o n  o f  I drop o f  2N HCI ,  and 5 m in u tes  l a t e r  t h e  o p t i c a l  d e n s i t y  o f  

each sample was read a t  400 nm in a s p e c t r o p h o to m e te r  ( H i t a c h i ,  t y p e  

S | 2 - B ) .  The c o n c e n t r a t i o n  o f  t h e  unknown g lu co se  sample was c a l c u l a t e d  

as f o l l o w s :  Cu = Cs x Au /As,  where A i s  absorb ancy ,  C is  c o n c e n t r a t i o n

o f  g l u c o s e ,  u is  unknown and s is  s t a n d a r d .  The glycogen c o n t e n t  o f  t h e  

t i s s u e  was e x p re ss ed  as mg o f  g lu c o s e  measured p er  g o f  t i s s u e  f rom which  

glycogen  was e x t r a c t e d .

The f o l l o w i n g  m e t a b o l i t e  d e t e r m i n a t i o n s  were acc om pl ished  by t h e  

method o f  Lowry and Passonneau ( 1 9 7 2 ) .  A d e n o s i n e - 5 ’ - t r i p h o s p h a t e  (ATP)  

and p h o s p h o c r e a t i ne (PCr)  were measured on t h e  same sample.  The a n a l y s i s  

was c onducted  w i t h  I ml o f  r e a g e n t  in  f l u o r o m e t e r  tub es  (10  x  75 mm) p lu s  

50 y I n e u t r a l i z e d  HCIO4 e x t r a c t ,  which was e q u i v a l e n t  t o  3 mg o f  t i s s u e .  

The r e a g e n t  was 100 mM T r i s ,  pH 7 . 5 ,  w i t h  I mM g l u c o s e ,  5 mM MgCl2 and 

0 . 2 5  mM NADP'*’ . An i n i t i a l  f l u o r o m e t e r  ( F a r r a n d ,  A - 3 )  r e a d i n g  was made 

b e f o r e  y e a s t  hex o k ina se  (5 y g / m l ) and g l u co s e -6 -ph ospha te  dehydrogenase  

(2  y g / m l )  were added t o  i n i t i a t e  t h e  r e a c t i o n .  A f t e r  10 min t h e  second  

r e a d i n g  was t a k e n .  The d i f f e r e n c e  between t h e s e  re a d in g s  was d i r e c t l y  

r e l a t e d  t o  t h e  amount o f  ATP p r e s e n t .  To p r e v e n t  e r r o r  caused by ATP
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c o n t a m i n a t i o n  o f  a d e n o s i n e - 5 ' - d i p h o s p h a t e  (ADP) ,  10 pi 10 mM ADP was 

added t o  each tu b e  and a r e a d in g  was made a f t e r  10 m in u t e s .  ADP is  

nec essary  f o r  t h e  measurement  o f  PCr and e r r o n e o u s l y  h ig h  PCr v a lu e s  

cou ld  have been re co rd e d  i f  a l lo w a n c e  was not  made f o r  c o n t a m i n a t i o n  by 

ATP. F o l l o w i n g  t h e  t h i r d  r e a d i n g ,  c r e a t i n e  Kinase (80 y g / m l )  was added 

and t h e  l a s t  r e a d i n g  was made 25 min l a t e r .  The d i f f e r e n c e  between t h e  

t h i r d  and f o u r t h  r e a d in g s  was d i r e c t l y  r e l a t e d  t o  t h e  amount o f  PCr 

p r e s e n t .  The enzyme b l a n k  was a tub e  c o n t a i n i n g  r e a g e n t ,  b u t  no t i s s u e  

e x t r a c t ,  which was t r e a t e d  as a sample in e ve ry  o t h e r  way.  The b la n k  

read in g s  f o r  each enzyme a d d i t i o n  were s u b t r a c t e d  f rom t h e  a p p r o p r i a t e  

s u b s t r a t e  r e a d i n g s .  A s ta n d a r d  NADH r e a d i n g  was made t o  d e t e r m in e  t h e  

number o f  m ic ro m ole s  r e p r e s e n t e d  by each d i v i s i o n  on t h e  f l u o r o m e t e r  s c a l e .  

T h is  v a lu e  (ymoles N A D H / d i v . )  was i n c o r p o r a t e d  i n t o  t h e  c a l c u l a t i o n  f o r  

ym ole s /g  o f  ATP and PCr;  ymole s /g  = A x ymoles NADH/div  x TV/SV x D IL /TW,  

where A is  t h e  d i f f e r e n c e  in i n i t i a l  and f i n a l  f l u o r o m e t e r  r e a d in g s  ( i n  

d i v . )  minus t h e  enzyme b l a n k ,  where TV is  t o t a l  r e a c t i o n  m i x t u r e  volume,  

where SV is  t h e  volume o f  t h e  added e x t r a c t ,  where DIL is  t h e  d i l u t i o n  o f  

t h e  t i s s u e  in t h e  e x t r a c t  and where TW is  t h e  w e i g h t  o f  t h e  t i s s u e  in gms.

L a c t a t e  a n a l y s i s  was a l s o  conducted  w i t h  I ml o f  r e a g e n t  in 

f l u o r o m e t e r  tu b e s  p lu s  50 y I n e u t r a l i z e d  HCIO4 e x t r a c t .  The r e a g e n t  was 

200 mM Na2C0 3 -NaHC0 3 , pH 9 . 7  w i t h  I mM NAD'*' and 100 mM h y d r a z i n e .  An 

i n i t i a l  f l u o r o m e t e r  r e a d i n g  was made, l a c t i c  dehydrogenase (75  y g / m l )  was 

added and 10 min l a t e r  t h e  f i n a l  r e a d i n g  was made. The c a l c u l a t i o n s  were  

t h e  same as t h o s e  d e s c r i b e d  f o r  ATP and PCr.

P y r u v a t e  a n a l y s i s  was conducted w i t h  I ml o f  r e a g e n t  in f l u o r o 

m ete r  t ub e s  p l u s  100 y I n e u t r a l i z e d  HCIO4 e x t r a c t ,  which was e q u i v a l e n t
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t o  5 mg o f  t i s s u e .  The r e a g e n t  was 100 mM K2HPO4-KH2PO4 , pH 7 . 0  and 

0 .001  mM NADH. A f l u o r o m e t e r  r e a d in g  was made, l a c t i c  dehyd rogenase  

( 0 . 5  u g / m l ) was added and 5 min l a t e r ,  t h e  f i n a l  r e a d in g  was made. The 

c a l c u l a t i o n s  were t h e  same as th o s e  d e s c r i b e d  f o r  ATP and PCr .

C a r d i o v a s c u l a r ,  H e m a to l o g i c a l  and M e t a b o l i c  S t u d i e s  

Concern in g  t h e  E f f e c t  o f  P r o s t a g l a n d i n  E| 

on Endotoxemic Dogs 

T w e n t y - e i g h t  dogs w e ig h in g  between 10 and 27 kg were fed  ad 

I i  b i t um  w i t h  P u r i n a  Dog Chow th r o u g h  t h e  day b e f o r e  t h e  e x p e r i m e n t ,  and 

f a s t e d  o v e r n i g h t .  The dogs were a n e s t h e t i z e d  w i t h  an i n t r a v e n o u s  admin

i s t r a t i o n  o f  30 mg/kg sodium p e n t o b a r b i t a l .  The c a r d i o v a s c u l a r  t e c h n i q u e s  

used in  t h i s  s tu d y  were d e s c r ib e d  p r e v i o u s l y  (Nakano and McCurdy,  196 7) .

In a l l  e x p e r i m e n t s ,  t h e  t r a c h e a  was exposed through  a m i d - l i n e  i n c i s i o n  

o f  t h e  neck and a Y -shaped  tu b e  was i n s e r t e d  in t h e  t r a c h e a .  Then ,  t h e  

l e f t  h e m i t h o r a x  was opened under  a r t i f i c i a l  r e s p i r a t i o n  (P a lm e r  r e s p i r a t o r  

pump). The p e r i c a r d i u m  was i n c i s e d  and t h e  h e a r t  was suspended in a 

p e r i c a r d i a l  c r a d l e .  B e fore  c a n n u l a t i o n  o f  b lood v e s s e l s ,  sodium h e p a r i n  

( 2 . 5  mg/kg)  was a d m i n i s t e r e d  i n t r a v e n o u s l y  and t h i s  dose was r e p e a t e d  

e v e r y  h a l f  h o u r .  C a t h e t e r s  were p l a c e d  in t h e  b r a c h i o c e p h a l i c  a r t e r y  v i a  

t h e  l e f t  i n t e r n a l  mammary a r t e r y ,  in  t h e  r o o t  o f  t h e  pulmonary a r t e r y  

v i a  a b r a n c h ,  in  t h e  r i g h t  a t r i u m  v i a  a branch o f  t h e  r i g h t  e x t e r n a l  j u g 

u l a r  v e in  and in t h e  l e f t  a t r i u m  v i a  a pulmonary v e i n ,  t h e y  were connected  

t o  Statham p r e s s u r e  t r a n s d u c e r s  (P23AA) which measured s y s t e m i c  and p u l 

monary a r t e r i a l  p r e s s u r e s ,  and r i g h t  and l e f t  a t r i a l  p r e s s u r e s ,  re s p e c 

t i v e l y .  H e a r t  r a t e  was measured c o n t i n u o u s l y  using an E l e c t r o n i c s  f o r  

M ed ic in e  t a c h o m e t e r  (TDC I ) .  A Grass p o ly g r a p h  (Model 7 )  was used t o
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r e c o r d  a l l  hemodynamic par am e te rs  e x c e p t  h e a r t  r a t e .

A c o n t r o l  group (6 dogs)  underwent  a I I e x p e r i m e n t a l  p ro c e d u r e s  

b u t  r e c e i v e d  no e n d o t o x in  and no PGE| .  In 12 dogs an LDgo ( 0 . 3 5  mg/kg)  

o f  E. c o l i  e n d o t o x in  was i n j e c t e d  i n t o  a femora l  v e i n ,  and in an a d d i 

t i o n a l  10 dogs,  t h e  same dose o f  E. c o l i  e n d o t o x i n  was g iv en  a f t e r  t h e  

c o n t in u o u s  i . v .  i n f u s i o n  o f  PGE| ( I  u g / k g / m i n )  was s t a r t e d  i n t o  t h e  

c o n t r a l a t e r a l  femora l  v e i n  w i t h  a H a r v a r d  i n f u s i o n  pump (Model 6 0 0 - 9 0 0 ) .  

Blood samples were taken  f rom t h e  femora l  a r t e r y  20 and 10 min b e f o r e  

e n d o t o x i n  i n j e c t i o n  and 0 ,  5 ,  10, 2 0 ,  4 0 ,  6 0 ,  9 0 ,  120,  180 and 240  min 

a f t e r  e n d o t o x i n  f o r  h e m a t o c r i t ,  l e u c o c y t e ,  p l a t e l e t  and pH measurements .  

Blood samples t a k e n  a t  0 ,  2 0 ,  60 and 120 min a f t e r  e n d o t o x in  were a l s o  

a n a l y z e d  f o r  g l u c o s e ,  l a c t a t e ,  f r e e  f a t t y  a c i d  and p h o s p h o l i p i d  c o n t e n t .

H e m a t o c r i t  c a p i l l a r y  t ub e s  were spun on an I n t e r n a t i o n a l  M B 

c e n t r i f u g e  and t h e y  were read in an I n t e r n a t i o n a l  M i c r o - C a p i l l a r y  R e a d e r .  

L eucocy te  and p l a t e l e t  counts  were p er fo rm ed  in d u p l i c a t e  in a hem ocyto -  

m e te r  ( Im pro ved  N e u b a u e r ) .  Blood pH was measured w i t h  an I n s t r u m e n t  

L a b o r a t o r i e s  m e te r .

Blood g lu co se  was measured by t h e  method d e s c r ib e d  e a r l i e r  in t h e  

s e c t i o n :  Measurement o f  S e l e c t e d  M e t a b o l i t e s  in E n d o t o x i n - T r e a t e d  M i c e .

Blood l a c t a t e  was measured a c c o r d i n g  t o  t h e  method o f  Bergmeyer  

( 1 9 6 6 ) .  Blood ( I  m l )  was mixed w i t h  5^ p e r c h l o r i c  a c i d  ( I  m l )  and c e n 

t r i f u g e d  ( I n t e r n a t i o n a l  UV) a t  2000 x g f o r  15 min t o  d e p r o t e i n a t e  t h e  

sam ple .  G l y c i n e - h y d r a z i n e  b u f f e r  (2  m l ) ,  sample s u p e r n a t a n t  ( 0 .1  m l ) ,

0 . 0 5  M NAD+ ( 0 . 2  ml)  and 5 mg/ml LDH (25  p i ) w e r e  mixed and in c ub a te d  

f o r  I hour  a t  room t e m p e r a t u r e .  O p t i c a l  d e n s i t y  o f  t h e  sample m i x t u r e  

was th e n  measured a t  340 nm in a s p e c t r o p h o t o m e t e r  ( H i t a c h i ,  t y p e  S | 2 “ B ) .
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Reagent  b l a n k  re a d in g s  were made on an i d e n t i c a l  m i x t u r e ,  e x c e p t  6 % 

p e r c h l o r i c  a c i d  ( 0 .1  m l )  was s u b s t i t u t e d  f o r  t h e  sample.  Plasma l a c t a t e  

c o n c e n t r a t i o n  was c a l c u l a t e d  in t h e  f o l l o w i n g  way:

(Es -  Eg) X F = mg/ml in b lo o d ,  where Eg is  t h e  o p t i c a l  d e n s i t y  

r e a d i n g  o f  t h e  sample r e a g e n t ,  Eb is  t h e  o p t i c a l  d e n s i t y  r e a d i n g  o f  t h e  

b l a n k  r e a g e n t  and F is  t h e  s ta n d a r d  f a c t o r .

Plasma f r e e  f a t t y  a c i d  c o n c e n t r a t i o n  was d e te r m in e d  by t h e  method 

o f  Laure l  I and T l b b l i n g  ( 1 9 6 7 ) .  An a l i q u o t  (2 00  u l )  o f  plasma was p i p e t 

t e d  i n t o  a 16 X  125 mm g l a s s  tube  in d u p l i c a t e .  CHM s o l u t i o n  ( 8  m i)  and 

a c t i v a t e d  ( I 2 0 ° C  o v e r n i g h t )  s i l i c i c  a c i d  ( 25 0  mg) were added t o  t h e  tubes  

and t h e  c o n t e n t s  were mixed and c e n t r i f u g e d  ( I n t e r n a t i o n a l  UV) a t  2000  

X  g f o r  5 min.  An a l i q u o t  (5 ml)  o f  t h e  s u p e r n a t a n t  was t r a n s f e r r e d  t o  

20 X  125 mm g l a s s  t u b e s  and Cu-TEA s o l u t i o n  (2 m l)  was added .  The tubes  

were shaken f o r  10 min and 3 ml f rom t h e  upper  l a y e r  was t r a n s f e r r e d  t o  

15 X 85 mm t u b e s .  DPC s o l u t i o n  ( 0 . 5  m l)  was added and mix ed .  A f t e r  15 

min i n c u b a t i o n  a t  room t e m p e r a t u r e ,  t h e  sample o p t i c a l  d e n s i t y  was read  

a t  550 nm in a s p e c t r o p h o t o m e t e r  ( H i t a c h i ,  t y p e  S | 2“ B ) .  S ta n d a rd  f r e e  

f a t t y  a c i d  s o l u t i o n s  ( 1 . 5 ,  1 .0  and 0 . 5  mEq/L)  and d i s t i l l e d  w a t e r  b l a n k  

s o l u t i o n s  were a l s o  t r e a t e d  in t h e  same way. Plasma f r e e  f a t t y  a c i d  

c o n c e n t r a t i o n  was c a l c u l a t e d  in t h e  f o l l o w i n g  way:

(Es -  Eg) X  S t d . /  (Estd  “ Eg) = mEq/L f r e e  f a t t y  a c i d s ,  where  

Es is  t h e  o p t i c a l  d e n s i t y  o f  t h e  s a m p l e - c o n t a i n i n g  s o l u t i o n .  Eg is  t h e  

o p t i c a l  d e n s i t y  o f  t h e  d i s t i l l e d  w a t e r  b l a n k  s o l u t i o n ,  S t d .  i s  t h e  con

c e n t r a t i o n  in mEq/L o f  t h e  f r e e  f a t t y  a c i d  s ta n d a r d  and Es td  is  t h e  

o p t i c a l  d e n s i t y  o f  t h e  f r e e  f a t t y  a c i d  s ta n d a r d  s o l u t i o n .

P r i o r  t o  t h e  phosphorous d e t e r m i n a t i o n ,  p lasma l i p i d s  were e x t r a c t e d
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a c c o r d i n g  t o  t h e  method o f  Fo lch e t  £j_. ( 1 9 5 7 ) .  Plasma ( I  m l )  was 

mixed w i t h  an a l i q u o t  (19  ml)  o f  Fo lch s o l u t i o n  ( c h l o r o f o r m - m e t h a n o l ,

2 : 1 ) .  A f t e r  s t a n d i n g  f o r  30 m i n . ,  t h i s  m i x t u r e  was f i l t e r e d  w i t h  l i p i d -  

f r e e  Whatman #1 p ap e r  i n t o  a 20 x 125 mm g l a s s  t u b e ,  t o  which was a l s o  

added 0 .5% NaCI s o l u t i o n  (5  m l ) .  The m i x t u r e  was shaken f o r  10 min and 

c e n t r i f u g e d  ( I n t e r n a t i o n a l  UV) a t  2000 x  g f o r  15 min.  The upper  

(aqueous)  l a y e r  was d i s c a r d e d  and t h e  re m a i n d e r  was e v a p o r a t e d  w i t h  a 

str e am  o f  n i t r o g e n  w h i l e  t h e  tub es  were h ea ted  ( 70 °C )  in a w a t e r  b a t h .  

C h lo r o fo r m  ( 0 . 5  m l)  was added t o  t h e  plasma e x t r a c t .  T h i s  p lasma l i p i d  

s o l u t i o n  was th e n  a n a l y z e d  f o r  i n o r g a n i c  phosphorous a c c o r d i n g  t o  t h e  

method o f  G e r l a c h  and D e u t i c k e  ( 1 9 6 3 ) .  A l i q u o t s  (100 y l ) o f  t h e  sample  

were p i p e t t e d  i n t o  P y r e x  (No. 9 820 )  t e s t  tu b e s  and 0 . 7  ml o f  a s h in g  

r e a g e n t  (H2 SO4 -  60% p e r c h l o r i c  a c i d ,  1 : 1 )  was added.  The tu b e s  were

heated  on a h o t  p l a t e  f o r  1 . 5 - 2  hours o r  u n t i l  t h e  samples were c h a r r e d .

Then, 0 . 2  ml F i s h e r  r e d u c in g  r e a g e n t  (1 00  g in 100 ml H2O mix and f i l t e r  

w i t h  Whatman #3 p a p e r )  and 1% ammonium m oly bda te  s o l u t i o n  (4  m l )  were  

added and t h e  t ub e s  were p la c e d  in b o i l i n g  w a t e r  f o r  5 m in .  The samples  

were n e x t  c e n t r i f u g e d  a t  2000 x g f o r  30 m in .  The s u p e r n a t a n t  ( 2 . 5  ml)

was p i p e t t e d  i n t o  t h e  c u v e t t e  and t h e  o p t i c a l  d e n s i t y  was read a t  660 nm

in a s p e c t r o p h o t o m e t e r  ( H i t a c h i ,  t y p e  S | 2~ B ) .  Water  was used as a b la n k  

and a phosphorous s t o c k  s o l u t i o n  ( I  mg P i / m l )  c o n t a i n i n g  4 . 3 9 4  g KH2 HPO4 

p e r  l i t e r  was used as a s t a n d a r d .  Plasma p h o s p h o l i p i d  was c a l c u l a t e d  

as f o l l o w s :  (Es -  Eg) x S t d / ( E s t d  " Eg) x H = y g / m l ,  where Es is  t h e

o p t i c a l  d e n s i t y  o f  t h e  sample s o l u t i o n .  Eg is  t h e  o p t i c a l  d e n s i t y  o f  t h e  

b l a n k ,  where Std i s  t h e  c o n c e n t r a t i o n  o f  t h e  s ta n d a r d  s o l u t i o n ,  Estd ' ^ t h e  

o p t i c a l  d e n s i t y  o f  t h e  s ta n d a r d  s o l u t i o n ,  and where H is  t h e  d i l u t i o n  f a c t o r .
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S t u d i e s  I n v o l v i n g  t h e  M e t a b o l i c  D e g r a d a t io n  o f  PGE| 

in t h e  Lung o f  Endotoxemic  Rats  

T welve  male Holtzman r a t s  w e i g h i n g  between 200 and 250 g ,  which  

p r e v i o u s l y  had been fed  ad I i b i t u m , were f a s t e d  o v e r n i g h t .  A LD80 dose 

(10  mg/kg)  o f  E. c o l i  end o to x in  was g i v e n  i n t r a p e r i t o n e a l l y  t o  4 r a t s ,  

t h e  same dose o f  e n d o to x in  was g iv e n  t o  an a d d i t i o n a l  4 r a t s  I hour  

a f t e r  i n j e c t i o n  o f  methyl  p r e d n i s o l o n e  (50  mg/kg ,  s . c . ) .  In y e t  a n o t h e r  

group o f  4 r a t s ,  which served  as c o n t r o l s ,  0 .9% NaCI s o l u t i o n  was i n 

j e c t e d  i n t r a p e r i t o n e a l l y  in a volume e q u i v a l e n t  t o  an e n d o t o x i n  i n j e c t i o n .  

E i g h t  hours a f t e r  t h e  i n j e c t i o n  o f  e i t h e r  e n d o t o x i n  o r  0 .9% NaCI s o l u t i o n ,  

t h e  r a t s  were a n e s t h e t i z e d  w i t h  sodium p e n t o b a r b i t a l  (35  mg/kg,  i . p . )  

and s y s te m ic  a r t e r i a l  p r e s s u r e  was measured In a femoral  a r t e r y  cannu-  

l a t e d  w i t h  PE 90 p o l y e t h e l e n e  t u b i n g  which was connected t o  a Statham  

p re ss u r e  t r a n s d u c e r  (P23AA) .  The r e c o r d i n g  was made on a Grass po lygra ph  

(Model 7 ) .  S y s te m ic  a r t e r i a l  p r e s s u r e  o f  c o n t r o l  r a t s  was 121 ± 4 and 

o f  endotoxem ic  r a t s ,  52 ± 6 mm Hg. The lungs were th e n  e x c i s e d  and 

coo led  i m m e d i a t e l y ,  and homogenized a t  40°C  in 9 volumes o f  BÜcher medium 

(20  mM KH2 PO4 , 70 mM K2 HPO4 , 2 7 . 6  mM n i c o t i n a m i d e ,  3 . 6  mM MgCl2 » pH 7 . 4 )  

w i t h  a P o t t e r - E I v e h j e m  t i s s u e  g r i n d e r .  The homogenates were c e n t r i f u g e d  

( S o r v a l l  RC 2 )  a t  1 0 ,0 00  x  g f o r  20 m in .  The p r o t e i n  c o n c e n t r a t i o n  o f  

t h e  s u p e r n a t a n t  was de te rm ined  by t h e  method d e s c r ib e d  by Lowry e t  a l .  

(1951 )  and a v e r a g e d  12.1 ±  0 . 2  mg/ml .  A f t e r  25 myc/ml o f  ^H-PGE|

(28 c /m m o le ) ,  50  ng/ml o f  PGE| and 2 mM o f  NAD+ were add ed ,  t h e  s u p e r 

n a t a n t  was in c u b a te d  a t  37°C in a D u bn o f f  t e m p e r a t u r e - c o n t r o l l e d  w a te r  

bath s h a k e r .  B e f o r e ,  and 5 and 15 min a f t e r  t h e  i n c u b a t i o n  was s t a r t e d ,  

an a l i q u o t  (5 m l)  o f  t h e  i n c u b a t i o n  media  was p i p e t t e d  i n t o  tubes
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c o n t a i n i n g  0 . 5  ml o f  2 N HC! s o l u t i o n  t o  t e r m i n a t e  t h e  r e a c t i o n  and t o  

a c i d i f y  t h e  m i x t u r e  t o  pH 3 . 0 .  3H-PGE| and i t s  m e t a b o l i t e s  were e x t r a c t e d  

t w i c e  w i t h  e t h y l  a c e t a t e .  The e x t r a c t  was f i l t e r e d  through  a Whatman 

No. 3 paper  and washed w i t h  d i s t i l l e d  w a t e r .  A f t e r  e v a p o r a t i o n  a t  40°C  

under  reduced p r e s s u r e ,  t h e  e x t r a c t  was d i s s o l v e d  in I ml o f  95^ e t h a n o l .  

An a l i q u o t  (100  u l )  o f  t h e  e x t r a c t  s o l u t i o n  and 10 pi o f  PGE| s ta n d a r d  

s o l u t i o n  (5 mg/ml)  were a p p l i e d  on an a c t i v a t e d  ( IOO°C f o r  I h r )  S i l i c a  

gel G t h i n  l a y e r  chrom atography  p l a t e  as shown in F i g u r e  2 .  3h-PGE| and 

i t s  m e t a b o l i t e s  were s e p a r a t e d  a t  room t e m p e r a t u r e  us ing  a s o l v e n t  system  

(upper  l a y e r )  o f  e t h y l  a c e t a t e - i s o o c t a n e - a c e t i c  a c i d - w a t e r  ( 1 0 0 : 2 0 : 10 : 110 , 

v / v ) .  A f t e r  d r y i n g  a t  room t e m p e r a t u r e ,  a PGE| s p o t  was i d e n t i f i e d  by 

b r i e f  exposure  t o  i o d i n e  v a p o r ,  and scraped  i n t o  a c o u n t i n g  v i a l .  A f t e r  

d i s s o l v i n g  w i t h  2 ml o f  m e th a n o l ,  15 ml o f  c o u n t i n g  s o l u t i o n  c o n t a i n i n g  

POPOP, PPG and t o l u e n e  ( 0 . 1 : 4 : 1 0 0 0 )  was added.  Counts p e r  m in u te  o f  t h e  

samples were measured w i t h  a Packard T r i c a r b  l i q u i d  s c i n t i l l a t i o n  

s p e c t r o m e te r  (3000  s e r i e s ) .

Data

The d a ta  in t h e s e  s t u d i e s  were e v a l u a t e d  s t a t i s t i c a l l y ,  employing  

t h e  i  t e s t  (S n ed e co r ,  1 9 5 6 ) .  P v a lu e s  o f  less  t h a n  0 . 0 5  were a ccepted  

as i n d i c a t i n g  a s i g n i f i c a n t  d i f f e r e n c e  between compared v a l u e s .

In F i g u r e s  6  t h r o u g h  I I ,  a l l  o f  t h e  d a ta  p o i n t s  in  t h e  M-P Groups  

which did  not  f a l l  on 2 ,  4 ,  8 o r  12 hours a f t e r  e n d o t o x i n  a d m i n i s t r a t i o n  

were compared t o  a d a t a  p o i n t  1 -3  hours b e f o r e  o r  a f t e r  i t  in t h e  En d o tox in  

Group. In e v e r y  c a s e ,  t h e  d i f f e r e n c e  between t h e  compared v a l u e s  was t h e  

same o r  less t h a n  t h a t  between t h e  p a r t i c u l a r  M-P Group v a l u e  and t h e  

cor re sp on d in g  p o i n t  on t h e  Endotox in  Group c u r v e .
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F i g u r e  2 .  Diagram o f  S i l i c a  Gel G - c o a te d  t h i n  l a y e r  c hr om ato 
graphy  p l a t e ,  showing l o c a t i o n  o f  r e f e r e n c e  p r o s t a g l a n d i n  s ta n d a r d  
(PG s t d )  and sample a p p l i c a t i o n s  ( 1 - 6 ) .  R e f e r e n c e  s ta n da rd  PGE| ,  PGA 
( d i s t a l  t o  PGE|)  and PGP2 a (p r o x im a l  t o  P G E | ) ,  as  seen a f t e r  dev e lo pm en t ,  
a r e  shown above t h e  PG s td  a p p l i c a t i o n .  The s o l v e n t  f r o n t  l i m i t  
d u r i n g  p l a t e  development  is  t h e  l i n e  14 cm above t h e  base o f  t h e  p l a t e .
RF v a l u e s  a r e :  PGA;, 0 . 6 2 ;  P G E | , 0 . 3 2 ;  PGF2a ,  0 . 2 5 .



CHAPTER I I I

RESULTS

E f f e c t  o f  Methyl  p r e d n i s o l o n e  on t h e  L e t h a l i t y  o f  Endotoxemic Mice  

The l e t h a l i t y  o f  v a r i o u s  doses o f  E. c o l i  e n d o to x in  in mice is  

shown in F i g .  3 .  The h i g h e s t  dose o f  e n d o t o x i n ,  100 mg/kg, r e s u l t e d ,  in 

t h e  dea th  o f  90$  o f  t h e  mice w i t h i n  8 h ours .  The 10 mg/kg dose r e s u l t e d  

in 58$ l e t h a l i t y  a t  24 h o u r s ,  w h i l e  t h e  30 mg/kg dose accounted f o r  78$  

l e t h a l i t y  a t  t h a t  t i m e .  F o r t y - e i g h t  hours a f t e r  e n d o t o x i n ,  50$ o f  t h e  

mice had d ie d  in t h e  10 mg/kg group (LD5 0 ) and 87$ had d ie d  in  t h e  

30 mg/kg g ro up .  The 10 mg/kg and 30 mg/kg doses o f  e n d o t o x in  were used 

in subsequent  s t u d i e s  because o f  t h e i r  r e l a t i v e l y  w e l l  c o n t r o l l e d  

l e t h a l i t y .

As shown in F i g .  4 ,  m ice which r e c e i v e d  methyl  p r e d n i s o l o n e  I hour  

b e f o r e  E. c o l i  e n d o to x in  (30  m g /k g ,  i . p . )  s u r v i v e d  in  g r e a t e r  numbers 

than  t ho s e  which r e c e i v e d  o n l y  e n d o t o x i n .  T w e n t y - f o u r  hours a f t e r  en

d o t o x i n  a l l  methyl p r e d n i s o l o n e - t r e a t e d  groups had a h i g h e r  s u r v i v a l  p e r 

c e n t a g e  than  t h e  e n d o t o x in  a l o n e  g ro up .  F o r t y - e i g h t  hours a f t e r  e n d o to x in  

t h e  e n d o t o x i n  a l o n e  group had 13$ s u r v i v a l ,  w h i l e  a 6 mg/kg dose o f  m e th y l -  

p r e d n i s o l o n e  r e s u l t e d  in  2 9 . 5 $  s u r v i v a l .  The 150 mg/kg dose r e s u l t e d  in  

5 6 . 2 $  s u r v i v a l .  T h i r t y  mg/kg methy l  p r e d n i s o l o n e  was t h e r e f o r e  con s id er ed  

a good p r o t e c t i o n  a g a i n s t  t h e  l e t h a l i t y  o f  e n d o t o x i n  in mice.
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F i g u r e  3.  L e t h a l i t y  in mice produced by a d m i n i s t r a t i o n  o f  
E. c o l i  e n d o t o x i n  in v a r y i n g  doses.  Each p o i n t  d e s c r i b e s  t h e  p e r c e n t a g e  
o f  t h e  N v a l u e  a l i v e  a t  t h a t  t i m e  a f t e r  i n j e c t i o n .  N = t o t a l  number o f  
mice in each group.
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F i g u r e  4 .  E f f e c t  o f  methyl  p r e d n i s o l o n e  (MP) on s u r v i v a l  o f  
mice g iv en  E. c o l i  e n d o t o x in  (30 mg/kg,  i . p . ) .  Group MP (none)  r e 
c e i v e d  o n l y  e n d o t o x i n ,  a l l  o t h e r  groups r e c e i v e d  methyl  p r e d n i s o l o n e  I 
hour  b e f o r e  e n d o t o x i n .  Each p o i n t  d e s c r i b e s  t h e  p e r c e n t a g e  o f  t h e  N 
v a l u e  a l i v e  a t  t h a t  t i m e  a f t e r  i n j e c t i o n .  N = t o t a l  number o f  mice in 
each g roup.



Methyl  p r e d n is o lo n e  was a l s o  shown in F i g .  5 t o  enhance t h e  

s u r v i v a l  o f  mice when a d m i n i s t e r e d  b e f o r e ,  s i m u l t a n e o u s l y  w i t h  o r  a f t e r  

a 10 mg/kg dose o f  E. c o l i  e n d o t o x i n .  The da r k  a rea  r e p r e s e n t s  t h e  p e r 

c en tag e  o f  mice which s u r v i v e d  in  a group which re c e iv e d  e n d o t o x i n  a l o n e .

A l l  o t h e r  groups r e c e iv e d  e n d o t o x i n  a t  0 hour  and methyl p r e d n i s o l o n e  a t  

0 hour  o r  some o t h e r  t im e  as i n d i c a t e d .  The 150 mg/kg dose o f  m e t h y l -  

p r e d n i s o l o n e  e x c e r t e d  b e n e f i c i a l  e f f e c t s  when g iv en  I hour b e f o r e  endo

t o x i n  o r  a t  t h e  same t im e  as e n d o t o x i n .  However ,  t h e r e  appeared t o  be no 

b e n e f i c i a l  e f f e c t  o f  t h e  h ig h  dose o f  methyl p r e d n i s o l o n e  when i t  was 

g iv en  a f t e r  e n d o t o x i n .  The 30 mg/kg dose o f  methyl  p r e d n i s o l o n e  a p p a r e n t l y  

had a b e n e f i c i a l  e f f e c t  b e f o r e  o r  a f t e r  e n d o t o x i n .  When t h i s  dose o f  

methyl p r e d n i s o l o n e  was i n j e c t e d  i n t o  t h e  mice one hour b e f o r e  e n d o t o x i n  

o r  two hours a f t e r  e n d o t o x i n ,  s u r v i v a l  was in c rea se d  24^ o v e r  t h e  e n d o t o x i n  

a lo n e  g ro up .  When g iven one hour  o r  f o u r  hours a f t e r  e n d o t o x i n ,  t h e  drug  

in c r e a s e d  s u r v i v a l  40/6 as compared t o  t h e  e n d o t o x i n  a lo n e  g ro u p .  A 

one-way c l a s s i f i c a t i o n  was used t o  e v a l u a t e  t h i s  d a t a .  The groups which  

r e c e i v e d  30 mg/kg o f  methyl p r e d n i s o l o n e  I h o u r ,  2 hours and 4 hours a f t e r  

en d o t o x in  had s u r v i v a l  v a l u e s  which were s i g n i f i c a n t l y  ( p < 0 . 0 5 )  h i g h e r  

than  t h a t  o f  t h e  e nd o to x in  a l o n e  g ro u p .

E f f e c t s  o f  Methyl  p r e d n i s o l o n e  on M e t a b o l i c  

Responses t o  E n d o tox in  in  Mice

Blood Glucose

The e f f e c t  o f  methyl p r e d n i s o l o n e  on b lood g lu cose  c o n c e n t r a t i o n  

in endotoxe mic  mice is  shown in F i g .  6 . Blood g lu co se  v a l u e s  in e n d o t o x i n -  

t r e a t e d  mice were s i g n i f i c a n t l y  lo w e r  tha n  in c o n t r o l  mice t h r o u g h o u t  t h e
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F ig u re  5 .  E f f e c t  o f  methyl  p r e d n i s o l o n e  (MP) on s u r v i v a l  o f  
mice when g iv en  b e f o r e ,  s i m u l t a n e o u s l y  w i t h ,  and a f t e r  E. c o l i  e n d o t o x i n  
(10  mg/kg,  i . p . ) .  Group MP (none)  r e c e i v e d  o n l y  e n d o t o x i n ,  and t h e  
o t h e r  group r e c e i v e d  t h e  a p p r o p r i a t e  dose o f  methyl p r e d n i s o l o n e  in  
a d d i t i o n  t o  e n d o t o x in  a t  t h e  t i m e s  r e l a t i v e  t o  e n d o t o x in  i n j e c t i o n  shown, 
The N f o r  each group is  shown on each b a r .
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F i g u r e  6 . E f f e c t  o f  methyl  p r e d n i s o l o n e  (M-P ,  30 mg /k g ,  s . c . )  
on b lo od  g lu co s e  c o n c e n t r a t i o n  in E. c o l i  e n d o t o x in  (10 mg /k g ,  i . p . ) -  
t r e a t e d  mic e .  Glucose c o n c e n t r a t i o n  was d e s c r ib e d  as mg g l u c o s e / 1 0 0  ml 
plasma.  C o n t r o l  groups r e c e i v e d  o n l y  0 .9% NaCl s o l u t i o n  ( 0 . 5  m l ,  i . p . )  
a t  0 ho u r .  A l l  o t h e r  groups r e c e i v e d  e n d o t o x in  a t  0 h o u r ,  and in a d d i 
t i o n ,  M-P groups r e c e i v e d  methyl  p r e d n i s o l o n e  a t  t h e  d e s i g n a t e d  hour  r e 
l a t i v e  t o  e n d o t o x i n  i n j e c t i o n .  N v a l u e s  equal  t h e  t o t a l  number o f  
an im a ls  in each g ro up .

* A I I  v a l u e s  e x c e p t  t h o s e  marked w i t h  an a s t e r i s k  a r e  s i g n i 
f i c a n t l y  ( p < 0 . 0 5 )  d i f f e r e n t  f rom t h e  End otoxin  group v a l u e s .
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12 hour  e x p e r i m e n t a l  p e r i o d .  When methy l  p r e d n i s o l o n e  was g iv e n  one hour  

b e f o r e  o r  s i m u l t a n e o u s l y  w i t h  e n d o t o x i n ,  b lood g lu co se  l e v e l s  remained  

s i g n i f i c a n t l y  h i g h e r  than those  o f  t h e  e n d o t o x i n  group f o r  2 hours a f t e r  

e n d o t o x i n  i n j e c t i o n .  A d ra m a t ic  e l e v a t i o n  o f  b lood g lu co s e  c o n t e n t  was 

seen when methyl  p r e d n is o lo n e  was a d m i n i s t e r e d  t o  mice which had r e c e i v e d  

e n d o t o x i n  two hours e a r l i e r .  In t h i s  g r o u p ,  b lood g lu cose  rose t o  141 .4  

± 8 . 0 0  mg/100 ml as compared t o  8 7 . 6  ± 6 . 2 0  mg/100 ml in t h e  e n d o t o x in  

g roup.  Two rem ain in g  groups d id  n o t  show s i g n i f i c a n t  changes in  b lood  

g lu c o s e  c o n t e n t  f o l l o w i n g  methyl p r e d n i s o l o n e ,  and u l t i m a t e l y  t h e  b lood  

g lu c o s e  in a l l  groups e x c e p t  c o n t r o l  g r a d u a l l y  d e c l i n e d  t o  t h e  e n d o t o x i n  

group l e v e l .

H e a r t  and L i v e r  Glycogen  

H e a r t  g lycogen c o n t e n t  in  e n d o to xe m ic  mice ( F i g .  7 )  was s i g n i f i 

c a n t l y  below c o n t r o l  l e v e l s  a t  a l l  t i m e s  o v e r  t h e  12 h o u rs ,  e x c e p t  8 hours  

a f t e r  e n d o t o x i n  a d m i n i s t r a t i o n ,  when t h e  c o n t r o l  and e n d o to x in  v a lu e s  

o v e r l a p p e d .  In each methyl  p r e d n i s o l o n e  g ro u p ,  t h e  drug caused an i n 

c r e a s e  in  m yo card ia l  g lycogen c o n t e n t  wh ich was s i g n i f i c a n t l y  above t h e  

l e v e l  o f  t h e  group which r e c e i v e d  e n d o t o x i n  o n l y .  Th is  e f f e c t  l a s t e d  

f rom 4 t o  8 hours a f t e r  t h e  i n j e c t i o n  o f  methyl p r e d n i s o l o n e . The g r e a t e s t  

e f f e c t  was seen in mice i n j e c t e d  w i t h  methyl  p r e d n i s o l o n e  I hour  b e f o r e  

e n d o t o x i n ,  where m yoca rd ia l  g lycogen a t  3 hours a f t e r  e n d o t o x in  rose  t o  

3 . 1 6 5  ± 0 . 1 4 9  mg/g as compared t o  2 . 3 2 9  ±  0 . 0 7 4  mg/g in c o n t r o l  and 

1 .28 6  i  0 . 1 8 0  mg/g in en d o to x in  a l o n e  g r o u p s .  E i g h t  hours a f t e r  t h e  i n 

j e c t i o n  o f  methyl p r e d n i s o l o n e ,  a l l  g ro ups  e x c e p t  t h e  +2 hour  group had 

m y o ca rd ia l  g lycogen v a lu e s  which were s i g n i f i c a n t l y  e l e v a t e d  above t h e
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F i g u r e  7 .  E f f e c t  o f  methyl  p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  
on m yo card ia l  g ly c o g e n  c o n t e n t  in E. c o l i  e n d o t o x in  (10  m g /k g ,  i . p . ) -  
t r e a t e d  mic e .  Glycogen c o n t e n t  was d e s c r ib e d  as mg g lu c o s e  re covered  
f rom g l y c o g e n / g  t i s s u e .  C o n t r o l  groups r e c e i v e d  o n l y  0 .9% NaCI s o l u t i o n  
( 0 . 5  m l ,  i . p . )  a t  0 Hour .  A l l  o t h e r  groups r e c e i v e d  e n d o t o x i n  a t  0 Hour ,  
and in a d d i t i o n ,  M-P groups r e c e i v e d  methyl  p r e d n i s o l o n e  a t  t h e  des ig n ated  
hour  r e l a t i v e  t o  e n d o t o x i n  i n j e c t i o n .  N v a lu e s  equal  t h e  t o t a l  number o f  
an im a ls  r e p r e s e n t e d  in  each group.

* A I I  v a l u e s  e x c e p t  those  marked w i t h  an a s t e r i s k  a r e  s i g n i f i 
c a n t l y  ( p < 0 . 0 5 )  d i f f e r e n t  f rom t h e  Endotox in  group v a l u e s .
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en d o to x in  group v a l u e s .  M yo card ia l  g ly cogen  c o n t e n t  in t h e  group which  

r e c e i v e d  methyl p r e d n i s o l o n e  2 hours a f t e r  e n d o t o x i n  g r a d u a l l y  d e c l i n e d  

t o  end o to x in  group  v a l u e s  8 hours a f t e r  e n d o t o x i n .

As seen in F i g .  8 , l i v e r  g ly cogen  c o n t e n t  in end otoxe mic  mice  

f e l l  s i g n i f i c a n t l y  below t h a t  o f  c o n t r o l  a n i m a l s  and remained t h e r e  f o r  

12 h ours .  When methyl p r e d n i s o l o n e  was g i v e n  I hour  b e f o r e ,  s i m u l t a n e o u s l y  

w i t h ,  o r  I ,  2 o r  4 hours a f t e r  e n d o t o x i n ,  l i v e r  g ly co gen  v a l u e s  rose  

s i g n i f i c a n t l y  above e n d o t o x in  group l e v e l s  f o r  2 - 8  hours .  In t h e  groups  

which r e c e i v e d  methyl  p r e d n i s o l o n e  a f t e r  e n d o t o x i n ,  t h e  l i v e r  g lycogen  

v a lu e s  r e t u r n e d  t o  e n d o t o x i n  group l e v e l s  4 - 8  hours a f t e r  t h e  i n j e c t i o n  

o f  t h e  drug.  Methyl  p r e d n i s o l o n e  had t h e  g r e a t e s t  e f f e c t  on l i v e r  g l y c o 

gen c o n t e n t  when i t  was g iv en  I hour  b e f o r e  o r  s i m u l t a n e o u s l y  w i t h  endo

t o x i n .  L i v e r  g ly co g en  c o n t e n t  rose t o  9 .311  i  0 . 7 8 7  mg/g in t h e  - I  hour  

group and t o  8 . 5 6 8  ±  0 .2 3 9 m g / g  in t h e  0 hour  group as compared t o  3 .101  

i  0 . 2 8 5  mg/g in t h e  e n d o t o x in  g ro u p .  F u r t h e r m o r e ,  methyl  p r e d n i s o l o n e  

m a in ta in e d  t h e  l i v e r  g lycogen v a l u e s  in bo th  groups s i g n i f i c a n t l y  above  

e n d o to x in  group l e v e l s  8 hours a f t e r  i n j e c t i o n  o f  t h e  drug .

H e a r t  and L i v e r  ATP and H e a r t  PCr

The e f f e c t  o f  m e t h y i p r e d n i s o l o n e  on m y o ca rd ia l  ATP i n  e n d o t o x i n -  

t r e a t e d  mice i s  shown in F i g .  9 .  M y o c a r d ia l  ATP in c o n t r o l  an im a ls  

f l u c t u a t e d  between 3 . 0 6 7  i  0 . 3 9 3  ym o le s /g  and 4 . 1 0 8  i  0 . 1 5 4  y m o le s /g  

th r o u g h o u t  t h e  e x p e r i m e n t a l  p e r i o d .  En dotox in  reduced ATP c o n t e n t  in t h e  

h e a r t  t o  v a l u e s  which were a p p a r e n t l y  below t h e  s e n s i t i v i t y  o f  t h e  mea

s u r i n g  sys tem .  When methyl p r e d n i s o l o n e  was g iv e n  t o  d i f f e r e n t  groups o f  

mice I hour b e f o r e ,  s i m u l t a n e o u s l y  w i t h  o r  I ,  2 o r  4 hours a f t e r  e n d o t o x i n .
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F i g u r e  8 . E f f e c t  o f  methyl  p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  
on l i v e r  g ly cogen  c o n t e n t  in E. c o l i  e n d o t o x i n  (10 mg /k g ,  i . p . ) - t r e a t e d  
mic e.  Glycogen c o n t e n t  was d e s c r ib e d  as mg g lu co s e  r e co v ere d  f rom g l y 
cog en/g  t i s s u e .  C o n t r o l  groups r e c e i v e d  o n l y  0 . 9 %  NaCI s o l u t i o n  ( 0 . 5  ml
i . p . )  a t  0 h o u r .  A l l  o t h e r  groups r e c e i v e d  e n d o t o x i n  a t  0 h o u r ,  and in 
a d d i t i o n ,  M-P groups r e c e i v e d  methyl  p r e d n i s o l o n e  a t  t h e  d e s ig n a t e d  hour  
r e l a t i v e  t o  e n d o t o x in  i n j e c t i o n .  N v a l u e s  equal  t h e  t o t a l  number o f  
an i m a l s  r e p r e s e n t e d  by each group.

* A t l  v a l u e s  e x c e p t  t ho s e  marked w i t h  an a s t e r i s k  a r e  s i g n i f i 
c a n t l y  ( p < 0 . 0 5 )  d i f f e r e n t  f rom t h e  En dotox in  group v a l u e s .
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F i g u r e  9.  E f f e c t  o f  methyl  p r e d n i s o l o n e  (M-P,  30 mg/kg,  s . c . )  
on m y o c a r d ia l  ATP c o n t e n t  in E. c o l i  e n d o t o x i n  (10 mg/kg,  i . p . ) - t r e a t e d  
mice.  ATP c o n t e n t  was d es cr ib ed  as ymoles o f  ATP/g t i s s u e .  C o nt ro l  
groups r e c e i v e d  o n ly  0 . 9 $  NaCI s o l u t i o n  ( 0 . 5  m l ,  i . p . )  a t  0 hour .  A l l  
o t h e r  groups r e c e i v e d  e n d o to x in  a t  0 h o u r ,  and in a d d i t i o n ,  M-P groups  
r e c e i v e d  methyl  p r e d n i s o l o n e  a t  t h e  d e s i g n a t e d  hour r e l a t i v e  t o  e n d o t o x in  
i n j e c t i o n .  N v a lu e s  equal  t h e  t o t a l  number o f  an im als  r e p r e s e n t e d  by 
each gro up .  A l l  v a lu e s  which a p p e ar  2 - 1 2  hours a f t e r  e n d o to x in  a r e  
s i g n i f i c a n t l y  ( p < 0 . 0 5 )  d i f f e r e n t  f rom t h e  Endotox in  group v a l u e s .
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i t  r e s t o r e d  m yo card ia l  ATP t o  c o n t r o l  l e v e l s  o r  t o  a le v e l  which was 

s i g n i f i c a n t l y  above t h e  e n d o t o x i n  l e v e l .

En dotox in  a l s o  decre ased  ATP c o n t e n t  in t h e  l i v e r  ( F i g .  10) 

t o  v a lu e s  a p p a r e n t l y  below t h e  s e n s i t i v i t y  o f  t h e  measur ing system.  The 

c o n t r o l  group v a l u e s  v a r i e d  between 1.771 t  0 .201  ymole s /g  and 2 . 4 8 5  ±

0 . 2 0 0  ym o les /g .  As in t h e  myocardium, l i v e r  ATP was e l e v a t e d  t o  t h e  

c o n t r o l  group le v e l  o r  t o  a l e v e l  s i g n i f i c a n t l y  above t h a t  found in t h e  

e n d o t o x in  group m ic e ,  when methyl  p r e d n i s o l o n e  was a d m i n i s t e r e d  b e f o r e ,  

s i m u l t a n e o u s l y  w i t h  o r  a f t e r  e n d o t o x i n .

F i g .  I I  shows t h e  e f f e c t  o f  methyl p r e d n i s o l o n e  on myoca rd ia l  PCr  

c o n t e n t  in mice t r e a t e d  w i t h  e n d o t o x i n .  Endotox in  caused myoca rd ia l  PCr 

v a lu e s  t o  drop s i g n i f i c a n t l y  below t h o s e  found in t h e  c o n t r o l  group  

( 1 . 5 4 2  t  0 . 5 7 5  y m o le s /g  t o  3 . 5 2 7  ± 0 . 2 3 8  y m o l e s / g ) .  When methyl p r e d n i s o 

lone was g iven  b e f o r e ,  s i m u l t a n e o u s l y  w i t h ,  o r  a f t e r  e n d o t o x i n ,  m yo card ia l  

PCr v a lu e s  rose s i g n i f i c a n t l y  above t ho s e  found in t h e  e n d o to x in  group  

and t h e s e  v a lu e s  remained e l e v a t e d  8 hours a f t e r  t h e  a d m i n i s t r a t i o n  o f  

methyl  p r e d n i s o l o n e  in  each g ro u p .

H e a r t  and L i v e r  L a c t a t e / P y r u v a t e  

The e f f e c t  o f  methy l  p r e d n i s o l o n e  on t h e  l a c t a t e / p y r u v a t e  r a t i o  

in t h e  h e a r t  o f  e n d o t o x i n - t r e a t e d  mice is  shown in F i g .  12. Dur ing  t h e  

f i r s t  f o u r  hours a f t e r  e n d o t o x i n ,  t h e  e n d o t o x i n - t r e a t e d  group l a c t a t e /  

p y r u v a t e  r a t i o  was h i g h e r  t h a n  t h a t  o f  t h e  c o n t r o l  g roup .  Th is  r e l a t i o n 

sh ip  was r e v e r s e d ,  however ,  d u r i n g  t h e  l a s t  f o u r  hours .  When methyl  p r e d 

n i s o l o n e  was g iv e n  I hour  b e f o r e ,  s i m u l t a n e o u s l y  w i t h ,  o r  I ,  2 o r  4 hours  

a f t e r  e n d o t o x i n ,  t h e  l a c t a t e / p y r u v a t e  r a t i o  d ecre ased  7 . 8 - 1 8 . 0  u n i t s  below  

t h e  e n d o t o x in  group l e v e l .  T h i s  change was a r e s u l t  o f  a decrease  in t h e
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F i g u r e  10. E f f e c t  o f  methyl p r e d n i s o l o n e  (M-P ,  30 mg /kg,  s . c . )  
on l i v e r  ATP c o n t e n t  in E. c o l i  e n d o t o x in  ( iO  mg/kg,  i . p . ) - t r e a t e d  mice  
ATP c o n t e n t  was d e s c r ib e d  as ymoles o f  ATP/g t i s s u e .  C o nt ro l  groups  
r e c e i v e d  o n l y  0 .9% NaCI s o l u t i o n  ( 0 . 5  m l ,  i . p . )  a t  0 hour .  A l l  o t h e r  
groups r e c e i v e d  e n d o t o x in  a t  0 h o u r ,  and in a d d i t i o n ,  M-P groups r e 
c e i v e d  methyl  p r e d n i s o l o n e  a t  t h e  d e s i g n a t e d  hour  r e l a t i v e  t o  e n d o to x in  
i n j e c t i o n .  N v a lu e s  equal  t h e  t o t a l  number o f  a n i m a l s  r e p r e s e n t e d  by 
each g roup.

A l l  v a lu e s  which appear  2 - 1 2  hours a f t e r  e n d o t o x in  a r e  s i g n i f i  
c a n t l y  ( p < 0 . 0 5 )  d i f f e r e n t  f rom t h e  En dotox in  group v a l u e s .
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F i g u r e  I I .  E f f e c t  o f  methyl  p r e d n i s o l o n e  (M-P ,  30 mg/kg,  s . c . )  
on myocard ia l  p h o s p h o c r e a t i ne (PCr)  c o n t e n t  in  E. c o l i  e n d o t o x i n  (10  mg/ 
kg, i . p . ) - t r e a t e d  mice.  PCr c o n t e n t  was d e s c r i b e d  as umoles o f  PCr /g  
t i s s u e .  C o n t r o l  groups r e c e i v e d  o n l y  0.9% NaCI s o l u t i o n  ( 0 . 5  m l ,  i . p . )  
a t  0 hour .  A l l  o t h e r  groups r e c e i v e d  e n d o t o x in  a t  0 h o u r ,  and in a d d i 
t i o n ,  M-P groups r e c e i v e d  methyl p r e d n i s o l o n e  a t  t h e  d e s i g n a t e d  hour  r e 
l a t i v e  t o  e n d o t o x i n  i n j e c t i o n .  N v a lu e s  equa l  t h e  t o t a l  number o f  a n i 
mals r e p r e s e n t e d  by each group.

A l l  v a l u e s  which appear  2 - 1 2  hours a f t e r  e n d o t o x i n  a r e  s i g n i f i 
c a n t l y  ( p < 0 . 0 5 )  d i f f e r e n t  f rom t h e  Endotox in  group v a l u e s .
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F i g u r e  12, E f f e c t  o f  methyl  p r e d n i s o l o n e  (M-P ,  30 mg, s . c . )  
on m y o ca rd ia l  l a c t a t e / p y r u v a t e  r a t i o  in  E. c o l i  e n d o t o x i n  (10  mg /kg,  
i . p . ) - t r e a t e d  mice.  C o nt ro l  groups r e c e i v e d  o n l y  0 .9% NaCI s o l u t i o n  
( 0 . 5  m l ,  i . p . )  a t  0 hour .  A l l  o t h e r  groups r e c e i v e d  e n d o t o x i n  a t  0 ho u r ,  
and in a d d i t i o n ,  M-P groups r e c e i v e d  methyl p r e d n i s o l o n e  a t  t h e  d e s i g n a t e d  
hour  r e l a t i v e  t o  e n d o to x in  i n j e c t i o n .  Each v a l u e  r e p r e s e n t s  5 - 1 4  a n i m a l s .
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l a c t a t e  c o n t e n t  o f  t h e  myocardium a f t e r  methyl  p r e d n i s o l o n e  was g i v e n .

In t h e  l i v e r  ( F i g .  1 3 ) ,  a more pronounced change due t o  endo

t o x i n  was see n .  The l a c t a t e / p y r u v a t e  r a t i o  2 hours a f t e r  e n d o t o x in  was 

h i g h l y  e l e v a t e d  in t h e  e n d o t o x i n  group ( 3 9 . 5 4 )  when compared t o  t h e  con

t r o l  group ( 7 . 6 5 ) .  Four  hours a f t e r  e n d o t o x in  t h e r e  was l i t t l e  d i f f e r e n c e  

between t h e  two groups and t h e y  p a r a l l e l e d  each o t h e r  o v e r  t h e  r e m a in in g  

8 h o u rs .  In t h e  group in which methyl  p r e d n i s o l o n e  was g iv en  I hour b e f o r e  

e n d o t o x i n ,  t h e  l a c t a t e / p y r u v a t e  r a t i o  dropped f rom 2 7 . 5 2  t o  6 . 2 6  a t  3 hours  

a f t e r  e n d o t o x i n .  The l a c t a t e / p y r u v a t e  r a t i o  decreased f rom 3 9 . 5 4  t o  2 0 . 2 5  

in t h e  0 hour  group a t  2 hours a f t e r  e n d o t o x in  and f rom 2 7 . 5 2  t o  1 0 .3 8  in 

the  +1 hour  group a t  3 hours a f t e r  e n d o t o x i n .  The +2 and +4 hour  groups  

dem onstr at ed  a s m a l l e r  d e c re as e  in t h e  l a c t a t e / p y r u v a t e  r a t i o  f o l l o w i n g  

methyl p r e d n i s o l o n e .  L a c t a t e / p y r u v a t e  r a t i o  in a l l  groups e v e n t u a l l y  rose  

t o  v a lu e s  o f  1 2 .0 6  t o  2 3 . 3 0  8 hours a f t e r  methyl  p r e d n i s o l o n e  was g i v e n .  

C o n t r o l  group and e n d o t o x i n  group l a c t a t e / p y r u v a t e  r a t i o s ,  a f t e r  12 h o u r s ,  

were 2 3 . 3 6  and 2 2 . 1 3 ,  r e s p e c t i v e l y .

E f f e c t s  o f  P r o s t a g l a n d i n  E| on t h e  C a r d i o v a s c u l a r ,  H em a to lo g ica l  

and M e t a b o l i c  Responses t o  Endotox in in Dogs

C a r d i o v a s c u l a r  and H em a to l o g i c a l  Responses  

As seen in  F i g .  14, t h e r e  was no s i g n i f i c a n t  e f f e c t  o f  PGE| on 

t h e  c a r d i o v a s c u l a r  response  t o  e n d o t o x i n  a t  t h e  end o f  2 h o u rs .  The 

i n i t i a l  drop in  s y s t e m i c  a r t e r i a l  p r e s s u r e  and t h e  r i s e  in pulmonary  

a r t e r i a l  p r e s s u r e  seen in t h e  PGE; + e n d o t o x in  group was due t o  t h e  

d i r e c t  e f f e c t  o f  PGE| on t h e  v a s c u l a t u r e  b e f o r e  e n d o t o x in  was g i v e n .  The 

e a r l y  r i s e  in h e a r t  r a t e  was a r e f l e x  change a s s o c i a t e d  w i t h  t h e  PG E | -
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F i g u r e  13. E f f e c t  o f  methyl p r e d n i s o l o n e  (M-P,  30 mg/kg, s . c . )  
on l i v e r  l a c t a t e / p y r u v a t e  r a t i o  in E. c o l i  e n d o t o x i n  (10 mg/kg,  i . p . ) -  
t r e a t e d  m ic e .  C o n t r o l  groups r e c e i v e d  o n l y  0 .9% NaCI s o l u t i o n  ( 0 . 5  m l ,
i . p . )  a t  0 h o u r .  A l l  o t h e r  groups r e c e i v e d  e n d o t o x in  a t  0 ho u r ,  and in 
a d d i t i o n ,  M-P groups r e c e i v e d  methyl  p r e d n i s o l o n e  a t  t h e  d e s ig n a te d  hour  
r e i a t i v e  t o  e n d o t o x i n  i n j e c t i o n .  Each v a i u e  r e p r e s e n t s  5 -1 4  a n i m a l s .
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F i g u r e  14. E f f e c t  o f  p r o s t a g l a n d i n  E| on c a r d i o v a s c u l a r  r e 
sponses t o  E. c o l i  e n d o to x in  in dogs.  The param ete rs  s t u d i e d  were  
h e a r t  r a t e  (HR ) ,  s y s te m ic  a r t e r i a l  p r e s s u r e  (SAP) ,  pulmonary a r t e r i a l  
p r e s s u r e  (PA P) ,  l e f t  a t r i a l  p r e s s u r e  (LAP) and r i g h t  a t r i a l  p r e s s u r e  
(RAP).  N v a l u e s  equal  t h e  t o t a l  number o f  an im als  r e p r e s e n t e d  by each  
e x p e r i m e n t a l  group.
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induced drop in s y s te m ic  a r t e r i a l  p r e s s u r e .  Pulmonary a r t e r i a l  p re s s u r e  

increase d  s h a r p l y  o v e r  c o n l r o l  v a lu es  f o l l o w i n g  u n d o l o x i n  and Ihon g r a d 

u a l l y  d e c l i n e d  t o  a le v e l  below c o n t r o l .  PGE| ,  however ,  caused an 

e l e v a t e d  pulmonary a r t e r i a l  p r e s s u r e .  When e n d o t o x in  was g i v e n ,  t h e  

p re ss ur e  dropped below c o n t r o l  r e s u l t i n g  in an r e a o t i o n  o p p o s i t e  t o  t h a t  

seen w i t h  e n d o t o x i n  a l o n e .  A f t e r  40 min ,  t h e  PGE] + e n d o t o x in  and t h e  

en d o to x in  groups were a t  t h e  same le v e l  below c o n t r o l .

PGEI i n f u s i o n  had no e f f e c t  on t h e  h e m a t o c r i t ,  p l a t e l e t  count  

o r  b lood plasma pH in dogs 4 hours a f t e r  t h e y  were t r e a t e d  w i t h  e n d o t o x in  

( F i g .  1 5 ) .  A s i g n i f i c a n t  d i f f e r e n c e  was seen in t h e  w h i t e  b lood c e l l  

count ,  however ,  between t h e  e n d o t o x i n - t r e a t e d  a n i m a l s  and tho se  which  

a I so re ce  i ved PGE j .

M e t a b o l i c  Responses  

Blood g lu c o s e  l e v e l s  r e t u r n e d  t o  c o n t r o l  v a l u e s  in t h e  PGE|-  

t r e a t e d  a n i m a l s  2 hours a f t e r  e n d o to x in  ( F i g .  1 6 ) .  As shown in t h e  same 

f i g u r e ,  t h e  plasma l a c t a t e  c o n c e n t r a t i o n  in  p r o s t a g l a n d i n  E | - t r e a t e d  dogs 

was unchanged f rom t h e  e n d o to x in  group v a l u e s  a t  t h e  end o f  2 hours .

Plasma c o n c e n t r a t i o n  o f  f r e e  f a t t y  a c id s  ( F i g .  17) d ec re as ed  s i g n i f i c a n t l y  

below t h e  c o n t r o l  group le ve l  I hour  a f t e r  e n d o t o x i n  in t h e  end o to x in  

group,  b u t  t h e r e  was no change in t h e  c o n c e n t r a t i o n  o f  p h o s p h o l ip id s  

in any o f  t h e  groups t h r o u g h o u t  t h e  two hours a f t e r  e n d o t o x in  i n j e c t i o n s .

E f f e c t  o f  Methyl  p r e d n i s o l o n e  on t h e  M e t a b o l i c  

D e g r a d a t i o n  o f  P r o s t a g l a n d i n  Ej in t h e  

Lung o f  Endotoxemic Rats  

In t h e  c o n t r o l  a n i m a l s ,  which r e c e i v e d  no e n d o t o x i n  o r  d ru g ,  81?
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F i g u r e  15. 
responses t o  c o l i  
v i a t e d  WBC. C o n t r o l

E f f e c t  o f  p r o s t a g l a n d i n  E| (PGE|)  on h e m a t o l o g i c a l  
e n d o t o x i n  in dogs.  W h i te  b lood c e l l  c o u n t  is  abbre -  
N = 6 , E ndotox in  N = 12 and PGEj + E n d o t o x in  N = 10.
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F i g u r e  16. E f f e c t  o f  p r o s t a g l a n d i n  Ej ( P G E | ) i n f u s i o n  ( I  u g / k g /  
m i n . ,  i . v . )  on b lo od  l a c t a t e  and g lu c o s e  c o n c e n t r a t i o n  in dogs t r e a t e d  
w i t h  E. c o l i  e n d o t o x i n  ( 0 . 3 5  mg/kg ,  b o l u s ,  I . V . )  20 min a f t e r  PGE| i n 
f u s i o n  was s t a r t e d .  C o n t ro l  N = 6 , E n d o tox in  N = 12 E n d o tox in  + PGEj N = 
10. L a c t a t e  and g l u c o s e  c o n c e n t r a t i o n s  were d e s c r i b e d  as mg l a c t a t e  o r  
g l u c o s e / 1  GO ml b l o o d .
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F i g u r e  17. E f f e c t  o f  p r o s t a g l a n d i n  E| (PGEj)  i n f u s i o n  ( I  y g /  
k g / m i n . ,  i . v . )  on blood  f r e e  f a t t y  a c i d  (FFA) and p h o s p h o l i p i d  concen
t r a t i o n  in dogs t r e a t e d  w i t h  E. c o l i  e n d o to x in  ( 0 . 3 5  mg/kg ,  b o l u s ,  i . v . )  
20 min a f t e r  PGEI i n f u s i o n  was s t a r t e d .  C o n t r o l  N = 6 , E n d o tox in  N = 12 
and End otoxin  + PGE| N = 10. P h o s p h o l i p i d  c o n c e n t r a t i o n  was d e s c r ib e d  as 
mg p h o s p h o l i p i d / 1 0  ml b lood and FFA c o n c e n t r a t i o n  was d e s c r i b e d  as y e q u i -  
v a l e n t s  f a t t y  a c i d s / l i t e r  b lo o d .
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o f  t h e  ^H-PGE| a p p l i e d  t o  t h e  i n c u b a t i o n  medium was d e s t ro ye d  by p r o s t a -  

g-iandin dehydrogenase w i t h i n  5 min and 88^ was d e s t r o y e d  w i t h i n  15 min 

( F i g .  18 ) .  in a n i m a l s  t r e a t e d  w i t h  e n d o t o x i n ,  t h i s  process was im pa ired  

and o n l y  2 0 %  o f  t h e  ^h-PGE] was m e t a b o l i z e d  in  5 min and 2 6 %  was m e ta b o l i z e d  

by 15 min.  When methyl  p r e d n is o lo n e  was g i v e n  t o  r a t s  I hour  b e f o r e  endo

t o x i n ,  t h e  amount o f  ^H-PGE| i n a c t i v a t e d  in  t h e  lung homogenate in c rea se d  

s i g n i f i c a n t l y  t o  50^ a t  5 min and t o  6 1 > %  a t  15 min.
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F i g u r e  18. E f f e c t  o f  methyl p r e d n i s o l o n e  (50 m g /k g ,  s . c . )  on 
d e g r a d a t i o n  o f  3h p r o s t a g l a n d i n  El (^ H -P G E l ) in lungs in v i t r o  o f  E.  
c o l i  e n d o t o x in  (10 mg/kg ,  i . p . ) - t r e a t e d  r a t s .  Amount o f  3 h -PGE|  was 
measured b e f o r e  i n c u b a t i o n  was begun and 5 and 15 min a f t e r  i t s  s t a r t .  
Each group r e p r e s e n t e d  4 r a t s .

*p<O.OI
**p<O.OOI



CHAPTER IV 

DISCUSSION

The s t u d i e s  r e p o r t e d  in t h i s  d i s s e r t a t i o n  were u n d ert aken  t o  

examine t h e  c a p a b i l i t i e s  o f  methyl  p r e d n i s o l o n e  sodium s u c c i n a t e  and 

p r o s t a g l a n d i n  Ej t o  p r e v e n t  t h e  o n s e t  o f  e n d o t o x i n  shock and t o  change  

i t s  c o u r s e .  A new e n d o t o x i n  shock animal  m ode l ,  t h e  mouse, was developed  

t o  s tu d y  t h e  e f f e c t s  o f  methyl  p r e d n i s o l o n e  on l e t h a l i t y  and on blood  and 

t i s s u e  l e v e l s  o f  s e l e c t e d  m e t a b o l i t e s  a f t e r  e n d o t o x i n .  I t  was nec es s ary  

i n i t i a l l y  t o  e s t a b I i s h  t h e  I e t h a l i t y  o f  t h e  ^  c o l i  e n d o t o x i n  in t h e  m ic e .  

In o r d e r  t o  e v a l u a t e  t h e  p h a rm a c o l o g i c a l  e f f i c a c y  o f  methyl p r e d n i s o l o n e ,  

s u r v i v a l  s t u d i e s  were conducted  w h e re in  t h e  drug was a d m i n i s t e r e d  a t  

v a r i o u s  t i m e s  b e f o r e  and a f t e r  e n d o t o x i n .  C l o s e r  e v a l u a t i o n  o f  t h e s e  

e f f e c t s  was acc om pl ish ed  by measur ing s e l e c t e d  m e t a b o l i t e s  d u r i n g  t h e  

course o f  e n d o t o x i n  shock and i t s  t r e a t m e n t .  The t i s s u e  t r e a t m e n t  p ro 

cedures  and t h e  m e t a b o l i t e  assays were s ta n d a r d  methods adapted  f rom t h e  

l i t e r a t u r e .  The e f f e c t  o f  p r o s t a g l a n d i n  E| on e n d o t o x i n  shock was t e s t e d  

on t h e  c l a s s i c a l  hemodynamic and m e t a b o l i c  responses o f  t h e  dog t o  endo

t o x i n .  A c l o s e r  look a t  t h e  i n t e r a c t i o n s  o f  p r o s t a g l a n d i n  E| and endo

t o x i n  was a ccom pl is hed  by i n d i r e c t l y  meas ur in g  t h e  r e l a t i v e  p r o s t a g l a n d i n  

dehydrogenase (PGDN) a c t i v i t y  in t h e  lung f o l l o w i n g  e n d o t o x i n  and m e t h y l -  

p r e d n i s o l o n e  a d m i n i s t r a t i o n .

6 2
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E f f e c t  o f  Methyl  p r e d n i s o l o n e  on t h e  L e t h a l i t y  o f  Endotoxemic Mice  

A c o n s i s t e n t  p e r c e n t a g e  o f  l e t h a l i t y  was found among a l a r g e  

number o f  mice when E. c o l i  e n d o t o x in  was a d m i n i s t e r e d  ( F i g .  3 ) .  Endo

t o x i n  (10 mg /k g ,  i . p . )  produced a 60? l e t h a l i t y  (LOgg) in which most  

an im als  d i e d  between 6 and 24 hours a f t e r  e n d o t o x i n  a d m i n i s t r a t i o n .  T h i s  

dose o f  e n d o t o x i n  in mice w i l l  p r o v i d e  a u s e f u l  c o n t r o l  f o r  s tu d y i n g  t h e  

p r o t e c t i v e  and t h e r a p e u t i c  v a l u e  o f  drugs such as methyl  p r e d n i s o l o n e  

( F i g .  5 ) .  F u r t h e r ,  i t  w i l l  p r o v i d e  a good model f o r  s tu d y i n g  t h e  mech

anism o f  i r r e v e r s i b l e  e n d o t o x i n  shock as w e l l  as t h e  r e v e r s a l  o f  such 

shock s t a t e s .  A h i g h e r  dose o f  e n d o t o x i n  (30  mg/kg,  i . p . )  produced a 

g r e a t e r  l e t h a l i t y  in mice ( 8 7 ? ) ,  as seen in  F i g .  3.  However ,  p r e t r e a t 

ment w i t h  methyl  p r e d n i s o l o n e  (30 mg/kg ,  s . c .  and 150 mg/kg,  s . c . )  r e 

s u l t e d  in a d r a m a t i c  p r o t e c t i o n  f rom t h e  l e t h a l  e f f e c t s  o f  t h i s  dose o f  

e nd o to x in  ( F i g .  4 ) .  A 100 mg/kg dose o f  e n d o t o x i n  appeared t o  be to o  

la rg e  a dose t o  be u se fu l  in t h e r a p e u t i c  s t u d i e s .

Methyl  p r e d n i s o l o n e  had a marked p r o t e c t i v e  e f f e c t  on mice when 

given I hour  b e f o r e  E. c o l i  e n d o t o x in  o r  s i m u l t a n e o u s l y  w i t h  E. c o l i  

e nd o to x in  ( F i g .  4 and 5 ) .  A f t e r  e n d o t o x i n ,  t h e  s m a l l e r  dose o f  m e t h y l -  

p r e d n i s o l o n e  (30  mg/k g ,  s . c . )  improved t h e  s u r v i v a l  r a t e  o f  endotoxemic  

mice.  The l a r g e r  dose o f  methyl  p r e d n i s o l o n e  (150  mg/kg,  s . c . ) ,  however ,  

had no e f f e c t  on s u r v i v a l  when g iv e n  I and 4 hours a f t e r  e n d o t o x i n ,  and 

i t  a c t u a l l y  decre as ed  s u r v i v a l  when g iv e n  2 hours a f t e r  e n d o t o x i n .  The  

reason f o r  t h i s  e f f e c t  i s  u n c l e a r ,  b u t  i t  seems t o  be r e l a t e d  t o  t h e  s t a g e  

o f  shock d u r i n g  which t h e  drug is  a d m i n i s t e r e d .

P r e v i o u s l y ,  s e v e r a l  work ers  r e p o r t e d  t h e  p r o t e c t i v e  e f f e c t  o f  

g l u c o c o r t i c o i d s  in s e p t i c  shock.  In e a r l i e r  work w i t h  dogs,  p r e t r e a t m e n t
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w i t h  c o r t i s o l  in l a r g e  doses had f a v o r a b l e  e f f e c t s  on m o r t a l i t y  o f  t h e  

an im a ls  (Li I le h e i  and M ac le a n ,  1959). S i m i l a r  r e s u l t s  were a l s o  r e p o r te d  

w i t h  c a t s  and mice (Ka d o w it z  and Y a r d ,  1970; B e r r y  e t  , 1959). Hinshaw 

and c o - w o r k e r s  (1967) found a s l i g h t l y  h i g h e r  p e r c e n t a g e  o f  s u r v i v a l  in 

dogs when methyl  p r e d n i s o l o n e  (20  mg/kg,  i . v . )  was g iv e n  15 min a f t e r  an 

LDso dose o f  e n d o t o x i n .  Thomas and Brockman (1968) a l s o  r e p o r t e d  a pro 

t e c t i v e  e f f e c t  o f  methyl  p r e d n i s o l o n e  in e n d o t o x i n - t r e a t e d  dogs. They d id  

n o t  f i n d  enhanced s u r v i v a l  when methyl  p r e d n i s o l o n e  t r e a t m e n t  was s t a r t e d  

a f t e r  e n d o t o x i n ,  however .  The r e s u l t  o f  p r e t r e a t m e n t  w i t h  methyl  p r e d n i 

so lon e  on t h e  m o r t a l i t y  o f  endotoxe m ic  mice as i t  i s  r e p o r te d  in t h e  p r e 

s e n t  s tu d y  is  in agreement  w i t h  e a r l i e r  work by o t h e r  i n v e s t i g a t o r s .

Since  t h e  r e s u l t s  o f  t h e  c u r r e n t  s tu d y  a l s o  showed a marked t h e r a p e u t i c  

e f f e c t  o f  methyl  p r e d n i s o l o n e  on endotoxe m ic  m i c e ,  t h i s  work a l s o  adds 

s u p p o r t  t o  r e p o r t s  by o t h e r  i n v e s t i g a t o r s  o f  a s i g n i f i c a n t  t h e r a p e u t i c  

e f f e c t  o f  p r e d n i s o l o n e  in mice ( W e i l ,  1962)  o f  h y d r o c o r t i s o n e  in  p a t i e n t s  

(Weil  e t  , 1964; Rigby and C h r i s t y ,  1968) and e s p e c i a l l y  o f  m e t h y l -  

p r e d n i s o l o n e  In p a t i e n t s  (Motsay e t  a l . ,  1970,  1 9 7 2 ) .  However,  p r e c i s e  

e v a l u a t i o n  o f  t h e  t h e r a p e u t i c  e f f e c t s  o f  methyl p r e d n i s o l o n e  cannot  be 

c a r r i e d  o u t  in p a t i e n t s .

U s u a l l y ,  a d u l t  mongrel dogs o r  p r i m a t e s  a r e  employed f o r  d e t e r 

m in ing  t h e  p h a rm a c o l o g i c a l  e f f i c a c y  o f  a drug in e n d o t o x i n  shock,  but  a 

problem e x i s t s  t h e r e  t o o .  Dogs, e s p e c i a l l y ,  have been found t o  be an 

u n r e l i a b l e  animal model f o r  e n d o t o x in  shock s t u d i e s  as r e p o r te d  by F in e  

( 1 9 6 6 ) .  In t h e  s t u d i e s  he r e p o r t e d ,  which i n v o l v e d  s e v e r a l  groups o f  

i n v e s t i g a t o r s  w o rk in g  on r e l a t e d  p ro b le m s ,  t h e  s u r v i v a l  o f  9 groups o f  

e n d o t o x i n - t r e a t e d  dogs ranged f rom 0^ t o  50?. D e s p i t e  c a r e f u l  c o n t r o l
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s t u d i e s ,  i t  was d i f f i c u l t  t o  d e f i n e  LD50 o r  LDso doses o f  a s i n g l e  batch  

o f  e n d o to x in  due t o  t h e  v a r i a b i l i t y  o f  i n d i v i d u a l  dogs and o f  d i f f e r e n t  

breeds o f  dogs. In o r d e r  t o  e x t e n s i v e l y  s tu d y  a p ro b le m ,  i t  is  n eces sary  

t o  use a n i m a l s  which e x h i b i t  a c o n s i s t e n t  response t o  t h e  same c o n d i t i o n .

In t h e  p r e s e n t  s t u d y ,  mice appear  t o  be c o n s i d e r a b l y  more c o n s i s t e n t  in 

t h e i r  response t o  e n d o t o x i n  than dogs and,  t h e r e f o r e ,  t h e y  may become a 

v a l u a b l e  e x p e r i m e n t a l  shock model f o r  s u r v i v a l  and m e t a b o l i c  s t u d i e s .

E f f e c t s  o f  M ethyl  p r e d n i s o l o n e  on M e t a b o l i c  Responses  

To Endotox in in Mice  

A sharp  dec re as e  in  b lood g lu cose  c o n c e n t r a t i o n  f o l l o w i n g  endo

t o x i n  in mice was shown in  t h i s  s tudy ( F i g .  6 ) .  E a r l y  work w i t h  hemor

rh a g i c  shock ( B e r n a r d ,  1877)  r e v e a l e d  a h y p e r g ly c e m ia  as d id  e xp er im e n ts  

w it h  b a c t e r i a l  suspens ions  t o  produce shock in r a b b i t s  (Menten and 

Manning, 1924 and Zeckwer  and Goode I I ,  192 5 ) .  Del a f i e l d  ( 1 9 3 2 ) ,  however ,  

a l s o  a d m i n i s t e r i n g  b a c t e r i a l  suspensions t o  r a b b i t s ,  r e p o r t e d  a prompt  

f a l l  o f  b lood g lu co s e  t o  hypoglycemic l e v e l s .  F i n a l l y ,  Wiggers (1 9 50 )  

s t r e s s e d  t h e  im port ance  o f  i d e n t i f y i n g  t h e  phases o r  s ta g es  an animal  

passes t h r ou g h  in e v e r y  in s ta n c e  o f  f a t a l  shock.  T h i s  is  i m p o r ta n t  in  

o r d e r  t o  r e l a t e  t h e  hemodynamic and b io chem ic a l  changes which o cc u r  as  

shock p r o g r e s s e s .  Recent  work has shown a h y p e r g l y c e m i c  response t o  

en d o to x in  (Rangel  197 0 ) ,  hemorrhage (Coran e ^  £ j _ . ,  1971) and

trauma (Carey e t  £ l _ . , 1 9 7 0 ) .  However,  when W i g g e r s '  c o n s i d e r a t i o n s  a r e  

a p p l i e d ,  i t  i s  a p p a r e n t  t h a t  t h e  h y p e rg ly ce m ia  in  each case is  e i t h e r  

m i l d  o r  t e m p o r a r y .  O t h e r  i n v e s t i g a t o r s  have d e s c r i b e d  more c l e a r l y  t h e  

i n i t i a l  h y p e r g ly c e m ia  f o l l o w e d  by a pro found hypog ly cem ia  which c h a r a c t e r i z e s
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e nd o to x in  shock (Berk  e t  1970; Wi I I  i amson e t  £ | _ . , 1 9 7 0 ) ,  hem or rh ag ic

shock (CowIey et_ , I 9 60 ;  Haimagyi e t  £ l _ . , 1966; M o f f a t  e t  £ l _ . , 1968;

Bauer e t  a l . ,  1969,  b; Beck e t  a j_ , , 1970)  and t o u r n i q u e t  shock ( S t o n e r  

and T h r e f a l l ,  I 9 6 0 ) .  The p r e s e n t  work agr ees  w i t h  t h i s  g en era l  p i c t u r e  

o f  hypoglyce mia  in t h e  advanced s ta g e  o f  shock.

The i n i t i a l  i n c r e a s e  in b lood g lu co s e  c o n c e n t r a t i o n  has been 

p r i m a r i l y  a t t r i b u t e d  t o  h e p a t i c  g l y c o g e n o l y s i s  caused by c i r c u l a t i n g  

e p i n e p h r i n e  which was r e l e a s e d  r e f l e x l y  f rom t h e  a dr en a l  m e d u l la  ( E l l i s  

ej^ £ l _ . , 1956; S t o n e r  and T h r e f a l l ,  I 9 6 0 ;  Levensen e t  » 1961; Bauer  

£ t  , 1969,  a ) .  I n s u l i n  does n o t  respond t o  a r i s e  in  b lood  g lu c o s e  

d u r in g  e l e v a t e d  c a t e c h o l a m i n e s  in t h e  c i r c u l a t i o n  (Haimagyi  e t  , 1965)  

o r  d u r in g  h y p o x ia  (Baum and P o r t e ,  1972)  i n s u r i n g  t h e  m ain tenance  o f  

h y p e r g l y c e m i a .  O t h e r  f a c t o r s  which can be c o n s id e r e d  t o  a f f e c t  b lood  

glucose  v i a  e p i n e p h r i n e  a r e  a dec re ase  in g lu co s e  d e l i v e r y  t o  t h e  p e r i 

phery caused by v a s o c o n s t r i c t i o n ,  a d i r e c t  i n h i b i t i o n  o f  c e l l u l a r  up ta ke  

o f  g lu co se  and an i n h i b i t i o n  o f  i n s u l i n  p r o d u c t i o n  by p a n c r e a t i c  g c e l l s  

(Kinney e t  a l . ,  1 9 7 0 ) .  Hyperg ly cem ia  was n o t  seen in t h i s  s t u d y ,  because  

blood samples were n o t  t aken  u n t i l  2 hours a f t e r  e n d o t o x i n ,  a t  which t i m e  

t h e  t r a n s i t i o n  f rom h y p e rg ly ce m ia  t o  h yp og lyce mia  may have a l r e a d y  o c c u r r e d  

(Haimagyi e t  , 1966;  Berk e t  £ j _ . , 1970;  W i l l i a m s o n  e t  a l . ,  1 9 7 0 ) .  The  

o n s e t  o f  h ypog ly cem ia  r e f l e c t s  t h e  e a r l y  d e p l e t i o n  o f  h e p a t i c  g ly cogen  

s t o r e d  by c a t e c h o l a m i n e  r e l e a s e  and t h e  subsequent  up ta ke  o f  g lu c o s e  by 

ischemic  t i s s u e  (Bauer  e t  ^ . ,  1969; V i g a s e f £ j _ . , 1971; F i l k i n s ,  1 9 7 3 ) .

A d e f e c t  in  h e p a t i c  g Iucon eogenesis  is  p r o b a b l y  r e s p o n s i b l e  f o r  t h e  p e r s i s t 

e n t  hyp oglyce mia  which leads t o  death (LaNoue,  Mason and B e c k e l ,  1968;  

LaNoue, Mason and D a n i e l s ,  1968;  Shands e t  a l . ,  1 96 9 ) .  W i l l i a m s o n  and
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co -w o rk ers  ( 1 9 7 0 ) ,  us ing  a per fu s ed  r a t  l i v e r  p r e p a r a t i o n  f rom h yp o g ly 

ce m ic ,  end otoxe mic  r a t s  found e l e v a t e d  f r u c t o s e - 1, 6 - d i p h o s p h a t e  g l u c o 

neogenic  l e v e l s ,  which w i l l  e f f e c t i v e l y  b lo c k  g Iu c o n e o g e n e s is .  They a l s o  

found depressed f r u c t o s e - 6-phospha te  and g l u c o s e - 6- p h o s p h a t e  l e v e l s .  

Decreased c o n c e n t r a t i o n  o f  t h e s e  i n d i c a t e s  a c t i v a t i o n  o f  p h o s p h o f r u c to -  

k i n a s e .  F u r t h e r m o r e ,  decreased g I u c o s e - 6 -p h o s p h a t e  r e s u l t s  in a c t i v a t i o n  

o f  h ex o k i n a se ,  t h e r e b y  u t i l i z i n g  g lu cose  ( K u b l e r  and Sp ieckermann,  197 0 ) .

Methyl  p r e d n i s o l o n e  p r o t e c t e d  t h e  mice which were p r e t r e a t e d  

w i t h  t h i s  drug f rom t h e  e n d o t o x i n - i n d u c e d  drop in  b lood  g l u c o s e .  In t h e  

group which r e c e i v e d  methyl p r e d n i s o l o n e  2 hours a f t e r  e n d o t o x i n ,  b lood  

g lu co se  in c rea se d  t o  c o n t r o l  l e v e l s  f o l l o w i n g  a d m i n i s t r a t i o n  o f  t h e  dru g .

The observed blood g lu c o s e  in c rea se  was p r o b a b l y  due t o  an i n h i b i t i o n  o f  

p e r i p h e r a l  u t i l i z a t i o n  o f  g lucose and t o  a p romot ion  o f  g Iuconeogenes is  

( B r i t t o n  and S i l v e t t e ,  1931; B err y  e t  £ l _ . , 1959;  Levenson e t  £ l _ . , 1961;

Novak e t  a l . ,  1 9 7 0 ) .  P r i th a m  (19 58 )  r e p o r t e d  t h a t  c o r t i s o l  promotes de

a m in a t io n  o f  amino a c i d s  t o  g lu co se  and in c r e a s e s  t h e  a c t i v i t i e s  o f  g l u 

con eogenic  and g l y c o g e n i c  enzymes in t h e  l i v e r ,  i . e . ,  phosphoenoI p y r u v a t e  

c a r b o x y k i n a s e ,  g l u co s e -5 -p h o sp h a ta se  and g ly co g en  s y n t h e t a s e .  Ashmore and 

Weber ( 1 9 6 8 )  a l s o  saw in crease d  g l u c o s e - 5 - p h o s p h a t a s e  a c t i v i t y  as w e l l  as 

in c rea se d  f r u c t o s e - I , 5 - d i p h o s p h a t a s e  in t h e  l i v e r  f o l l o w i n g  g l u c o c o r t i c o i d s ,  

The blood g lu c o s e  c o n c e n t r a t i o n  in two e x p e r i m e n t a l  groups (M-P +1 and 

M-P + 4 )  d id  n o t  respond t o  methyl  p r e d n i s o l o n e  t r e a t m e n t ,  and blood g lu cose  

c o n c e n t r a t i o n s  in a l l  methyl  p r e d n i s o l o n e - t r e a t e d  mice e v e n t u a l l y  d e c l i n e d  

t o  Endotox in  group l e v e l s .  Cont inued  t i s s u e  is chemia  and hig h  l e v e l s  o f  

g lu co s e  u p ta k e ,  a c c e l e r a t e d  by i n s u l i n  r e l e a s e  once c a tec h o l am i n e s  were  

d e p l e t e d ,  may have c o n t r i b u t e d  t o  t h e  c o n t in u e d  h y p o g ly ce m ia .  A l s o ,  s in ce



68

h ig h  l e v e l s  o f  l a c t a t e  were o b s e r v e d ,  t h e  subsequent  m e t a b o l i c  a c i d o s i s  

may have Im p a i re d  h e p a t i c  m e ta b o l is m .

I t  Is  e v i d e n t  In t h i s  s tu d y  t h a t  g ly cogen  c o n t e n t  In t h e  h e a r t  

and l i v e r  f e l l  s h a r p l y  f o l l o w i n g  e n d o t o x i n  I n j e c t i o n  In mice ( F i g .  7 ,  8 ) .  

T h i s  f i n d i n g  agr ee s  w i t h  th o s e  o f  o t h e r  I n v e s t i g a t o r s  who found a g l y c o 

gen d e p l e t i o n  f o l l o w i n g  e n d o t o x i n  a d m i n i s t r a t i o n  ( D e l a f l e l d ,  1932;  B er r y  

e t  £ j _ . , 1959;  Hamosh and S h a p i r o ,  I 9 6 0 ;  Lundsgaard-Hansen e t  a j _ . , 1 9 7 2 ) .  

Bauer  and c o - w o r k e r s  ( 1 9 6 9 ) ,  s t u d y i n g  e x p e r i m e n t a l  h em orrh ag ic  shock  

r e p o r t e d  s i m i l a r  f i n d i n g s ,  as d i d  s e v e r a l  e t h e r  I n v e s t i g a t o r s  who exam

ined u l t r a s t r u c t u r a l  changes In t h e  l i v e r  f o l l o w i n g  e n d o t o x i n  ( B o l e r  and 

B I b l g h a u s ,  1967;  S t e w a r t ,  1 9 7 0 ) .  The c o n t r o l  group glycogen  c o n t e n t  v a l 

ues v a r i e d  o v e r  t h e  1 2 -h o u r  e x p e r i m e n t a l  p e r i o d .  T h is  may be a ccou n ted  

f o r  by t h e  normal d i u r n a l  f l u c t u a t i o n  o f  g lycogen  c o n t e n t  In t h e  h e a r t  

and l i v e r  In n o c t u r n a l  a n i m a l s  such as m ic e .  Thomas and Meyer  ( 1 9 6 1 )  

found d i u r n a l  peaks a t  12 :00  noon and 12 :00  m i d n i g h t  when measur ing  

c a r d i a c  g ly co g en  In t h e  mouse and t h e i r  low v a lu e s  f e l l  a t  8 : 0 0  a .m .  and 

4 : 0 0  p.m.  I t  would a pp e ar  t h a t  one h e a r t  and l i v e r  g lycogen peak In  t h i s  

stu dy  o c c u r r e d  a t  8 - 1 0  a .m .  (The  c o n t r o l  mice were I n j e c t e d  w i t h  0 .9%  

s a l i n e  a t  6 a . m . )  F u r t h e r m o r e ,  a d e f i n i t e  low appears  a t  2 p .m.  The  

sam pl ing  p ro ce d u re  used In t h i s  s tu d y  Is  n o t  c o m p a t i b l e  w i t h  an e a r n e s t  

a p p r a i s a l  o f  t h e  d i u r n a l  f l u c t u a t i o n s  in t i s s u e  glycogen  c o n t e n t  a nd ,  

t h e r e f o r e ,  no c o n c lu s i o n s  can be made In t h i s  r e g a r d .  The g e n e r a l  p a t t e r n  

o f  g ly co g en  f l u x ,  however ,  does f i t  t h e  d e s c r i p t i o n  r e p o r t e d  by Thomas 

and Mey er .

The d e p l e t i o n  o f  g ly co g en  has been a t t r i b u t e d  t o  g l y c o g e n o l y s i s  

s t i m u l a t e d  by t h e  r e l e a s e  o f  e p i n e p h r i n e  f rom t h e  a d r en a l  m e d u l l a  e a r l y
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in e n d o t o x in  shock ( E l l i s ,  1956; Levenson e t  , 1961;  Bauer e t  a l . ,

1969, a ;  Kinney e t  £ j _ . , 1 9 7 0 ) .  Hamosh and S h a p i r o  ( I 9 6 0 )  r e p o r t e d  an i n 

c r e a s e  in l i v e r  and muscle  phosphory Iase  k i n a s e  a c t i v i t y  and phosphory -  

l ase  2  a c t i v i t y ,  which acc ounted  f o r  t h e  e l e v a t e d  g l y c o g e n o l y s i s  in 

muscle and l i v e r  o f  end o to xem ic  r a t s .  In t h e i r  s t u d y ,  t h e  e n d o t o x in  

produced a c o n v e r s io n  o f  p r a c t i c a l l y  a l l  p h o sp h o ry I as e  t o  t h e  a c t i v e  

form.  Under normal c o n d i t i o n s ,  a lm o st  no p h o sp h o ry I as e  is  in t h e  a c t i v e  

form ( W o l I e n b e r g e r  and Kra use ,  196 3 ) .  In shock syndromes t h e  r e a c t i o n  

f o r  t h e  a c t i v a t i o n  o f  pho sp h o ry las e  beg in s  w i t h  adenyl  c y c l a s e  s t i m u l a t i o n  

m o s t ly  by e p i n e p h r i n e .  ATP is  c o n v e r t e d  t o  a d e n o s in e  3 ' , 5 ' - p h o s p h a t e ,  

which s t i m u l a t e s  t h e  c o n v e r s i o n  o f  n o n - a c t i v a t e d  p h o sphory Iase  _b k i n a s e  

t o  a c t i v a t e d  p h o sp h o ry i as e  ^  k i n a s e .  The a c t i v a t e d  k i n a s e ,  th e n  promotes  

t h e  a c t i v a t i o n  o f  t h e  p h o s p h o r y I a s e ,  i t s e l f ,  f rom t h e  ^  form t o  t h e  a c t i v e  

2  form.  Phosphory I ase ^  c a t a l y z e s  t h e  r e a c t i o n :  Glycogen + Pi ->■ G lu c o s e -

I -P h o s p h a te  (Green and C o r i , 1943; Krebs £ t  £ l _ . , 1966;  Bowness, 1 9 6 6 ) .

The p r e c i s e  b io ch e m ic a l  mechanism r e s p o n s i b l e  f o r  t h e  m e t a b o l i c  

a l t e r a t i o n s  caused by e n d o t o x i n  remains unknown. However ,  i t  is  known 

t h a t  e n d o t o x in  causes t h e  r e l e a s e  o f  lysosomal enzymes f rom l e u k o c y t e s  and 

p l a t e l e t s  l o c a l i z e d  in t h e  lung (Massion et_ aj_. » 1972; Wi lson  e t .  £]_• » 1972,  

a , b )  and f rom t h e  l i v e r  ( J a n o f f  e t  , 1962;  Weissman and Thomas, 1 96 2 ) .  

The massive r e l e a s e  o f  t h e s e  enzymes i n t o  t h e  g e n e r a l  c i r c u l a t i o n  may be 

d i r e c t l y  r e s p o n s i b l e  f o r  c e l l u l a r  damage which co u ld  i m p a i r  m e t a b o l i c  

f u n c t i o n  (W i l son  e t  aj . -  » 1972 a ,  b ) .  In a d d i t i o n ,  t h e  lysosomal enzymes 

r e l e a s e d  by e n d o t o x i n  may s t i m u l a t e  t h e  r e l e a s e  o f  k i n i n s ,  c au s i n g  hypo

t e n s i o n  and c a p i l l a r y  l e a k a g e ,  t h e r e b y  p ro d u c in g  a t i s s u e  h yp o x ia  which  

co u ld  a l s o  i m p a i r  m e t a b o l i c  p ro ce ss e s .  Lundsgaard-Hansen and c o - w o r k e r s
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( 1 9 7 2 ) ,  work ing w i t h  e n d o t o x i n - t r e a t e d  r a b b i t s ,  e v a l u a t e d  t h e  m e ta b o l ic  

changes in t h e  h e a r t  and l i v e r  as t h e y  were r e l a t e d  t o  t h e  progress o f  

e n d o to x in  shock.  They conc luded t h a t  t h e  t y p i c a l  d e p r e s s io n  in g lycogen  

and g l u c o s e ,  e l e v a t i o n  in l a c t a t e  and l a c t a t e / p y r u v a t e  r a t i o  a lo ng  w i t h  

o t h e r  changes seen in e n d o t o x in  shock a re  p r o b ab ly  a r e f  l e c t i o n  o f  p r o 

g r e s s i v e  h y p o x ia .  O t h e r  i n v e s t i g a t o r s  have r e p o r t e d  a r a p i d  d e c l i n e  o f  

c a r d i a c  g lycogen l e v e l s  d u r in g  a n o x ia  (Conn e t  , 1959; Michal  e t  a l . ,  

1959; K l a r w e i n e t  £ j _ . , 196 1 ) .  Glycogen ,  because o f  i t s  p r o fu s e  d i s t r i 

b u t i o n ,  c o n s t i t u t e s  by f a r  t h e  l a r g e s t  r e s e r v o i r  f o r  a n a e r o b i c  my oca rd ia l  

energy  and is  r a p i d l y  u t i l i z e d  t o  r e p l e n i s h  s t o r e s  o f  ATP ( W o l le n b e r g e r  

e t  £ j _ . , 1 9 6 7 ) .  T h is  r a p i d  d e p l e t i o n  o f  g lycogen  is  o n l y  known t o  occ ur  

in h e a r t s  which a r e  n o t  we I I - o x y g e n a te d  and t h e r e f o r e ,  an abnormal g l y 

c o g e n o l y t i c  response is  seen in shock ( W i l l i a m s  and M ay er ,  1966;  

W i l l i a m s o n ,  1 96 6 ) .  W o l l e n b e r g e r  and Krause ( 1 9 6 3 )  r e p o r t e d  a r a p i d  a c t i 

v a t i o n  o f  g lycogen phosp hory Iase  f o l l o w i n g  t h e  a b r u p t  a r r e s t  o f  b lood  

f lo w  in p er fu sed  dog h e a r t .  They found an i n c r e a s e  in t h e  pe r ce n ta ge  o f  

t h e  t o t a l  phosp hory lase  which was in t h e  a_ c o n f i g u r a t i o n  from 0 %  t o  60% 

w i t h i n  17 sec .  O t h e r  i n v e s t i g a t o r s  have a l s o  r e p o r t e d  t h a t  ischemia and 

a n o x ia  shomehow cause a c t i v a t i o n  o f  phosp hory Iase  in h e a r t  muscle  

(K l a r w e i n  e t  , 1963; Morgan and P a r m e g g i a n i ,  1964; Wol l e n b e r g e r  e t  a l . ,  

1967) .

MbthyI  p r e d n i s o l o n e  appears t o  e x e r t  a g l y c o g e n e t i c  e f f e c t  in  t h e  

h e a r t  and l i v e r  o f  mice t r e a t e d  w i t h  e n d o t o x i n .  The permanence o f  t h i s  

e f f e c t  seems t o  be g r e a t e r  in t h e  h e a r t  ( F i g .  7 )  s i n c e  most groups main 

t a i n e d  c o n t r o l - l e v e l  o r  e l e v a t e d  glycogen  v a lu e s  8 hours a f t e r  methyl  p re d 

n i s o l o n e .  The in c r e a s e  o f  g lycogen  in t h e  l i v e r  ( F i g .  8 ) ,  however ,  was
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temporary in the groups which received methyl prednisolone a fte r  endo

to x in . The two pre-treated groups (M-P - I ,  M-P 0) maintained glycogen 

values s ig n if ic a n tly  above Endotoxin group levels 8 hours a fte r  methyl- 

prednisolone. Despite the relapse o f glycogen content in the l iv e r  to  

Endotoxin group levels, a l l  groups showed a profound Increase in l iv e r  

glycogen fo llow ing methyl prednisolone. Synthesis o f glycogen is  important 

fo r  surviva l during shock as shown by Straw itz and Hi f t  (I960). In th e ir  

stud ies, only the rats which were able to  synthesize glycogen in the 

l iv e r  survived hemorrhagic shock. The ra ts which died showed no evidence 

th a t they had been synthesizing glycogen. Cortisone, alone, g re a tly  In

creases the glycogen content o f the l iv e r ,  and when used w ith endotoxin.

I t  maintains glycogen a t a s ig n if ic a n tly  higher level than In animals 

treated with endotoxin alone (Berry e t a_L» » 1959). Other re la ted work 

also points to  a glycogenetic e ffe c t of g lucocortico ids. Lone and co

workers (1940) found th a t c o rtis o l elevated l iv e r  glycogen and maintained 

normal blood glucose In adrenalectomlzed animals. Berry and h is associates 

(1968) demonstrated the a b i l i t y  o f cortisone to  counter the In h ib it io n  o f 

acclim atization by endotoxin In high a lt itu d e  mice. Increased glycogen 

synthesis and storage was pa rt o f th is  adaptive change. In other In

vestiga tions, cardiac glycogen content and a-l,4-g lucan a-4-gIucosyI trans

ferase a c t iv ity ,  which decreased fo llow ing adrenalectomy In ra ts , were 

restored to  normal levels by dexamethasone (Daw e t » 1968, 1969). 

Pritham (1968) also reported elevated glycogen synthetase a c t iv i ty  In 

l iv e r  due to  c o r t is o l.

A rapid depletion o f adenosine 5’ -triphosphate (ATP) from the 

heart and liv e r  and of phosphocreatlne (PCr) from the heart, was observed
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in  mice t r e a t e d  w i t h  e n d o t o x i n  in  t h e  p r e s e n t  s tudy  ( F i g .  9 ,  10,  1 1 ) .  

Pappova and h i s  c o - w o r k e r s  ( 1 9 7 1 )  and Lundsgaard-Hansen and h i s  a s s o c i a t e s  

( 1 9 7 2 )  a l s o  found depressed ATP l e v e l s  and f u r t h e r m o r e ,  i n c r e a s e d  ADP 

and AMP l e v e l s ,  f o l l o w i n g  e n d o t o x i n  a d m i n i s t r a t i o n  in r a b b i t s .  D e l a f i e l d  

( 1 9 3 2 )  r e p o r t e d  in c r e a s e d  l e v e l s  o f  c i r c u l a t i n g  i n o r g a n i c  p h o sp h ate ,  

which i n d i c a t e s  a breakdown o f  p h o s p h o r y l a t e d  compounds. A l t hough  t h e r e  

was no dec re as e  o f  ATP in t h e  h e a r t .  S t a p l e s  and h i s  c o - w o r k e r s  (1 9 6 9 )  

found a drop in l i v e r ,  b r a i n  and k id n e y  ATP l e v e l s  in r a t s  f o l l o w i n g  i n 

j e c t i o n  o f  e n d o t o x i n .  The p r e s e n t  r e s u l t s  a r e  e s s e n t i a l l y  in agreement  

w i t h  t h o s e  o f  t h e  i n v e s t i g a t o r s  c i t e d  above.

A l t hough  Lundsgaard -Hansen and h i s  c o - w o r k e r s  found a response  

t o  e n d o t o x i n ,  t h e y  c onc lu ded  t h a t  t h e  m e t a b o l i c  der angem ents  were due 

t o  a p r o g r e s s i v e  t i s s u e  h yp o x ia  r a t h e r  tha n  t o  a d i r e c t  e f f e c t  o f  endo

t o x i n .  In d eed ,  s e v e r a l  i n v e s t i g a t o r s  have r e p o r t e d  a d i m i n i s h e d  coronary  

b lo od f l o w  and lowered m y o c a r d ia l  oxygen consumpt ion d u r i n g  t h e  normo

v o l e m i c  phase o f  h em o r r h a g ic  shock (Wiggers and W e r l e ,  1942;  Opdyke and 

Foreman, 1947; Edwards e t  £ j _ . , 1954;  C ro w e l l  and G u y to n ,  1 9 6 1 ) .  O t h e r  

i n v e s t i g a t o r s  have d e s c r i b e d  e n d o t o x i n  shock as r e v e r s i b l e  ischem ic  shock,  

which i n c l u d e s :  e l e v a t e d  c a t e c h o l a m i n e s  and t o t a l  p e r i p h e r a l  r e s i s t a n c e ,

and lowered c a r d i a c  o u t p u t ,  venous r e t u r n ,  c i r c u l a t i n g  b lood volume and 

organ p e r f u s i o n  (L i  I l e h e i  e t  a l . ,  1964 a ) .  T h i s  c o n d i t i o n  c u l m i n a t e s  in  

i r r e v e r s i b l e  shock c h a r a c t e r i z e d  by a s t a g n a n t  a n o x i a ,  which e v e n t u a l l y  

causes depressed organ  f u n c t i o n .  In e i t h e r  c a s e ,  i t  was emphasized t h a t  

w i d e - s p r e a d  hyp ox ia  and e v e n t u a l l y  a n o x ia  a r e  t h e  main e f f e c t s  and c h a r 

a c t e r i s t i c s  o f  shock.

M y o c a r i a l  h ig h  e n e r g y  phosphate  s t o r e s  have been s t u d i e d  by ,
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o t h e r  i n v e s t i g a t o r s  t o  d e f i n e  t h e  m e t a b o l i c  d e f e c t s  which o c c u r  in  ischemic  

and hyp o x ic  h e a r t  f a i l u r e .  The observ ed  changes r e p o r te d  in t h i s  s tu dy  

a r e  s i m i l a r  t o  t h o s e  d e s c r i b e d  e a r l i e r  in ischem ic  and hyp ox ic  h e a r t  

f a i l u r e .  Some i n v e s t i g a t o r s  found no change in  c a r d i a c  ATP s t o r e s  in 

response t o  a c u te  h yp o x ia  (Pool  e t  a l . ,  1956; Cove I I e t  , 1967;

Lochner e t  £ j _ . , 1 9 6 8 ) .  They d i d  o b s e r v e  a d ep re ss io n  o f  PCr ,  however ,  

and i t  i s  p o s s i b l e  t h a t  t h e  d e g r a d a t i o n  o f  PCr may acc ou nt  f o r  a combi

n a t i o n  o f  i t s  h igh  e n e rg y  phosphate  w i t h  ADP t o  form ATP, t h e r e b y  main

t a i n i n g  t h e  ATP s t o r e s .  Scheuer  and S t e z o s k i  ( 19 67 )  found normal ATP 

and PCr l e v e l s  d u r i n g  p e r f u s e d  r a t  h e a r t  is ch e m ia .  They c o n c lu d e d ,  how

e v e r ,  t h a t  t h e  key t o  m y o c a r d ia l  e n e r g e t i c s  is  s u b t l e  changes in  h igh  

energ y  compounds, n o t  t h e  o v e r  a l l  changes .  S ince  o n ly  1 /5  -  1 /4  o f  

t o t a l  c a r d i a c  ATP e q u i l i b r a t e s  w i t h  PCr and is  concerned  w i t h  c o n t r a c 

t i o n  ( F l e c k s t e i n  e t  a l . ,  1 9 6 7 ) ,  perhaps t h e  p e r f o r m a n c e - r e l a t e d  changes  

in  myocard ia l  h ig h  energ y  compounds can n o t  a lways  be see n .  Seve ra l  i n 

v e s t i g a t o r s  have r e p o r t e d  a d e c l i n e  in  c a r d i a c  ATP d u r i n g  a no x ia  ( G r e i n e r ,  

1952; F u r c h g o t t  and d e G u b a r e f f ,  1958; Regen e ^  a j_ . , 1 9 6 4 ) .  O th ers  ob

served  a dec re as e  in both ATP and PCr (M ichal  , 1958;  Olson and

P l a t n e k ,  1959; Benson e t  ^ . , 1961; W i l l i a m s o n ,  1966; F l e c k s t e i n  e t  a l . ,  

1967; Lam precht ,  1 96 7 ) .

Olson ( 1 9 6 7 )  con c lu d ed  t h a t  low ATP and PCr l e v e l s  in f a i l i n g  

h e a r t s  a r e  due t o  an i n s u f f i c i e n t  r a t e  o f  o x i d a t i v e  p h o s p h o r y l a t i o n .  T h is  

h y p o t h e s is  was r e c e n t l y  t e s t e d  in i s o l a t e d  m i t o c h o n d r i a  f rom endotoxe mic  

r a t  l i v e r ,  and t h e  r e s u l t s  showed decre as ed  o x i d a t i o n  o f  s u c c i n a t e ,  a -  

k e t o g I u t a r a t e  and p a I m i t y I  c a r n i t i n e  (DePalma e t  a l . ,  1 9 7 0 ) .  Due t o  t h i s  

r e l a t i v e  b lo ckade  o f  t h e  e l e c t r o n  t r a n s p o r t  system and i n h i b i t i o n  o f
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o x i d a t i v e  p h o s p h o r y l a t i o n ,  h igh energy phosphate  s t o r e s  d e c l i n e  and 

r e l e a s e  t h e  c o n t r o l s  f o r  g l y c o l y s i s .  Lowered ATP a l l o w s  an i n c r e a s e  in 

p h o s p h o f r u c to k in a s e  a c t i v i t y ,  which d r i v e s  g l y c o l y s i s  unchecked  

(Passoneau and Lowry,  1952;  Regen e t  a ]_ . , 1964; W i l l i a m s o n ,  1966;

W i l l i a m s o n  a j_ . , 1 9 7 0 ) .  In t h i s  way, g ly co g en  s t o r e s  a r e  d e p l e t e d  v i a  

ph o sp h o ry Iase  and v i a  g l y c o l y s i s  t o  p y r u v a t e  and l a c t a t e .  G l y c o l y t i c  

ATP p r o d u c t io n  does n o t  compensate f o r  h ig h  energ y  u t i l i z a t i o n  du r in g  

ischemia  (Sc heuer ,  1 9 6 7 ) .

Methyl  p r e d n i s o l o n e  is  c l e a r l y  e f f e c t i v e  in m a i n t a i n i n g  and r e 

s t o r i n g  high energy  compounds a t  normal l e v e l s  in t h e  h e a r t  and l i v e r  o f  

mice which have r e c e i v e d  e n d o t o x i n .  Because o f  t h e  c l o s e  a s s o c i a t i o n  o f  

c a r b o h y d r a t e  m e ta b o l i s m  and r e g u l a t i o n  w i t h  h ig h  e n e rg y  phosphate  f u n c 

t i o n s  and s t o r e s ,  t h i s  re c o v e ry  o f  ATP and PCr t o  normal l e v e l s  is  p r o 

b ab ly  due t o  t h e  g lu c o n e o g e n ic  and g l y c o g e n e t i c  c h a r a c t e r i s t i c s  o f  m e t h y l -  

p r e d n i s o l o n e .  Glucose and glycogen s e rv e  as a n a e r o b i c  e n e rg y  r e s e r v o i r s  

and a r e  c a t a b o l i z e d  t o  r e p l e n i s h  s t o r e s  o f  ATP ( W o l l e n b e r g e r  e t  £ j _ . , 1967 ) .

The l a c t a t e / p y r u v a t e  r a t i o  o f  both h e a r t  and l i v e r  in mice g iv en  

e n d o t o x i n  was h i g h e r  th a n  t h a t  seen in t h e  c o n t r o l  group o v e r  t h e  f i r s t  

4 hours a f t e r  i n j e c t i o n .  An e l e v a t e d  l a c t a t e / p y r u v a t e  r a t i o  has been 

r e p o r t e d  by o t h e r  i n v e s t i g a t o r s  d u r in g  s e p t i c  shock in  humans ( B l a i r  e t  

a l . ,  1969)  and d u r i n g  e x p e r i m e n t a l  e n d o t o x in  shock in a n i m a l s  (Cavanagh,  

1969; Pappova e t  £ l _ . , 1971; Lundsgaard-Hansen e t  £ i _ . , 1 9 7 2 ) .  The v a l u e  

f o r  t h e  e n d o t o x in  group d id  n o t  remain e l e v a t e d  compared t o  t h e  c o n t r o l  

group t h r o u g h o u t  t h e  cours e  o f  t h e  e x p e r i m e n t ,  because t h e  p y r u v a t e  con

t e n t  o f  t h e  h e a r t  and l i v e r  in t h e  mice o f  t h e  E ndotox in  group became 

p r o g r e s s i v e l y  e l e v a t e d ,  w h i l e  t h e  t i s s u e  l a c t a t e  c o n t e n t  d e c l i n e d  s l i g h t l y .



75

In t h e  p re se nc e  o f  h y p o x ia ,  t h e r e  is  an i n c r e a s e  o f  NADH which
LDH

s h i f t s  t h e  e q u a t i o n ;  p y r u v a t e  + NADH l a c t a t e  + NAD+, t o  t h e  r i g h t ,

r e s u l t i n g  in p r o d u c t i o n  o f  l a c t a t e  ( B i n g ,  1965 ) .  T h is  sequence o f  e v e n t s  

t a k e s  p la c e  in t h e  h e a r t  when i t  becomes a no x ic  (Evans,  1935; Conn e t  a l . ,  

1959; Bing and Ramos, 1961; Lamprecht ,  1 9 6 7 ) ,  as w e l l  as in t h e  l i v e r  

(M a k i n ,  1 97 1 ) .

Du r in g  t h e  p e r i o d  o f  h igh l a c t a t e  l e v e l s  in t h e  h e a r t  and l i v e r  

o f  e n d o t o x i n - t r e a t e d  mice ( 0 - 8  h o u r s ) ,  methyl  p r e d n i s o l o n e  decreased t h e  

l a c t a t e / p y r u v a t e  r a t i o .  E v e n t u a l l y ,  t h e r e  was no d i f f e r e n c e  between 

e n d o t o x i n - t r e a t e d ,  methyl  p r e d n i s o l o n e - t r e a t e d  and c o n t r o l  an im als  in 

t h e i r  t i s s u e  l a c t a t e / p y r u v a t e  r a t i o s ,  e x c e p t  f o r  t h e  m yoca rd ia l  c o n t r o l  

group.  The e a r l y  d e c r e a s e  o f  l a c t a t e / p y r u v a t e  r a t i o  by methyl  p r e d n i s o l o n e  

in e n d o t o x i n - t r e a t e d  mice was probab ly  due t o  r a p i d  u t i l i z a t i o n  o f  l a c 

t a t e  as a s u b s t r a t e  f o r  g Iuconeogenesis  and g l y c o g e n e s i s .

Whether  a l l  o f  t h e s e  m e t a b o l i c  changes in response t o  e n d o t o x in  

shock a r e  t h e  r e s u l t  o f  a d i r e c t  a c t i o n  o f  e n d o to x in  o r  t h e  r e s u l t  o f  an 

accompanying a n o x i a ,  t h e  changes a r e  n e v e r t h e l e s s  a sev ereand  u s u a l l y  

f a t a l  blow t o  any o rg an is m  and t h e y  u s u a l l y  r e s u l t  in d e a t h .  I t  cannot  

be de te rm in ed  f rom t h e s e  s t u d i e s  i f  en d o to x in  d i r e c t l y  a f f e c t s  t h e  meta

b o l i c  mechanisms. However ,  i t  is  c e r t a i n  t h a t  methyl p r e d n i s o l o n e  e x e r t s  

a p r o t e c t i v e  and t h e r a p e u t i c  e f f e c t  upon t h e  m e t a b o l i c  s t a t u s  o f  t h e  

h e a r t  and l i v e r  in e n d o t o x i n - t r e a t e d  m ice.  Methyl  p r e d n i s o l o n e  n o t  o n l y  

p r o t e c t s  t h e  mouse a g a i n s t  g lu c o s e ,  g lycogen and hig h  energy  compound 

d e p l e t i o n ,  i t  r e s t o r e s  t h e s e  substances t o  normal l e v e l s  o r  l e v e l s  s i g n i 

f i c a n t l y  h i g h e r  t h a n  th o s e  seen In an im a ls  r e c e i v i n g  e n d o to x in  a l o n e .

G r e a t  Importance Is  p la c e d  on t h e s e  m e t a b o l i t e s  In t h e i r  r e l a t i o n  t o  h e a r t
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and l i v e r  f u n c t i o n ,  as w e l l  as t o  t h e  f u n c t i o n  o f  c e l l s  t h r o u g h o u t  t h e  

body which depend upon l i v e r  m e ta b o l i s m .  I t  i s ,  t h e r e f o r e ,  concluded  

t h a t  t h e  c a p a b i l i t y  o f  methyl  p r e d n i s o l o n e  t o  m a i n t a i n  and r e s t o r e  g l u 

c o s e ,  g ly co g en ,  ATP and PCr l e v e l s  in v a r i o u s  t i s s u e s  o f  t h e  body is  a 

p r im a r y  f a c t o r  in i t s  l i f e - s a v i n g  e f f e c t  d u r in g  E. c o l i  e n d o to x in  In  mic e .

E f f e c t s  o f  P r o s t a g l a n d i n  Ej on t h e  C a r d i o v a s c u l a r ,

H e m a to lo g ica l  and M e t a b o l i c  Responses  

t o  Endotox in  in Dogs 

As seen in F i g .  14, e n d o t o x in  i n j e c t i o n  in dogs r e s u l t e d  in  a 

s e v ere  drop in s y s te m ic  a r t e r i a l  p r e s s u r e  (SAP) f o l l o w e d  by a r e f l e x  

r i s e  in  h e a r t  r a t e  (HR) .  SAP remained depressed and p r o g r e s s i v e l y  de

c l i n e d  o v e r  2 h o u rs ,  w h i l e  HR r e t u r n e d  t o  c o n t r o l  v a l u e s  60 min a f t e r  

e n d o to x in  i n j e c t i o n .  Pulmonary a r t e r i a l  p r e s s u r e  (PAP) e x h i b i t e d  a 

sharp r i s e ,  i n i t i a l l y ,  f o l l o w e d  by a s te ad y  d e c l i n e .  L e f t  a t r i a l  p r e s 

sure  (LAP) and r i g h t  a t r i a l  p re s s u r e  (RAP) dropped im m ed ia te ly  and r e 

mained low. The hemodynamic changes,  as w e l l  as t h e  h e m a t o c r i t  and pH 

changes ( F i g .  15) r e p o r t e d  h e r e ,  a gr ee  c l o s e l y  w i t h  t h o s e  o f  e a r l i e r  i n 

v e s t i g a t o r s  s t u d y i n g  t h e  hemodynamic response t o  e n d o t o x in  shock  

(Hi nshaw e t  a j _ . , 1958; Li I l e h e i  and MacLean, 1958; Li I le hei  e t  a ]_ . , 1964;  

Hinshaw e t  a j_ . , 1966; Hinshaw e t  £ l _ . , 1970; Hinshaw e t  a j_ . , 1 97 1 ) .  W h i te  

bloo d  c e l l  (WBC) and p l a t e l e t  responses t o  e n d o t o x in  shock,  s i m i l a r  t o  

t ho s e  r e p o r t e d  h e r e ,  have a l s o  been d e s c r ib e d  by o t h e r  workers  ( R a t l i f f  

e t  a j_ . ,  1971; W i l s o n ,  1972 a ,  b ) .  The i n c r e a s e  in  b lo od  g lu c o s e  d u r i n g  

t h e  f i r s t  hour  o f  shock ,  which d e c l i n e s  t o  c o n t r o l  l e v e l s  a t  2 h o u rs ,  

as seen in  F i g .  16, has been c l e a r l y  documented as a t em p o ra ry  s t a t e .
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which e v e n t u a l l y  p ro g res se s  t o  s e v e r e  hypoglycemic  l e v e l s  (Rangel e t  a l . ,  

1970;  B e r t  e t  a_[_., 1970;  W i l l i  amson e t  * 1 9 7 0 ) .  A l s o ,  t h e  p r o g r e s s i v e  

e l e v a t i o n  o f  l a c t a t e  in response  t o  e n d o to x in  a d m i n i s t r a t i o n ,  as obse rved  

in t h e  p r e s e n t  stu dy  ( F i g .  1 6 ) ,  has been r e p o r t e d  t o  be a p r o d u c t  o f  the  

m e t a b o l i c  derangements a s s o c i a t e d  w i t h  t h i s  shock s t a t e  (B ing  and Ramos, 

1961; B l a i r  e t  £ j _ . ,  1969;  V i t e k  and Cowley,  1971: Lundsgaard-Hansen  

e t  , 1 9 7 2 ) .  P h o s p h o l i p i d s  remained unchanged f o l l o w i n g  e n d o t o x i n  

( F i g .  1 7 ) .  F re e  f a t t y  a c i d s  (FFA)  d ec re as ed  s h a r p l y  one hour  a f t e r  endo

t o x i n ,  as shown in t h e  same f i g u r e .  In c o n t r a s t ,  o t h e r  i n v e s t i g a t o r s  

have r e p o r t e d  a h y p e r l i p i d e m i a  f o l l o w i n g  E. c o l i  e n d o t o x i n  in  a n i m a l s  

(Graves e t  a l . ,  1970;  H o r o w i t z ,  1 9 7 2 ) .  The h y p o l i p i demi a seen in  t h i s  

stu dy  may be a consequence o f  e l e v a t e d  l i p o g e n e s i s  in response t o  t h e  

a l t e r e d  m e t a b o l i c  p i c t u r e  seen d u r i n g  e n d o t o x i n  sho ck.  H i r s c h  and co

w o rkers  ( 1 9 6 4 )  obse rved  f a t t y  l i v e r  f o l l o w i n g  e n d o t o x i n  in  r a b b i t s .  

G l y c o l y s i s  i s  a c c e l e r a t e d  in  t h e  h e a r t  and l i v e r  d u r i n g  e n d o t o x i n  shock  

nad may p r o v i d e  s u b s t r a t e  f o r  l i p o g e n e s i s  (Conn e t  a j _ . , 1959;  Levenson  

e t  ^ . ,  1951;  Bauer  e t  £ j _ . , 1 9 6 9 ) .  P r e t r e a t m e n t  o f  dogs w i t h  PGE| r e 

s u l t e d  in lowered FFA l e v e l s  in t h e  b lo o d ,  because o f  t h e  a n t i  l i p o l y t i c  

e f f e c t  o f  p r o s t a g l a n d i n s  (Nakano and Koss, 1 97 3 ) .

P r o s t a g l a n d i n  E| (PGE |)  appeared t o  e x e r t  a b e n e f i c i a l  e f f e c t  

o n l y  on WBC l e v e l s  d u r i n g  t h e  t h i r d  and f o u r t h  hours o f  shock.  PGE| 

e l e v a t e d  WBC c ounts  t o  t h e  c o n t r o l  range f rom t h e  depress ed  e n d o t o x i n  

group l e v e l .  T h i s  a c t i o n  may have in v o l v e d  a s t a b i l i z a t i o n  o f  lysosomal  

membranes, le u k o c y t e  p r e s e r v a t i o n  and i n h i b i t i o n  o f  p l a t e l e t  a g g r e g a t i o n  

( K l o e z e ,  1967;  Emmons e t  , 1967;  Marq u is  e t  £ j _ . , 1 9 6 9 ) .  The exag

g e r a t e d  d e p r e s s i o n  o f  SAP by PGE; when g iv e n  w i t h  e n d o t o x i n ,  compared t o
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e n d o t o x in  a l o n e ,  was p r o b a b ly  due t o  t h e  v a s o d i l a t o r  a c t i v i t y  o f  t h e  

p r o s t a g l a n d i n ,  i t s e l f .  The e a r l y  e l e v a t i o n  o f  PAP due t o  PGE| a l o n e ,  

was p ro b a b ly  caused  by an in c r e a s e  in venous r e t u r n  due t o  p e r i p h e r a l  

e f f e c t s  which a r e  u n c e r t a i n  a t  t h i s  t i m e .  The a d d i t i o n  o f  e n d o to x in  

r e s u l t e d  in a sha rp  dec reas ed  in SAP, and c o n s e q u e n t l y ,  t h e  PAP cou ld  

n o t  be m a i n t a i n e d  in t h e  f a c e  o f  a g r e a t l y  lowere d  venous r e t u r n .  Endo

t o x i n  a l o n e ,  howev er ,  caused a sharp r i s e  in PAP. T h i s  e f f e c t  was p r o 

b a b ly  due t o  r a p i d  p l a t e l e t  a g g r e g a t i o n  and m ech a n ica l  b lock age  ( W i l s o n ,  

1972)  and p o s s i b l y  due t o  l o c a l i z e d  v a s o c o n t r i c t i o n  f o l l o w i n g  c a t e c h o l 

amine r e l e a s e .

P r o s t a g l a n d i n  E| d id  not  a ppear  t o  be b e n e f i c i a l  in t h e  t r e a t 

ment o f  e n d o t o x i n  shock in t h e  dog. In some i n s t a n c e s ,  i t  a c t u a l l y  seemed 

t o  a g g r a v a t e  t h e  shock s t a t e  (SAP, FFA) ,  and o n l y  in t h e  m a in tenan ce  o f  

WBC counts  d i d  PGE| e x e r t  a p o s i t i v e  e f f e c t  on one o f  t h e  p a th o p h y s i o 

l o g i c a l  c h a r a c t e r i s t i c s  o f  e n d o t o x in  shock.  T h i s  work is  not in a g r e e 

ment w i t h  s t u d i e s  which r e p o r te d  hemodynamic and m e t a b o l i c  improvements  

and an i n c r e a s e  in s u r v i v a l  f o l l o w i n g  PGE| and PGF2a a d m i n i s t r a t i o n  t o  

a n im a ls  in h e m o r rh a g ic  shock (G le n n ,  1972;  P r i a n o  ot_ , 1972) and in  

e n d o t o x i n  shock (Glenn e t  a l . ,  1 9 7 1 ) .  These r e p o r t s  may be o f  d o u b t f u l  

s i g n i f i c a n c e  because o t h e r  i n v e s t i g a t o r s  have r e c e n t l y  d es c r ib e d  e l e v a t e d  

p r o s t a g l a n d i n  l e v e l s  d u r i n g  e n d o t o x i c  s hock ,  which may i n d i c a t e  t h a t  

p r o s t a g l a n d i n s  a c t u a l l y  m e d ia te  some o f  t h e  m a n i f e s t a t i o n s  o f  t h i s  syn

drome ( K e s s l e r  erf a j _ . , 1969; Skarnes and H a r p e r ,  1972;  Anderson e t  a l . ,  

1973; K e s s l e r  e t  a l . ,  1 973 ) .
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E f f e c t  o f  Methyl  p r e d n i s o l o n e  on t h e  M e t a b o l i c  

D e g r a d a t i o n  o f  P r o s t a g l a n d i n  E| in the

Lung o f  Endotoxemic Rats

In t h e  normal lung,  most o f  t h e  p r o s t a g l a n d i n  added (^ H-P GEI)  

was r a p i d l y  m e t a b o l i z e d  w i t h i n  15 min ( F i g .  1 8 ) .  T h is  o b s e r v a t i o n  c l o s e l y  

agrees  w i t h  f i n d i n g s  o f  e a r l i e r  i n v e s t i g a t i o n s  on h e a l t h y  r a t  lung and 

k idney (Knggard and Samuelsson,  1954; Nakano et_ cN_., 1969; Nakano,

1970; Knggard and Larsson,  I 9 7 1 ; Samue I sson je t  ^ . , 1 9 7 1 ) .  As shown in 

F i g .  19, t h i s  r a p i d  and a lmost  com plete  m eta bo l i sm  has been d e f i n e d  as a 

c o n v ers io n  o f  PGE| v i a  NAD'*' -  dependent  p r o s t a g l a n d i n  dehydrogenase (PGDH) 

t o  15 -ke to -PGE i  (Anggard and Samuel sso n ,  1964; Nakano et^ a]_ . , 1969;

Nakano,  1970; Samuel sson j e t j a ^ . , 197 1 ) .  F u r t h e r  meta bo l i sm  o f  1 5 - k e t o -  

PGE| is  med ia ted  by 3 - p r o s t a g l a n d i n  r e d u c t a s e  in t h e  lung and by non

s p e c i f i c  b e t a -  and o m e ga -ox id a t i o n  in t h e  l i v e r  (Samuelsson et .  » 1 9 7 1 ) .  

Although t h e s e  m e t a b o l i t e s  were n o t  measured in t h i s  s t u d y ,  i t  i s  c e r t a i n  

t h a t  t h e  d is a p p e a r a n c e  o f  PGE| acc ounts  f o r  i t s  c o n v ers io n  t o  1 5 - k e t o -  

PGE| by PGDH (Anggard and Samuelsson,  1964; Nakano,  e t  , 1969;  Nakano,  

1.970; Xnggard and Larss on ,  1971 ) .

E. c o l i  e n d o t o x i n ,  a d m i n i s t e r e d  t o  r a t s  8 hours b e f o r e  t h e  lungs  

were removed, caused a lm o st  com plete  im pa irment  o f  PGE| d e g r a d a t i o n .  I t  

is  l i k e l y  t h a t  t h i s  e f f e c t  is  a s s o c i a t e d  w i t h  t h e  c e l l u l a r  damage seen in

t h e  lungs f o l l o w i n g  e n d o t o x in  (McKay £j_. > 1967;  Goa Ison o t  a j _ . , 1970;

Massion ef^ a j_ . , 1 9 7 2 ) .  The e l e v a t i o n  o f  c i r c u l a t i n g  p r o s t a g l a n d i n  l e v e l s  

in a n i m a l s  d u r in g  e n d o t o x in  shock has r e c e n t l y  been r e p o r te d  by o t h e r  

i n v e s t i g a t o r s  (S k arn e s  and H a r p e r ,  1972; Anderson et_ a j_ . , 1973;  K e s s l e r  

e t  a l . ,  197 3 ) .  T h i s  r i s e  in p r o s t a g l a n d i n s  d u r i n g  shock may be a r e s u l t
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o f  b i o s y n t h e s i s  and r e l e a s e  f rom v a r io u s  t i s s u e s  and organs (Greaves  

e t  _aj_., 1971; P i p e r  and Vane,  1971 ) .  However ,  95^ o f  t h e  newly s y n t h e 

s i z e d  p r o s t a g l a n d i n  would be c l e a r e d  f rom t h e  c i r c u l a t i o n  in one pass 

through t h e  lungs by normal PGDH-mediated d e g r a d a t i o n  ( F e r r e i r a  and Vane,  

1967; Horton and Jones ,  196 9 ) .  T h e r e f o r e ,  i t  is more re as o na b le  t o  assume 

t h a t  a mechanism such as t h e  one des cr ib ed  in t h e  r e s u l t s  o f  t h i s  s t u d y ,  

namely,  impa irment  o f  PGDH a c t i v i t y  f o l l o w i n g  e n d o t o x i n ,  is  r e s p o n s i b l e  

f o r  e l e v a t e d  p r o s t a g l a n d i n  in shock.  Perhaps o t h e r  c a t a l y s t s ,  

p r o s t a g l a n d i n  r e d u c t a s e  and b e t a -  and o m e g a - o x i d a t i o n  enzymes a r e  a l s o  

i n h i b i t e d  by e n d o t o x i n .  The scheme f o r  r e g u l a t i o n  o f  t h e  me tabo l is m o f  

p r o s t a g l a n d i n s  in t h e  lung shown in F i g .  20 summarizes t h e s e  f i n d i n g s .  

Under normal c o n d i t i o n s ,  most o f  t h e  p r o s t a g l a n d i n s  r e le a s e d  in t h e  

p e r i p h e r a l  t i s s u e s  a r e  degraded d u r in g  t h e  f i r s t  pass through t h e  lu ngs.  

More p r o s t a g l a n d i n s  a r e  r e l e a s e d  in cases o f  i n f l a m m a t i o n ,  but  t h e  same 

high p er ce n ta g e  o f  t h e s e  compounds is d e s t r o y e d  in t h e  lung.  Endotox in  

shock,  however ,  i n c a p a c i t a t e s  t h i s  p r o s t a g l a n d i n  m eta bo l is m system in  t h e  

lung and t h e  r e s u l t  i s  r e c i r c u l a t i o n  o f  l a r g e  amounts o f  p r o s t a g l a n d i n  

re l e a s e d  in t h e  p e r i p h e r y  as an in f la m m ato ry  response.

M ethyl  p r e d n i s o l o n e ,  when a d m i n i s t e r e d  I hour  b e f o r e  e n d o t o x i n ,  

m a in ta in e d  t h e  m a jo r  m e t a b o l i c  a c t i v i t y  o f  PGDH in t h e  lung.  As men

t i o n e d  e a r l i e r ,  e n d o t o x i n  is known t o  e x e r t  s t r u c t u r a l  and b io chem ic a l  

damage in t h e  pulmonary v a s c u l a r  bed (McKay e t  a l . ,  1967; Coal son e t  a l . ,  

1970; Massion e t  , 1972 ) .  Methyl  p r e d n i s o l o n e  has been shown t o  be 

e f f e c t i v e  in  p r e v e n t i n g  t h i s  t y p e  o f  damage in  lungs o f  e n d o t o x i n - t r e a t e d  

an im als  (Massion e t  , 1972; W i ls o n ,  1972 a ,  b ) .  The observed enzym

a t i c  d e f e c t  in  p r o s t a g l a n d i n  me tabo l is m may be r e l a t e d  t o  t h e  e n d o t o x i n -



82

NORMAL INFLAMMATION ENDOTOXIN SHOCK

PERIPHERAL
TISSUES TISSUES

PERIPHERAL
TISSUES

METABOLISM OF PROSTAGLANDINS BY THE LUNG IN PATHOLOGICAL DISORDERS

F i g u r e  2 0 .  Scheme o f  r e l a t i v e  amount o f  p r o s t a g l a n d i n  meta
b o l is m  by p r o s t a g l a n d i n  dehydrogenase (PGDH) in lungs under  n orm a l ,  
i n f l a m m a t io n  and e n d o t o x i n  shock c o n d i t i o n s .
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induced pulmonary damage r e p o r t e d  by t h e  i n v e s t i g a t o r s  c i t e d  h e r e ,  i f  

t h e y  a r e  r e l a t e d ,  the n  t h e  l i k e l i h o o d  is g r e a t  t h a t  methyl  p r e d n i s o l o n e  

p r e s e r v e s  p r o s t a g l a n d i n  m e ta b o l i s m  by p r e v e n t i n g  s t r u c t u r a l  and b i o 

chemical  changes caused by e n d o t o x i n .



CHAPTER V 

SUMMARY

S u r v i v a l  s t u d i e s  were per formed on 349 male a d u l t  a l b i n o  m ice,  

f i r s t  t o  e s t a b l i s h  t h e  l e t h a l i t y  o f  E. c o l i  e n d o t o x i n ,  and second t o  

d e te r m in e  t h e  l i f e - s a v i n g  e f f e c t  o f  methyl p r e d n i s o l o n e  on endotoxe mic  

m ice.  T h re e  doses o f  e n d o t o x i n  (10 mg/kg, i . p . ;  30 mg /kg,  i . p . ;  100 mg/  

kg,  i . p . )  were used in t h e  f i r s t  s tu dy  and one (10 mg/kg,  i . p . )  was used 

in t h e  second. Mice in t h e  second s tudy a l s o  r e c e i v e d  methyl p r e d n i s o l o n e  

(30  mg/kg,  s . c . ;  150 mg/kg,  s . c . )  b e f o r e ,  s i m u l t a n e o u s l y  w i t h  and a f t e r  

e n d o t o x i n .  S u r v i v a l  f o r  48 hours was s e t  as t h e  c r i t e r i o n  f o r  s u r v i v o r s .

S e l e c t e d  m e t a b o l i t e s  ( g l u c o s e ,  g ly c o g e n ,  ATP, PCr ,  l a c t a t e  and 

p y r u v a t e )  were measured in  h e a r t ,  l i v e r  and plasma o f  a n o t h e r  group o f  

194 male a d u l t  a l b i n o  mice t r e a t e d  w i t h  e n d o t o x in  (10 mg /kg,  i . p . )  and 

methyl p r e d n i s o l o n e  (30 mg/kg,  s . c . ) .  Methyl  p r e d n i s o l o n e  was i n j e c t e d  

I hour  b e f o r e  e n d o t o x i n ,  s i m u l t a n e o u s l y  w i t h  e n d o t o x i n ,  o r  I ,  2 o r  4 hours  

a f t e r  e n d o t o x i n .  Mice were s a c r i f i c e d  a t  2 ,  4 o r  8 hours a f t e r  i n j e c t i o n  

o f  t h e  drug .  The m e t a b o l i t e s  were measured by v a r i o u s  macro-  and m i c r o -  

e n z y m a t ic  methods.

C a r d i o v a s c u l a r ,  h e m a t o l o g i c a l  and m e t a b o l i c  s t u d i e s  were c a r 

r i e d  o u t  on 28 dogs which were t r e a t e d  w i t h  e n d o t o x i n  ( 0 . 3 5  mg/kg,  i . v . )  

and PGE| i n f u s i o n  ( I  y g / k g / m i n ,  I . v . )  s t a r t e d  15 min b e f o r e  e n d o t o x i n .
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I n i t i a l l y ,  each dog was a n e s t h e t i z e d  w i t h  sodium p e n t o b a r b i t a l  (30  mg/kg,  

i . v . )  and a r t i f i c i a l l y  v e n t i l a t e d .  The l e f t  h e m it h o ra x  was th e n  opened,  

and t h e  h e a r t  was suspended in a p e r i c a r d i a l  c r a d l e .  C a t h e t e r s  were  

p la ce d  in t h e  b r a c h i o c e p h a l i c  a r t e r y ,  t h e  pulmonary a r t e r y ,  t h e  r i g h t  

a t r i u m  and t h e  l e f t  a t r i u m  t o  measure s ys te m ic  and pulmonary p r e s s u r e s ,  

r i g h t  and l e f t  a t r i a l  p r e s s u r e s ,  r e s p e c t i v e l y .  Blood samples were t a k e n  

p e r i o d i c a l l y  f o r  h e m a t o c r i t ,  l e u k o c y t e ,  p l a t e l e t ,  pH, g l u c o s e ,  l a c t a t e ,  

f r e e  f a t t y  a c i d  and p h o s p h o l i p i d  measurements.

The m e t a b o l i c  d e g r a d a t i o n  o f  PGE| was s t u d i e d  in t h e  lung o f  

12 male Holtzman s t r a i n  r a t s .  Four  r a t s  r e c e i v e d  no drug (0 .9% s a l i n e ,  

i . p . ) ,  4 r a t s  r e c e i v e d  e n d o t o x in  (10  mg/kg,  i . p . )  and t h e  f i n a l  4 r a t s  

r e c e i v e d  methyl p r e d n i s o l o n e  (50 mg/kg,  s . c . )  I hour b e f o r e  e n d o t o x i n .

A l l  r a t s  were k i l l e d  8 hours a f t e r  e n d o t o x in  o r  s a l i n e  i n j e c t i o n  and t h e  

lungs were e x c i s e d  and homogenized.  The homogenates were in c u b a te d  w i t h  

25 myc/ml o f  ^H-PGE| (28  c /m m o le s ) ,  50 ng/ml o f  PGE| ,  and 2 mM o f  NAD"*’ a t  

37°C f o r  0 ,  5 and 15 min.  ^H-PGEj was e x t r a c t e d  f rom t h e  m i x t u r e  w i t h  

e t h y l  a c e t a t e ,  s e p a r a t e d  f rom t h e  o t h e r  p ro s ta g  1 andin-compounds by t h i n -  

l a y e r  chromatography and counted in a l i q u i d  s c i n t i l l a t i o n  s p e c t r o m e t e r .

The c o n c l u s i o n s  reached f o r  t h e s e  s t u d i e s  were:

1. A dose o f  10 mg/kg i . p .  o f  E. c o l i  e n d o t o x in  produced an 

i n t e r m e d i a t e  l e t h a l i t y  in mice (L D 6 0 ) -  H ig h e r  doses o f  e n d o t o x i n  (30  mg/  

kg; 100 mg/kg)  were h i g h l y  l e t h a l  in m ic e ,  87% and 90%, r e s p e c t i v e l y .

2 .  Methyl  p r e d n i s o l o n e  (30  mg/kg ,  s . c . )  e x e r t e d  a s i g n i f i c a n t  

l i f e - s a v i n g  e f f e c t  on endotoxe mic  mice when g iv en  I hour  b e f o r e  e n d o t o x i n ,  

o r  I ,  2 o r  4 hours a f t e r  e n d o t o x i n .  The h i g h e r  dose o f  methyl p r e d n i s o l o n e  

(1 50  mg/kg,  s . c . )  was b e n e f i c i a l  o n l y  when g iven  1 hour  b e f o r e  e n d o t o x i n
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and s i m u l t a n e o u s l y  w i t h  e n d o t o x i n .

3.  Endotox in  s i g n i f i c a n t l y  depressed  blood g lu c o s e  l e v e l s  

w i t h i n  2 hours a f t e r  t h e  t o x i n  was i n j e c t e d .  The g lu co s e  le ve l  remained  

low and e v e n t u a l l y  d e c l i n e d  f u r t h e r  d u r i n g  t h e  12 hour  e x p e r i m e n t .  M e t h y l -  

p r e d n i s o l o n e  m a i n ta i n e d  blood g lu co s e  a t  l e v e l s  s i g n i f i c a n t l y  above t h o s e  

measured in t h e  e n d o t o x in  group f o r  two hours a f t e r  e n d o t o x in  a d m i n i s t r a 

t i o n  in those  groups which r e c e i v e d  t h e  drug b e f o r e  o r  s i m u l t a n e o u s l y  

w i t h  e n d o t o x i n .  Methyl  p r e d n i s o l o n e  was a l s o  a b l e  t o  r a i s e  t h e  b lood  

glucose  c o n c e n t r a t i o n  t o  c o n t r o l  l e v e l s  in one group when g iv en  2 hours  

a f t e r  e n d o t o x i n .  The re m a in in g  groups ( 1 , 4  hours a f t e r  e n d o t o x i n )  were  

unchanged f rom t h e  e n d o t o x in  group.

T is s u e  g ly cogen  c o n t e n t  a l s o  was dec reas ed  f o l l o w i n g  e n d o t o x i n .  

M yo card ia l  g ly cogen  c o n t e n t  dropped t o  l e v e l s  s i g n i f i c a n t l y  below c o n t r o l  

a f t e r  e n d o t o x in  and remained low t h r o u g h o u t  most o f  t h e  12 hour  e x p e r i m e n t .  

When methyl  p r e d n i s o l o n e  was g i v e n ,  a l l  groups showed a s i g n i f i c a n t  i n 

c r ea se  in c a r d i a c  g ly cogen  c o n t e n t  t o  c o n t r o l  l e v e l s  o r  h i g h e r .

L i v e r  g lycogen  c o n t e n t  was mark ed ly  reduced f o l l o w i n g  e n d o t o x in  

and i t  remained low f o r  12 hours .  A l l  groups which r e c e i v e d  methyl  p r e d 

n i s o l o n e  e x p e r i e n c e d  a sharp r i s e  in  l i v e r  g lycogen l e v e l s  which l a s t e d  

2 - 8  hours a f t e r  drug i n j e c t i o n .  Only  t h e  groups which r e c e i v e d  t h e  drug  

I hour b e f o r e  e n d o t o x in  o r  s i m u l t a n e o u s l y  w i t h  e n d o t o x in  had l i v e r  g ly cogen  

l e v e l s  which were s i g n i f i c a n t l y  e l e v a t e d  above t h e  e n d o t o x i n  group 8 hours  

a f t e r  methyl p r e d n i s o l o n e .

H e a r t  and l i v e r  ATP and h e a r t  PCr were c o m p l e t e l y  d e p l e t e d  w i t h i n  

two hours a f t e r  e n d o t o x in  i n j e c t i o n .  The s u b s t r a t e  l e v e l s  remained e x 

hausted f o r  12 h ours .  In e v e r y  c a s e ,  when methyl  p r e d n i s o l o n e  was



87

a d m i n i s t e r e d ,  ATP and PCr l e v e l s  rose t o  c o n t r o l  l e v e l s  o r  t o  l e v e l s  

s i g n i f i c a n t l y  above e n d o to x in  group l e v e l s  and t h e y  remained t h e r e .

H e a r t  and l i v e r  l a c t a t e / p y r u v a t e  r a t i o  rose above c o n t r o l  

a f t e r  e n d o t o x i n  a d m i n i s t r a t i o n  and w i t h i n  4 hours i t  was t h e  same as 

c o n t r o l .  Methyl  p r e d n i s o l o n e  dec reased t h e  r a t i o ,  e s p e c i a l l y  when g iven  

b e f o r e  e n d o t o x i n  o r  w i t h i n  2 hours a f t e r  e n d o t o x i n  a d m i n i s t r a t i o n .

4 .  P r o s t a g l a n d i n  E| had no b e n e f i c i a l  e f f e c t  on t h e  c a r d i o 

v a s c u l a r ,  t h e  m e t a b o l i c  and most o f  t h e  h e m a t o l o g i c a l  p a r am e te rs  measured 

in endotoxe m ic  dogs.  Only  t h e  w h i t e  b lood c e l l  co u n t  was improved  

f o l l o w i n g  PGE; i n f u s i o n .

5 .  P r o s t a g l a n d i n  dehydrogenase (PGDN) a c t i v i t y  in r a t  lung was 

a p p a r e n t l y  dep ressed  by e n d o t o x in  a d m i n i s t r a t i o n .  Lung f rom e n d o t o x i n -  

t r e a t e d  r a t s  o n l y  degraded 26/S o f  t h e  3h-PGE| p r e s e n t e d  t o  i t  as compared  

t o  c o n t r o l  lungs ( 88%).

6 . Methyl  p r e d n i s o l o n e  enhanced t h e  a b i l i t y  o f  t h e  endotoxemic  

r a t  lung t o  m e t a b o l i z e  ^H-PGEj f rom 26% t o  63%.

In c o n c l u s i o n ,  t h e  mouse e n d o t o x i n  shock model was found t o  be a 

r e s p o n s i v e  and r e l i a b l e  e x p e r i m e n t a l  model which w i l l  u n doubted ly  become 

v a l u a b l e  in t h e  s tu d y  o f  s u r v i v a l  and o f  m e t a b o l i c  p ro ce ss es  in e n d o t o x in  

shock.  Methyl  p r e d n i s o l o n e  was shown t o  e x e r t  b e n e f i c i a l  a c t i o n s  on mouse 

s u r v i v a l  and m e ta b o l is m .  The b e n e f i c i a l  m e t a b o l i c  a l t e r a t i o n s  due t o  

methyl p r e d n i s o l o n e  found in endotoxe m ic  mice p r o b a b l y  c o n t r i b u t e d  t o  a 

g r e a t  e x t e n t  t o  t h e i r  a b i l i t y  t o  s u r v i v e .  P r o s t a g l a n d i n  E| d id  n o t  a p p e a r  

t o  be b e n e f i c i a l  in  c a n i n e  e n d o t o x in  shock.  I t s  d e g r a d a t i o n  was depressed  

f o l l o w i n g  e n d o t o x i n ,  i n d i c a t i n g  a p o s s i b l e  e x p l a n a t i o n  f o r  e l e v a t e d  c i r 

c u l a t i n g  l e v e l s  o f  p r o s t a g l a n d i n s  d u r i n g  e n d o t o x i n  shock.  M e t h y I p r e d n i -
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s o l o n e  t o  a d eg ree  was found t o  p r o t e c t  r a t s  a g a i n s t  t h e  e n d o to x in -  

r e l a t e d  loss  o f  PGDH a c t i v i t y  in t h e  lung .



BIBLIOGRAPHY

A l t e m e i e r ,  W. A. and W. R. C o l e .  N a t u r e  and t r e a t m e n t  o f  s e p t i c  shock.
Arch .  S u rg . 7 7 : 4 9 8 - 5 0 7 ,  1958.

Anderson,  F. L . , W. J u b i z ,  A. C. K r a l i o s ,  T. J .  T s a g a r i s ,  and H. Ku id a .  
Plasma p r o s t a g l a n d i n  l e v e l s  d u r i n g  end o to x in  shock in dogs.
Ci r c u l a t i o n . 4 6 - 1 1 : 1 2 4 ,  1972.

O
Anggard,  E. and B. Samuelsson.  P r o s t a g l a n d i n s  and r e l a t e d  f a c t o r s .

J .  B i o l . Chem. 2 3 9 : 4 0 9 7 - 4 1 0 2 ,  1964.

A s h f o r d ,  T . ,  C. P a l m e r i o  and J.  F i n e .  S t r u c t u r a l  ana lo gue  in v a s c u l a r  
muscle t o  t h e  f u n c t i o n a l  d i s o r d e r  in r e f r a c t o r y  t r a u m a t i c  shock  
and r e v e r s a l  by c o r t i c o s t e r o i d :  e l e c t r o n  m i c r o s c o p i c  e v a l u a t i o n .
Ann. S u rg . 1 6 4 : 5 7 5 - 5 8 6 ,  1966.

Ashmore, J .  and G. Weber. Hormonal c o n t r o l  o f  c a r b o h y d r a t e  m e ta b o l i s m  
in l i v e r .  In:  C a r b o h y d r a t e  M e tab o l i s m  and I t s  D is o r d e r s ,  Vo I . I ,
e d i t e d  by F. D i c k e n s ,  P. J.  Randle  and W. J .  Whelan.  New Yo rk :  
Academic P r e s s ,  I n c . ,  1968,  p . 335 .

B a r n e r ,  H. B . , G. C. K a i s e r ,  J .  W. Hahn, M. J e l l i n e k ,  H. Amako, J .  B. Lee 
and V. L. Wi l im an .  E f f e c t s  o f  p r o s t a g l a n d i n  A| on c a r d i o v a s c u l a r  
dynamics and m yo card ia l  m e ta b o l is m .  J .  Surg.  R es . 1 2 : 1 6 8 - 1 7 2 ,  1972.

Bauer ,  W. E . , R. A. Levene,  A. Z a c h w i e j a ,  M. J .  Lee,  A. Menczyk and
W. R. D r u c k e r .  The r o l e  o f  c a te c h o l a m i n e s  in ene rg y  m eta bo l i sm
d u r i n g  p ro longed  h em o r r h a g ic  shock.  Surg.  Forum. 2 0 : 9 - 1 1 ,
1969,  a.

Bauer ,  W. E . , S. N. M. VI g as ,  R. E. H a i s t ,  and W. R. D r u c k e r .  I n s u l i n  
response d u r i n g  h yp ovolem ic  shock.  S u r g e r y . 6 6 : 8 0 - 8 8 ,  1969,  b.

Baum, D. and D. P o r t e ,  J r .  A mechanism f o r  r e g u l a t i o n  o f  i n s u l i n
r e l e a s e  in h y p o x ia .  Am. J . P h y s i o l . 2 2 2 : 6 9 5 - 6 9 9 ,  1972.

B e l l ,  H. and A. T h a i .  The p e c u l i a r  hemodynamics o f  s e p t i c  shock.
P o s tg r a d .  Med. 4 8 : 1 0 6 - 1 1 4 ,  1970.

89



90

Benson, E. S . ,  G. T.  Evans, B. E. H a l l w a y ,  C. P h ib b s ,  and E. F. F r e i e r .  
Myocard ia l  c r e a t i n e  phosphate  and n u c l e o t i d e s  in a n o x i e  c a r d i a c  
a r r e s t  and r e c o v e r y .  Am. J . P h y s i o l . 2 0 1 : 6 7 8 - 6 9 3 ,  1961.

Bergmeyer ,  H. LI. Methods o f  Enzym at ic  A n a l y s i s . W e in h e im rVe r la g  
Ghemie, 1966.

B ergs tr om ,  S . ,  L. A. C a r l s o n ,  J .  R. Weeks. The p r o s t a g l a n d i n s :  a f a m i l y  
o f  b i o l o g i c a l l y  a c t i v e  l i p i d s .  P h a rm a co l . Rev. 2 0 : 1 - 4 8 ,  1968.

B erk ,  J.  L . , J .  F. Hogen, W. H. B ey er ,  and M. J .  G e r b e r .  Hypoglycemia
o f  shock.  Ann. S u rg . 1 7 1 : 4 0 0 - 4 0 8 ,  1970.

B er n a r d ,  C. Leçons s u r  le D i a b e t e  e t  la Glycogenese A n im a le .  P a r i s :
Bai I M e r e ,  1877,  p. 210 .

B e r r y ,  L. J . ,  D. S. Smythe, L. S. C o l w e l l ,  and P. H. C. Chu. I n f l u e n c e  
o f  h y p o x ia ,  g l u c o c o r t i c o i d ,  and e n d o t o x in  on h e p a t i c  enzyme 
i n d u c t i o n .  Am. J . P h y s i o I . 2 1 5 : 5 8 7 - 5 9 2 ,  1968.

B e r r y ,  L. J . ,  D. S. Smythe, and L. G. Young. E f f e c t s  o f  b a c t e r i a l
e n d o to x in s  on m eta bo l i sm .  I .  C a r b o h y d r a te  d e p l e t i o n  and t h e  
p r o t e c t i v e  r o l e  o f  c o r t i s o n e .  J . E x p t I . Med. 1 1 0 : 3 8 9 - 4 0 5 ,  1959.

B in g ,  R. J . C a r d i a c  m e ta b o l i s m .  P h y s i o l . R e v . 4 5 : 1 7 1 - 2 1 3 ,  1955.

B in g ,  R. J ,  and H. Ramos. The r o l e  o f  t h e  h e a r t  in shock.  J . A . M . A .
1 8 1 :8 7 1 -8 7 3 ,  1961.

B l a i r ,  E . , A. Wise and A. G. Mackay,, Gram n e g a t i v e  b a c t e r e m ic  shock:  
Mechanisms and management.  J . A . M . A . 2 0 7 : 3 3 3 - 3 3 6 ,  1969.

B o l e r ,  R. K. and A. J .  B i b ig h a u s .  I I I .  U I t r a s t r u c t u r a I  a l t e r a t i o n s  of
dog l i v e r s  d u r i n g  e n d o t o x in  shock.  Lab. I n v e s t . 1 7 : 5 3 7 - 5 6 1 ,  1967.

Bowness, J .  M. E p i n e p h r i n e :  Cascade r e a c t i o n s  and g l y c o g e n o l y t i c  e f f e c t .
S c i e n c e . 1 5 2 : 1 3 7 0 - 1 3 7 1 ,  1966.

B r i t t o n ,  S. W. and H. S i l v e t t e .  Some e f f e c t s  o f  c o r t i c o a d r e n a l  e x t r a c t  
and o t h e r  substances  on a d r e n a I e c t o m i z e d  a n i m a l s .  Am. J . P h y s i o l . 
9 9 : 1 5 - 3 2 ,  1931.

C a r e y ,  L. C . , B. D. Lowery and C. T .  C l o u t i e r .  Blood sugar  and i n s u l i n  
response o f  humans in shock.  Ann. Su rg . 1 7 2 : 3 4 2 - 3 4 7 ,  1970.

Cavanagh,  D. Endotox in  shock in t h e  subhuman p r i m a t e .  I .  Hemodynamic
and b iochem ic a l  changes.  A rch .  S u r g . ( C h i c a g o ) .  9 9 : 1 0 7 - 1 1 2 ,  1969.

Cavanagh,  D . , P. J .  C l a r k ,  and A. G. W. McLeod. S e p t i c  shock o f  e n d o t o x i n  
t y p e .  Amer. J . Ob s t .  Gynec. 1 0 2 : 1 3 - 2 0 ,  1968.



91

Coal son, J.  J . ,  L. B. Hinshaw,  and C. A. G u e n l o r .  The pulmonary u l t r a 
s t r u c t u r e  in s e p t i c  shock.  Exp. M o l . P a t h o l . 1 2 : 8 4 - 1 0 3 ,  1970.

Conn, H. L . , J r . ,  J .  C. Wood, and G. S. M o r a l e s .  Rate  o f  change in 
m yocard ia l  g ly cogen  and l a c t i c  a c i d  f o i  lowing a r r e s t  o f  
c o r o n a ry  c i r c u l a t i o n .  C i r c u l a t i o n  Res . 7 : 7 2 1 - 7 2 7 ,  1959.

Coran,  A. G . , P. E. C r y e r ,  D. L. H o r o w i t z ,  and C. M. Herman. F a t  and 
c a r b o h y d r a te  m eta bo l i sm  d u r in g  h em orrh ag ic  shock in t h e  unanes
t h e t i z e d  baboon. Surg.  Forum. 2 2 : 9 - 1 0 ,  1971.

C o r n b l a t h ,  M . , P. J .  R an d le ,  A. Parm eggani ,  and H. E. Morgan. R e g u l a t i o n  
o f  g l y c o l y s i s  in muscle .  E f f e c t s  o f  g lucagon and anox ia  on l a c t a t e  
p r o d u c t i o n ,  g ly cogen  c o n t e n t ,  and ph o sp h o ry Iase  a c t i v i t y  in t h e  
i s o l a t e d  p e r fu s e d  r a t  h e a r t .  J .  B i o l .  Chem. 2 3 8 : 1 5 9 2 - 1 5 9 7 ,  1963.

C o v e l l ,  J . W . , P. E. P o o l ,  and E. Braunwald .  E f f e c t s  o f  a c u t e l y  induced  
ischemic  h e a r t  f a i l u r e  on myocard ia l  h igh  energy phosphate  s t o r e s .  
Proc .  Soc. Exp. B i o l .  Med. 1 2 4 : 1 2 6 - 1 3 1 ,  1967.

Cowley,  R. A . ,  A. D e m e t r i a d e s ,  A. R. M an s be rg er ,  S. A t t a r ,  W. G. Esmond, 
and S. Bessman. Hemorrhagic  shock in  dogs t r e a t e d  w i t h  e x t r a -  
c o r p o r e a l  c i r c u l a t i o n .  A s tudy  o f  s u r v i v a l  t i m e  and blood c h e m i s t r y  
l e v e l s .  Surg.  Forum. 1 1 : 1 1 0 - 1 1 1 ,  I 9 6 0 .

C r o w e l l ,  J .  W. and A. C. Guyton.  Evidence f a v o r i n g  a c a r d i a c  mechanism 
in i r r e v e r s i b l e  hem orrh ag ic  shock.  Am. J .  P h y s i o l .  2 0 1 : 8 9 3 - 8 9 6 ,  
1961.

C r y e r ,  P. E . , C. M. Herman, and J .  Sode. C ar b o h y d r a te  m etabo l is m in t h e
baboon s u b j e c t e d  t o  g r a m - n e g a t i v e  ( E . c o I i ) s e p t i c e m i a .  I .  Hyper
g ly cem ia  w i t h  depressed plasma i n s u l i n  c o n c e n t r a t i o n s .  Ann. S u r g . 
1 7 4 : 9 1 - 1 0 0 ,  1971.

Daw, J .  C . , A. M. L e f e r ,  and R. M. Berne .  I n f l u e n c e s  o f  c o r t i c o s t e r o i d s
on c a r d i a c  g ly cogen  c o n c e n t r a t i o n s  in t h e  r a t .  C i r c u l a t i o n  Res .
2 2 : 6 3 9 - 6 4 7 ,  1968.

Daw, J .  C . , A. M. L e f e r ,  and R. M. Berne .  Time course o f  g l u c o c o r t i c o i d  
dependent  changes in c a r d i a c  g ly cogen  c o n c e n t r a t i o n .  P roc .  So c .
E x p t I .  B i o l .  Med. 1 3 1 : 1 0 4 2 - 1 0 4 4 ,  1969.

D e l a f i e l d ,  M. E. A compar ison o f  t h e  changes in t h e  b lood s u g a r  and
blood phosphorus in r a b b i t s  f o l l o w i n g  t h e  i n j e c t i o n  o f  suspens ions  
o f  d i f f e r e n t  b a c t e r i a .  J .  P a th ,  and B a c t . 3 5 : 5 3 - 6 8 ,  1932.

DePalma, R. G . , Y.  H ara no ,  A. V. Robinson,  and W. D. Holden.  S t r u c t u r e
and f u n c t i o n  o f  h e p a t i c  m i t o c h o n d r i a  in hemorrhage and e n d o to xe m ia .  
Surg. Forum. 2 1 : 3 - 6 ,  1970.



92

D ie tz m a n ,  R. H . ,  J .  H. B loch ,  and R. C. L i l l e h e i .  T r e a tm e n t  o f  shock.
GP. 3 6 : 1 3 5 - 1 4 1 ,  1967.

D ie tz m a n ,  R. H . ,  R. A. Er se k ,  J .  M. B lo c h ,  and R. C. L i l l e h e i .  H i g h -  
o u t p u t ,  l o w - r e s i s t a n c e  g r a m - n e g a t i v e  s e p t i c  shock in man.
Angioi  o g y . 2 0 : 5 9 1 - 7 0 0 ,  1969.

E d i t o r i a l ,  A d r e n o c o r t i c a l  hormones in i n f e c t i o n s .  New Eng 1. J . Med. 
2 5 8 : 6 6 3 - 6 6 4 ,  1958.

Edwards, W. S . ,  A. S i e g e l ,  and R. J .  B in g .  S t u d i e s  on myocard ia l  meta
b o l i s m .  111. Coronary b lood f l o w ,  m y o ca rd ia l  oxygen consumpt ion  
and c a r b o h y d r a t e  me tabo l is m in e x p e r i m e n t a l  hem orrh ag ic  shock.
J . C l i n .  1n v e s t . 3 3 : 1 6 4 6 - 1 6 6 1 ,  1954.

E l l i s ,  S. The m e t a b o l i c  e f f e c t  o f  e p i n e p h r i n e  and r e l a t e d  amines.
Pharmaco l .  Rev. 8 : 4 8 5 - 5 6 2 ,  1956.

Emmons, P. R . , J .  R. Hampton, M. J.  G. H a r r i s o n ,  A. J .  Honour,  and J .  R. A.  
M i t c h e l l .  E f f e c t  o f  p r o s t a g l a n d i n  E| on p l a t e l e t  b e h a v i o r  in  v i t r o  
and in v i v o . B r i t .  Med. J . 2 : 4 6 8 - 4 7 2 ,  1967.

F e r r e i r a ,  S. H. and J .  R. Vane. P r o s t a g l a n d i n s :  t h e i r  d is a p p e a r a n c e
from and r e l e a s e  i n t o  t h e  c i r c u l a t i o n .  N a t u r e  (L o n d o n ) .
2 1 6 : 8 6 8 - 8 7 3 ,  1967.

F i l k i n s ,  J .  P. Hypoglycemia and depre ssed  h e p a t i c  g Iuconeogenes is
d u r in g  e n d o t o x i c o s i s  in l e a d - s e n s i t i z e d  r a t s .  Proc .  Soc. Ex p .
B i o l .  Med. 1 4 2 : 9 1 5 - 9 1 8 ,  1973.

F i n e ,  J.  The p r e s e n t  s t a t u s  o f  t h e  p ro b le m  o f  e n d o to x in  shock.  J . O k l a . 
S t a t e  Med. Assoc. 5 9 : 4 1 9 - 4 2 4 ,  1966.

F l e c k s t e i n ,  A . ,  H. J .  G o r in g ,  and H. Kammermeier.  E x p er im en ta l  h e a r t
f a i l u r e  due t o  i n h i b i t i o n  o f  u t i l i z a t i o n  o f  h i g h -e n e r g y  p h o sp h a tes .
1n : Coro na ry  C i r c u l a t i o n  and E n e r g e t i c s  o f  t h e  Myocardium. E d i t e d
by G. M a r c h e t t i  and B. T a c c a r d i . B a s e l ,  S w i t z e r  l a n d : S . K a r g e r ,
1967, p.  220 .

F o l c h ,  J . ,  M. Lees,  and G. H. S. S t a n l e y .  A s im p le  method f o r  t h e
i s o l a t i o n  and p u r i f i c a t i o n  o f  t o t a l  l i p i d e s  f rom animal  t i s s u e .
J.  B i o l . Chem. 2 2 6 : 4 9 7 - 5 0 9 ,  1957.

F r a n z ,  R. 0. I n o t r o p i c  a c t i o n s  o f  c e r t a i n  s t e r o i d s  upon c a r d i a c  t i s s u e ,
hormonal s t e r o i d s .  In:  B i o c h e m i s t r y ,  Pharmacology and T h e r a p e u t i c s .
E d i t e d  by L. M a r t i n  and A. P e c i l e .  New York :Academic  P r e s s ,  In c .  
1964.

F u r c h g o t t ,  R. F. and T.  d e G u b a r e f f .  High e n e r g y  phosphate  c o n t e n t  o f
c a r d i a c  muscle under  v a r i o u s  e x p e r i m e n t a l  c o n d i t i o n s  which a l t e r  
c o n t r a c t i 11 i t y .  J .  Pharmacol .  E x p t l .  T h e r a p . 1 2 4 : 2 0 3 - 2 1 8 ,  1958.



93

G im pe l ,  L. P . ,  ü.  S. Hodg ins ,  and E. D. Jacobson.  E f f e c t  o f  en d o to x in  
on l i v e r  adenyl  c y c l a s e .  C l i n .  R es . 1 9 : 4 7 5 ,  1971.

G le n n ,  T. M. A l t e r a t i o n  o f  t h e  course  o f  f e l i n e  p o s t o l i g e m i c  shock  
by p r o s t a g l a n d i n  i n f u s i o n .  Fed. P r o c . 3 1 : 5 4 5 ,  1972.

G le n n ,  E. M . , B. J .  Bowmann, and N. A. R o h l o f f .  P r o - i n f l a m m a t o r y  e f f e c t s  
o f  c e r t a i n  p r o s t a g l a n d i n s .  In:  P r o s t a g l a n d i n s  in C e l l u l a r  
B i o l o g y , e d i t e d  by P. W. Ramwell and B. B. P h a r i s s .  New York :
Plenum P r e s s ,  1972,  p . 329.

G le n n ,  T. M . ,G .  T.  R a f l o ,  S. L. Wangensteen, and A. M. L e f e r .  B e n e f i c i a l  
e f f e c t  o f  p r o s t a g l a n d i n s  E| and P2a in e n d o t o x i n  shock.
Pharmacologi  s t . 1 3 : 2 9 3 ,  1971.

Glenn ,  E. M . , and N. R o h l o f f .  A n t i  a r t h r i t i c  and a n t i - i n f l a m m a t o r y  e f f e c t s  
o f  c e r t a i n  p r o s t a g l a n d i n s .  Proc .  See. Exp. B i o l .  Med. 1 3 9 :2 9 0 -  
294 ,  1972.

G ra ves ,  A. C . , J .  H. D u f f ,  A. P. H. McLean, and L. D. McLean. Hyper-  
l i p i d e m i a  and pulmonary f a t  embol ism in dogs w i t h  E . c o I i  
b a c t e r e m i a .  S u r g e r y . 6 8 : 6 5 6 - 6 6 1 ,  1970.

G re av e s ,  M. W . , J . S o n d er ga a rd ,  and W. M c D o n a Id -G ib s o n . Recovery o f
p r o s t a g l a n d i n s  in human subcutaneous i n f l a m m a t i o n .  B r i t .  Med. J . 
2 : 2 5 6 - 2 6 0 ,  1971.

Gre en ,  A. A. and G. T. C o r i .  C r y s t a l  in muscle p h o s p h o r y I a s e .  I .  P r e p a r a 
t i o n s ,  p r o p e r t i e s  and m o l e c u l a r  w e i g h t .  J . B i o l .  Chem. 1 5 1 : 2 1 - 3 8 , 1 9 4 3 .

G r e i n e r ,  T.  R e l a t i o n s h i p  o f  f o r c e  o f  c o n t r a c t i o n  t o  h i g h - e n e r g y  phosphate  
in h e a r t  mu scle .  J .  Pharmaco l .  E x p t l .  T h e r a p . 1 0 5 : 1 7 8 - 1 9 5 ,  1952.

H a lm ag y i ,  D. F. J . ,  D. J .  G i l l e t t ,  L. L a z a r u s ,  and J .  D. Young. Blood 
g lu co se  and serum i n s u l i n  in r e v e r s i b l e  and i r r e v e r s i b l e  p o s t 
hem or rh ag ic  shock.  J . Trauma. 6 : 6 2 3 - 6 2 9 ,  1965.

Hamosh, M. and B. S h a p i r o .  The mechanism o f  g l y c o g e n o l y t i c  a c t i o n  o f  
e n d o t o x i n .  B r i t .  J .  E x p t l .  P a t h o l . 4 1 : 3 7 3 - 3 8 0 ,  I 9 6 0 .

Hinshaw, L. B. U n d e r s ta n d i n g  t h e  cause and p r i n c i p l e s  o f  t r e a t m e n t  o f  
e n d o t o x in  shock.  J .  Trauma. 9 : 1 4 3 ,  1969.

Hinshaw,  L. B. R e l ea se  o f  v a s o a c t i v e  agents  and t h e  v a s c u l a r  e f f e c t s  o f
e n d o t o x i n .  In :  M i c r o b i a l  Tox in s  ( V o l .  5 ) .  New York:Academic  P r e s s ,  
1971,  P. 209 .

Hinshaw,  L. B . , L. T .  A r c h e r ,  L. J .  G r e e n f i e l d ,  and C. A. G u e n fe r .
E f f e c t s  o f  e n d o t o x i n  on m yoca rd ia l  hemodynamics, performance  
and m e ta b o l is m .  Am. J . P h y s i o l . 2 2 1 : 5 0 4 - 5 1 0 ,  1971.



94

Hinshaw,  L. B . , T.  E. Emerson, J r . ,  and D. A. Re ins .  C a r d i o v a s c u l a r  
responses o f  t h e  p r im a t e  in e n d o t o x i n  shock.  Am. J.  P h y s i o l .  
2 1 0 : 3 3 5 - 3 4 0 ,  1966.

Hinshaw,  L. B . , R. P. G i l b e r t ,  H. K u id a ,  and M. B. V i s s c h e r .  P e r i p h e r a l
r e s i s t a n c e  changes and blood p o o l i n g  a f t e r  en d o to x in  in e v i s c e r a t e d  
dogs. Am. J . P h y s i o l . 1 9 5 : 6 3 1 - 6 3 4 ,  1958.

Hinshaw,  L. B . , L. J .  G r e e n f i e l d ,  S. E. Owen, M. R. B la c k ,  and C. A.
G u e n t e r .  P r e c i p i t a t i o n  o f  c a r d i a c  f a i l u r e  in e n d o t o x in  shock.
Surg.  Gynec. O b s t e t . 1 3 5 : 3 9 - 4 8 ,  1972.

Hinshaw,  L. B . , L. L. Shanbour,  L. J .  G r e e n f i e l d ,  and J .  J .  Coal son.
Mechanism o f  decreased venous r e t u r n  in subhuman p r i m a t e  admin
i s t e r e d  e n d o t o x i n .  Arch .  S u r g . 1 0 0 : 6 0 0 - 6 0 6 ,  1970.

Hinshaw,  L . B . ,  L. A. Solomon, P. C. F r e e n y ,  and D. A. R e i n s .  E n d o tox in  
shock;  hemodynamic and s u r v i v a l  e f f e c t s  o f  methyI  p r e d n i s o l o n e .
Arch .  S u r g . 9 4 : 6 1 - 6 6 ,  1967.

Hinshaw,  L. B . , J.  A. V i c k ,  M. M. J o r d a n ,  and L. E. W i t t m e r s .  V a s c u l a r  
changes a s s o c i a t e d  w i t h  t h e  dev elopm en t  o f  i r r e v e r s i b l e  e n d o t o x i n  
shock.  Amer. J . P h y s i o l . 2 0 2 : 1 0 3 - 1 1 0 ,  1962.

H i r s c h ,  R. L . , D. G. MacKay, R. I .  T r a v e r s ,  and R. K. S k r a l y .  H y p e r -  
I I  pi  demi a ,  f a t t y  l i v e r ,  and bromosuI f a  I e i n  r e t e n t i o n  in r a b b i t s  
i n j e c t e d  i n t r a v e n o u s l y  w i t h  b a c t e r i a l  e n d o t o x i n s .  J . L i p i d  R es . 
5 : 5 6 3 - 5 6 8 ,  1964.

H o r o w i t z ,  D. L. E f f e c t s  o f  e n d o t o x in  and E. c o l i  shock on t h e  m e ta b o l is m
o f  l i p i d s  and c a r b o h y d r a te .  Adv.  E x p t l .  Med. B i o l . 2 3 : 1 9 5 - 2 0 2 , 1 9 7 2 .

H o r to n ,  E. W. and R. L. Jones.  P r o s t a g l a n d i n s  A | , Ag and 1 9 -hydro xy  A | ; 
T h e i r  a c t i o n s  on smooth muscle and t h e i r  i n a c t i v a t i o n  on passage  
th r o u g h  t h e  pulmonary and h e p a t i c  p o r t a l  v a s c u l a r  bed. B r i t .  J . 
P h a r m a c o l . 3 7 : 7 0 5 - 7 2 2 ,  1969.

J a n o f f ,  A . ,  G. Weissman, B. W. Z w e i f a c h ,  and L. Thomas. P a tho g e ne s is  
o f  e x p e r i m e n t a l  shock IV:  S t u d i e s  on lysosomes in normal and
t o l e r a n t  a n i m a l s  s u b je c te d  t o  l e t h a l  t rauma and end o to xe m ia .
J .  Exp. Med. 1 1 6 :4 5 1 -4 6 6 ,  1962.

K adow it z ,  P. J .  and A. C. Yard .  I n f l u e n c e  o f  h y d r o c o r t i s o n e  on c a r d i o 
v a s c u l a r  responses t o  e p i n e p h r i n e .  Eur .  J .  Pharmaco l .  1 3 : 2 8 1 -  
2 8 6 ,  1971.

K a l e y ,  G. and R. W e in e r .  P r o s t a g l a n d i n  E j :  A p o t e n t i a l  m e d i a t o r  o f  t h e  
i n f l a m m a t o r y  response.  Ann. N. Y.  Acad. S c i . 1 8 0 : 3 3 8 - 3 5 0 ,  1971.



95

K e s s l e r ,  E . , R. C. Hughes, E. N. Benne t ,  and S. M. N ad e la .  Evidence f o r  
t h e  pre sence  o f  p r o s t a g l a n d i n - 1  i k e  m a t e r i a l  in t h e  plasma o f  dogs 
w i t h  e n d o t o x i n  shock. J . Lab. C l i n .  Med. 8 1 : 8 5 - 9 4 ,  1973.

K e s s l e r ,  E . , C. Jimmenez,  R. M a n a n k i I , and R. C. Hughes. A p o s s i b l e  
new humoral f a c t o r  in shock.  Ci r c u I a t i o n . 4 0 - 1 1 1 : 1 2 1 ,  1969.

K in ney ,  J .  M . , C. L. Long, and J .  H. Duke. C arbohydra te  and n i t r o g e n
m e ta b o l i s m  a f t e r  i n j u r y .  In:  Energy Met abo l i sm  in Trauma, e d i t e d
by R. P o r t e r  and J .  K n ig h t .  L o n don:J . &A. C h u r c h i l l ,  I 97Ô, p.  103.

K i t z m i l l e r ,  J .  L. S e p t i c  shock:  An e l e c t  r e v i e w .  O b s t e t .  Gynec. Survey.  
2 6 : 1 0 5 - 1 3 2 ,  1971.

K l a r w e i n ,  M . , K. Kako, A. Chrysohou, and R. J.  B ing .  The e f f e c t  o f
a t r i a l  and v e n t r i c u l a r  f i b r i l l a t i o n  and o f  v e n t r i c u l a r  t a c h y c a r d i a  
on c a r b o h y d r a t e  metabo l ism o f  t h e  h e a r t .  C i r c u l a t i o n  Res.  9 : 8 1 9 -  
8 2 5 ,  1961.

K lo ez e ,  J .  I n f l u e n c e  o f  p r o s t a g l a n d i n s  on p l a t e l e t  adh esive ness  and
p l a t e l e t  a g g r e g a t i o n .  In:  P r o s t a g I a n d i n s , e d i t e d  by S. Bergstrom  
and B. Samuelsson.  S t o c k h o lm :A l m q v is t  W i k s e l l ,  1967,  p.  241 .

Krebs,  E. G . , R. J .  D e l a n g e ,  R. C. Kemp, and W. D. R i l e y .  B. A c t i v a t i o n
o f  s k e l e t a l  muscle  p h o sp h o ry I as e .  P h a rm a co l . Rev . 1 8 : 1 6 3 - 1 7 1 ,  1966.

K u b l e r ,  W. and P. G. Spieckermann.  R e g u l a t i o n  o f  g l y c o l y s i s  in t h e  
is chem ic  and t h e  a n o x ic  myocardium.  J .  M ol .  C e l l .  C a r d i o l .
1 : 3 5 1 - 3 7 7 ,  1970.

Lamprecht ,  W. S u b s t r a t e  and energy  meta bo l i sm  in h e a r t  f a i l u r e .  In:
Coro nary  C i r c u l a t i o n  and E n e r g e t i c s  o f  t h e  Myocardium, e d i t e d  by 
G. M a r c h e t t i  and B. T a c c a r d i .  B a s e l ,  S w i t z e r l a n d : S .  K a r g e r ,
1967,  p. 186.

LaNoue, K. F . , A. D. Mason, J r . ,  and R. G. B i c k e l .  Carb o h y dr a te
m e ta b o l i s m  in pseudomonas i n f e c t i o n .  Computers and Biomed. Res.  
2 : 5 1 - 6 7 ,  1968,  a .

LaNoue, K. P . ,  A. D. Mason, J r . ,  and J .  P. D a n i e l s .  The impa irment  o f  
g Iu c on e o g en es is  by gram n e g a t i v e  i n f e c t i o n .  M e tab o l i s m .
1 7 :60 6 -61  I , 1968,  b.

Larson ,  D. L. and S. Abston.  A c u t e l y  burned;  i n i t i a l  c a r e  and c l o s u r e  
o f  burn wound. New York .  J .  Med. 7 0 : 1 6 2 6 - 1 6 3 3 ,  1970.

Laurel  I ,  S. and G. T i b b l i n g .  C o l o r i m e t r i c  m i c r o - d e t e r m i n a t i o n  o f
f r e e  f a t t y  a c i d s  in p lasma.  C l i n .  Chim. A c t a .  1 6 : 5 7 - 6 2 ,  1967.



Lecocq, F. R . , D. Mebane, and L. L. Madison.  The a c u t e  e f f e c t  o f  h y d r o -  
d o r t i s o n e  on h e p a t i c  g lu cose  o u t p u t  and p e r i p h e r a l  g lu co se  
u t i l i z a t i o n .  J . C l i n .  1n v e s t . 4 3 : 2 3 7 - 2 4 5 ,  1964.

Lee,  J.  B. P r o s t a g l a n d i n s .  P h y s i o l o g i s t . 1 3 : 3 7 9 - 3 9 7 ,  1970.

L e f e r ,  A. M. and R. L. V e r r i e r .  Role  o f  c o r t i c o s t e r o i d s  in t h e  t r e a t m e n t  
o f  c i r c u l a t o r y  c o l l a p s e  s t a t e s .  C l i n .  Pharm aco l .  T h era p .  1 1 : 6 3 0 -  
6 55 ,  1970.

Levenson, S. M . , A. E i n h e b e r ,  and 0 .  J .  Malm. N u t r i t i o n a l  and m e t a b o l i c  
a sp ec ts  o f  shock.  Fed. P r o c . 2 0 ( 9 ) :99-1  I 9 ,  1961.

L i l l e h e i ,  R. C . , R. H. D ie tz m a n ,  S. Movas, and J .  H. B lo c k .  T r e a tm e n t  
o f  s e p t i c  shock.  Mod. T r e a t . 4 : 3 2 1 - 3 4 6 ,  1967.

L i l l e h e i ,  R. C . , J.  K. Longerbeam, J .  H. B lo ch ,  and W. G. Manax. N a t u r e  
o f  i r r e v e r s i b l e  shock:  Exp er i m en ta l  and c l i n i c a l  o b s e r v a t i o n s .
Ann. S u r g . 1 6 0 : 6 8 2 - 7 1 0 ,  1964,  a .

L i l l e h e i ,  R. C. , J .  K. Longerbeam, J .  H. B lo ch ,  and W. G. Mannax. Modern
t r e a t m e n t  o f  shock based on p h y s i o l o g i c  p r i n c i p l e s .  C l i n .  P h a r m a c o l . 
T h e r . 5 : 6 3 - 1 0 1 ,  1964,  b.

L i l l e h e i ,  R. C. and L. D. MacLean. The i n t e s t i n a l  f a c t o r  in i r r e v e r s i b l e  
e n d o t o x i n  shock.  Ann. S urg . 1 4 8 : 5 1 3 - 5 2 5 ,  1958.

L i l l e h e i ,  R. C. and L. D. MacLean. P h y s i o l o g i c a l  approach t o  suc ce s s fu l  
t r e a t m e n t  o f  e n d o t o x i n  shock in t h e  e x p e r i m e n t a l  a n i m a l .  A rch .
S u r g . 7 8 : 4 6 4 - 4 7 1 ,  1959.

Lochner ,  W . , G. A r n o l d ,  and E. R. M u l l e r - R u c h h o l t z .  M e tab o l i s m  o f  t h e
a r t i f i c i a l l y  a r r e s t e d  h e a r t  and o f  t h e  g a s - p e r f u s e d  h e a r t .  Am. J . 
C a r d i o l . 2 2 : 2 2 9 - 3 1 1 ,  1968.

Londe, 5 .  P . ,  H. M a s s ie ,  W. W. Monafo,  J r . ,  and H. R. B e rn a rd .  R e s i s ta n c e  
o f  t h e  i s o l a t e d  c a n i n e  h e a r t  t o  e n d o t o x i n .  S u r g e r y .  6 1 : 4 6 6 - 4 7 0 ,
1967.

Long, C. N. H . , B. K a t z i n ,  and E. G. F r y .  Adrenal  c o r t e x  and c a r b o h y d r a t e  
m e ta b o l i s m .  E n d o c r i n o l o g y . 2 6 : 3 0 9 - 3 4 4 ,  1940.

Lowry, 0 .  H. and J .  V. Passonneau.  A F l e x i b l e  System o f  En zy mat ic  A n a l y s i s . 
New Yo rk :Academ ic  P r e s s ,  1972.

Lowry, 0 .  H . , N. J .  Rosebrough,  A. L. F a r r ,  and R. J .  R a n d a l l .  P r o t e i n  
measurement  w i t h  t h e  Pol in phenol r e a g e n t s .  J .  B i o l .  Chem. 
1 9 3 : 2 6 5 - 2 7 5 ,  1951.

Lundsgaard-Hansen,  P . ,  E. Pappova, B. Urbas chek,  L. He i tm ann ,  A. L aed erach ,  
N. M oines ,  M. O r o z ,  and U. W i r t h .  C i r c u l a t o r y  d e t e r i o r a t i o n  as  
t h e  d e t e r m i n a n t  o f  energ y  m eta bo l is m in e n d o t o x i n  shock. J .  S u r g . 
Res. 1 3 : 2 8 2 - 2 8 8 ,  1972.



97

MacLean, L. D. and M H. W e i I . Hyp otens ion  (s h o ck )  in dogs produced by 
E s c h e r i c h i a  c o l i  e n d o t o x i n .  C i r c .  R es . 4 : 5 4 6 - 5 5 6 ,  1956.

MacLean, L. D . , M. H. W e i l ,  W. W. S p in k ,  and M B .  V i s s c h e r .  Canine
i n t e s t i n a l  and l i v e r  w e i g h t  changes induced by E. c o l i  e n d o t o x i n .  
Proc .  Soc. Exp. B i o l .  Med. 9 2 : 6 0 2 - 6 0 5 ,  1956.

M ak in ,  G. S. T i s s u e  p e r f u s i o n  and l a c t i c  a c i d o s i s  in hemorrhag ic  sho ck,
an e x p e r i m e n t a l  s tu d y .  Ann. R. C o l l .  Su rg .  E n g l . 4 8 : 1 1 4 - 1 2 1 ,  1971.

M a r g u l i s ,  R. R . , R. W. D u s t i n ,  J.  R. L o v e l l ,  H. Robb, and C. Jabs.  H e p a r in  
f o r  s e p t i c  a b o r t i o n  and t h e  p r e v e n t i o n  o f  e n d o t o x i c  shock.  O b s t e t .  
Gynec. 3 7 : 4 7 4 - 4 8 3 ,  1971.

M a r q u is ,  N. R . , R. L. V i g d a h l ,  and P. A. T a v o r m i n a .  P l a t e l e t  a g g r e g a t i o n .
I .  R e g u l a t i o n  by c y c l i c  AMP and p r o s t a g l a n d i n  E | .  Biochem. B i o p h y s . 
Res. Commun. 3 6 : 9 6 5 - 9 7 2 ,  1969.

Massion,  W. H. and G. B lumel .  I r r e v e r s i b i l i t y  in shock;  r o l e  o f  vaso
a c t i v e  k i n i n s .  A nes th .  A n a l g . 5 0 : 9 7 0 - 9 7 8 ,  1971.

Massion ,  W. H . , B. R o s e n b l u t h ,  and M. Kux. P r o t e c t i v e  e f f e c t  o f  m e t h y I -  
p r e d n i s o l o n e  a g a i n s t  lung c o m p l i c a t i o n s  in e n d o to x in  shock.
Southern  Med. J . 6 5 : 9 4 1 - 9 4 4 ,  1972.

McCloy, R. B . , A. V. P ran ca n ,  and J .  Nakano. C i r c u l a t o r y  and r e s p i r a t o r y  
e f f e c t s  o f  d i f f e r e n t  m i x t u r e s  o f  p r o s t a g l a n d i n s  E2 and F2a-  
Cl in .  Res . 2 1 : 4 3 7 ,  1973.

McKay, D. G . , W. M a r g a r e t t e n ,  and I .  Csavossy.  An e l e c t r o n  m ic r o s c o p i c  
s tu d y  o f  e n d o t o x i n  shock in rhesus monkeys.  Surg.  Gynec. O b s t e t .  
1 2 5 : 8 2 5 - 8 3 2 ,  1967.

M e la ,  L . , L .V .  B a c a i z o ,  J r . ,  L. D. M i l l e r .  D e f e c t i v e  o x i d a t i v e
m e ta b o l i s m  o f  r a t  l i v e r  m i t o c h o n d r i a  in hem orrh ag ic  and endo
t o x i n  shock.  Am. J . P h y s i o l . 2 2 0 : 5 7 1 - 5 7 7 ,  1971.

Mel by,  J . C. C o r t i c o s t e r o i d s  in shock in man and a n i m a l s .  New P h y s i c i a n .  
1 3 : 4 2 6 - 4 2 8 ,  1964.

Menten,  M. L. and H. M. Manning.  Blood s u g a r  s t u d i e s  on r a b b i t s  i n f e c t e d  
w i t h  org an isms o f  t h e  e n t e r i t i d i s - p a r a t y p h o i d  B g roup.  J .  Med.
Res. 4 4 : 6 7 5 - 6 7 6 ,  1924.

M i c h a l ,  G . , A. Beure n ,  C. E. Hogencamp, and R. J .  B ing .  E f f e c t  o f
i n t e r r u p t i o n  o f  c o r o n a ry  c i r c u l a t i o n  on meta bo l i sm  o f  t h e  a r r e s t e d  
h e a r t .  Am. J .  P h y s i o l . 1 9 5 : 4 1 7 - 4 2 3 ,  1958.



9 8

M i c h a l ,  G . ,  S. N a e g l e ,  W. H. D a n f o r t h ,  F.  B. B a l l a r d ,  and R. J .  B in g .
M e t a b o l i c  changes in h e a r t  muscle  d u r in g  a n o x i a .  Am. J .  P h y s i o l .  
1 9 7 : 1 1 4 7 - 1 1 5 1 ,  1959.

Mignone,  L. M e t a b o l i c  a sp ec ts  o f  sho ck.  In :  Shock, e d i t e d  by K. D.
Bock. New York :A cademic  P r e s s ,  1962,  p.  76 .

M i l t o n ,  A. S. P r o s t a g l a n d i n  r e l e a s e  in t h e  c e n t r a l  nervous system d u r i n g  
e n d o t o x i n  induced f e v e r .  A b s t .  I n t .  C o nf .  P r o s t a g l a n d i n s ,  V i e n n a . 
S e p t . ,  1972,  p.  79 .

M o f f a t ,  J.  G . , J.  A. C. K in g ,  and W. R. D r u c k e r .  T o l e r a n c e s  t o  p ro lo n g e d  
hyp ovolem ic  shock e f f e c t  o f  i n s u l i n  o f  ene rgy  s u b s t r a t e .  S u r g .
Forum. 1 9 : 5 - 8 ,  1968.

Morgan,  FI. E. and A. P a r m e g g i a n i .  R e g u l a t i o n  o f  g I ycogeno I ys i s in musc le .  
J.  B i o l . Chem. 2 3 9 : 2 4 3 5 - 2 4 3 9 ,  1964,  a.

Morgan,  FI. E. and A. P a r m e g g i a n i .  R e g u l a t i o n  o f  g I ycogeno I ys i s in m u s c le .
I I I .  C o n t r o l  o f  muscle g ly co g en  ph o sp h o ry Iase  a c t i v i t y .  J .  B i o l .  
Chem. 2 3 9 : 2 4 4 0 - 2 4 4 5 ,  1964,  b.

M otsay ,  G . , A. AI ho, R. FI. D ie tz m a n ,  and R. C. L i l l e h e i .  C l i n i c a l  and
l a b o r a t o r y  e x p e r i e n c e  w i t h  g r a m - n e g a t i v e  s e p t i c  shock.  J .  Rep rod .  
Med. 8 : 3 1 3 - 3 2 7 ,  1972.

M otsay ,  G. J . ,  A. AI ho,  T.  J a e g e r ,  R. FI. D ie tz m a n ,  and R. C. L i l l e h e i .
E f f e c t s  o f  c o r t i c o s t e r o i d s  on t h e  c i r c u l a t i o n  in shock:  e x p e r i 
mental  and c l i n i c a l  r e s u l t s .  Fed.  P r o c . 2 9 : 1 8 6 1 - 1 8 7 3 ,  1970 ,  a .

M otsay ,  G. J . ,  A. AI ho,  I .  J a e g e r ,  L. S. S c h u l t z ,  R. FI. D i e t z m a n ,  and
R. C. L i l l e h e i .  E f f e c t s  o f  methyI  p r e d n i s o l o n e ,  phenoxyb enzamin e ,
and e p i n e p h r i n e  t o l e r a n c e  in c a n i n e  e n d o to x in  shock:  s tu d y  o f
i s o g r a v i m e t r i c  c a p i l l a r y  p r e s s u r e s  in f o r e  I imb and i n t e s t i n e .  
S u r g e r y . 7 0 : 2 7 1 - 2 7 9 ,  1971.

Motsay ,  G. J . ,  R. Ft. D ie tz m a n ,  R. A. E r s e k ,  R. C. L i l l e h e i .  Hemodynamic
a l t e r a t i o n s  and r e s u l t s  o f  t r e a t m e n t  in p a t i e n t s  w i t h  g r a m - n e g a t i v e  
s e p t i c  shock.  S u r g e r y . 6 7 : 5 7 7 - 5 8 3 ,  1970,  b.

Murphy,  G. P . ,  V. E. Hesse,  J.  L. E v e r s ,  G. H o b i k a ,  J . W. M o s t e r t ,  A.
S z o ln o k y ,  R. Schoonees, J .  Abramczyk and J . T.  G ra ce .  The r e n a l  
and c a r d io d y n a m ic  e f f e c t s  o f  p r o s t a g l a n d i n s  (PGE| ,  PG A| ) in 
re nal  is c h e m ia .  J .  Surg .  R es . 1 0 : 5 3 3 - 5 4 1 ,  1970.

Nakano, J .  E f f e c t s  o f  p r o s t a g l a n d i n  E | ,  A| and F 2a  on t h e  c o r o n a r y  and
p e r i p h e r a l  c i r c u l a t i o n s .  P r o c .  Soc.  E x p t l .  B i o l .  Med. 1 2 7 : 1 1 6 0 -  
1163,  1968.

Nakano, J .  M e ta b o l is m  o f  p r o s t a g l a n d i n  E| in dog k id n e y s .  B r i t .  J . 
P h a r m a c o l . 4 0 : 3 1 7 - 3 2 5 ,  1970.



99

Nakano,  J .  C a r d i o v a s c u l a r  a c t i o n s  o f  p r o s r a g I  a n d i n s . In;  P ros tag  I and I n s , 
v o l .  I ,  e d i t e d  by P. Ramwel l ,  New York rP lenum  P r e s s ,  1973,  p. 2 3 9 ,  a.

Nakano,  J .  General  pharmacology o f  p r o s t a g l a n d i n s .  In :  The P r o s t a g l a n d i n s ;
Pharmacology and T h e r a p e u t i c s , e d i t e d  by M. F. C u t h b e r t .  London:  
Heinemann Book P u b l .  L t d . ,  1973,  p.  2 3 ,  b.

Nakano,  J .  The p r o s t a g l a n d i n s ;  t h e i r  p o s s i b l e  p a t h o p h y s i o l o g i c a l  r o l e s  
and t h e r a p e u t i c  a p p l i c a t i o n .  In suran ce  Med. 5 6 : 1 8 4 - 2 0 6 ,  1973,  c .

Nakano,  J . ,  E. Anggard ,  and B. Samuelsson.  I 5 - h y d r o x y - p r o s t a n o a t e
deh ydrogenase .  P r o s t a g l a n d i n s  as s u b s t r a t e  and i n h i b i t o r s .  Eur .  J . 
Biochem. 1 1 : 3 8 6 - 3 8 9 ,  1969.

Nakano,  J.  and B. C o l e .  E f f e c t s  o f  p r o s t a g l a n d i n s  E| and F2a on t h e
s y s t e m i c ,  pulmonary and s p l a n c h n i c  c i r c u l a t i o n s  in dogs. Am. J . 
P h y s i o l . 2 1 7 : 2 2 2 - 2 2 7 ,  1969.

Nakano,  J .  and M. C. Koss. P a t h o p h y s i o l o g i c a l  r o l e s  o f  p r o s t a g l a n d i n s
and t h e  a c t i o n  o f  a s p i r i n - 1  i ke  d ru g s .  S o u th .  Med. J .  6 6 : 7 0 9 - 7 2 3 ,  
1973.

Nakano,  J .  and J .  R. McCurdy.  C a r d i o v a s c u l a r  e f f e c t s  o f  p r o s t a g l a n d i n  
E | .  J.  Ph arm aco l .  Exp. T h e r . 1 5 7 : 5 3 8 - 5 4 7 ,  1967.

Nakano, J .  and J .  R. McCurdy.  Hemodynamic e f f e c t s  o f  p r o s t a g l a n d i n s  
E I , A| and F - p ^  on dogs. Proc .  Soc. Exp. B i o l .  Med. 1 2 8 : 3 9 - 4 2 ,
1968.

Nakano,  J . ,  A. V. P r a n c a n ,  and J .  M. K e s s i n g e r .  E f f e c t  o f  p r o s t a g l a n d i n s  
E| and A| on t h e  g a s t r i c  c i r c u l a t i o n  in dogs.  C l i n .  Res. 1 9 : 3 9 9 ,
1971.

Novak, E . , S. S. S tu b b s ,  C. E. Seckman, and M S. H e a r r o n .  E f f e c t s  o f  a 
s i n g l e  l a r g e  i n t r a v e n o u s  dose o f  methyI p r e d n i s o l o n e  sodium 
s u c c i n a t e .  C l i n .  Pharm aco l .  T h e r a p . 1 1 : 7 1 1 - 7 1 7 ,  1970.

Oaks,  W. W. and H. E. Cohen. Endotox in  shock in  t h e  g e r i a t r i c  p a t i e n t .
Ger i  a t r i c s . 2 2 : 1 2 0 - 1 3 0 ,  1967.

O ls o n ,  R. E. U t i l i z a t i o n  o f  exogenous and endogenous l i p i d s  by t h e  
i s o l a t e d  p e r fu s e d  r a t  h e a r t .  In :  C o ro nary  C i r c u l a t i o n  and
E n e r g e t i c s  o f  t h e  Myocardium, e d i t e d  by G. M a r c h e t t i  and B.
T a c c a r d i .  B a s e l ,  S w i t z e r l a n d r S .  K a r g e r ,  1967 ,  p.  162.

O ls o n ,  R. E. and D. A. P l a t n e k .  C o n s e r v a t i o n  o f  energ y  in c a r d i a c  
muscle .  Ann. N. Y. Acad. S c i . 7 2 : 4 6 6 - 4 7 9 ,  1959.



100

Opdyke, E. F. and R. C. Foreman. A --tudy o f  c or on a ry  f lo w  under
c o n d i t i o n s  o f  hem or rh ag ic  hypotens ion  and shock.  Am. J .  P h y s i o l .  
1 4 8 : 7 2 6 - 7 3 9 ,  1947.

Pappova,  E . , B. Urb aschek ,  L. Hei tmann,  M. O ro x ,  E . S t r e i t ,  A. Lemeunier ,  
and P. Lundsgaard-Hansen.  E n e r g y - r i c h  phosphates and g lu co s e  
m etabol is m in e a r l y  e n d o t o x in  shock.  J .  Surg .  Res.  1 1 : 5 0 6 - 5 1 2 ,  
1971 .

P a r m e g g i a n i ,  A. and H. E. Morgan. E f f e c t  o f  a d e n in e  n e c l e o t i d e s  and 
i n o r g a n i c  phosphate  on muscle phosp hory lase  a c t i v i t y .  Biochem. 
Biophys .  Res.  Commun. 9 : 2 5 2 - 2 5 6 ,  f96 2 .

Passoneau,  J .  V. and 0 .  H. Lowry. P h o s p h o f r u c t o k i n a s e  and t h e  P a s t e u r -  
e f f e c t .  Biochem. B io phys .  Res. Commun. 7 : 1 0 - 1 5 ,  1962.

P i p e r ,  P. J .  and J .  R. Vane. The r e l e a s e  o f  p r o s t a g l a n d i n s  f rom lung 
and o t h e r  t i s s u e s .  Ann. N. Y. Acad . S c i . 1 8 0 : 3 6 3 - 3 8 5 ,  1971.

P o o l ,  P. E . , J .  W. C o v e l l ,  0 .  A. C h id se y ,  and E. Braunwa ld .  M yo c ard ia l  
high energy  phosphate  s t o r e s  in a c u t e l y  induced h yp o x ic  h e a r t  
f a i l u r e .  C i r c u l â t .  R e s . 1 9 : 2 2 1 - 2 2 9 ,  1966.

P r i a n a o ,  L. L . , I .  H. M i l l e r ,  R. D. W i l s o n ,  and D. L. T r a b e r .  T re a tm en t  
o f  h yp ovo lem ic  shock w i t h  p r o s t a g l a n d i n  E | .  Fed.  P r o c .  3 1 : 8 1 7 ,
1972.

P r i a n o ,  L. L . , W i l s o n ,  R. D. and T r a b e r ,  D. L. The d i r e c t  e f f e c t  o f
e n d o t o x in  on t h e  h e a r t .  P roc .  Soc. Exp. B i o l .  Med. 1 3 5 : 4 9 5 - 5 0 0 ,  
1970.

P r i t h a m ,  G. H. Hormones a f f e c t i n g  m eta bo l i sm .  In :  M e ta b o I i s n . , e d i t e d
by P. A. Altman and D. S. D i t t m e r .  Be th es d a ,  Mary I and : F e d e r a t i o n  
o f  American S o c i e t i e s  f o r  E x p er im en ta l  B i o l o g y ,  1968,  p.  4 5 9 .

R a n g e l ,  D. M . , J.  E. B y f i e l d ,  G. E. Adomian, G. H. S t e v e n s ,  and E. W. 
F o n k a ls r u d .  H e p a t i c  u I t r a s t r u c t u r a I  response t o  e n d o t o x in  
shock.  S u r g e r y . 6 8 : 5 0 3 - 5 1 1 ,  1970,  a .

R a n g e l ,  D. M . , A. D i n b a r ,  G. H. S te v e n s ,  R. Cooper ,  and E. W. F o n ka ls r u d .  
The h e p a t i c  response t o  e n d o to x in  shock;  hemodynamic and enzy m a t ic  
o b s e r v a t i o n s .  J .  Surg .  R es . 1 0 : 1 8 1 - 1 8 8 ,  1970,  b.

Rao, P. S. and D. Cavanagh.  E n d o tox ic  shock in t h e  baboon: some e f f e c t s  
o f  g l u c o c o r t i c o i d  t h e r a p y .  Surg.  Forum. 2 1 : 4 1 6 - 4 1 9 ,  1970.

R a t l i f f ,  N. B . , J .  W. W i l s o n ,  E. M i k a t ,  D. B. H a c k e l ,  and T.  C. Graham.  
The lung in  hem or rh ag ic  shock.  IV .  The r o l e  o f  n e u t r o p h i l i c  
p o ly m o r p h o n u c l e a r  l e u k o c y t e s .  Amer. J .  P a t h .  6 5 : 3 2 5 - 3 3 4 ,  1971.



Regen, D. M . , W. W. D av ie s ,  H. E. Morgan,  and C. R. P a r k .  The r e g u l a t i o n
o f  h ex o k i n a se  and p h o s p h o f r u c to k i n a s e  a c t i v i t y  in h e a r t  muscle .
E f f e c t s  o f  a l l o x a n - d i a b e t e s ,  growth hormorne,  c o r t i s o l ,  a n o x i a .
J .  B i o l .  Chem. 2 3 9 : 4 3 - 4 9 ,  1964.

Rep log l e ,  R. Z . , A. B. Gazzaniga and R. E. Gross.  Use o f  c o r t i c o s t e r o i d s
d u r i n g  card io p u lm o n ar y  bypass; p o s s i b l e  lysosomal s t a b i l i z a t i o n .
Ci r c u l a t i o n  (S u p p l .  I ) .  3 3 : 8 6 ,  1966.

R ig b y ,  R. A. and J .  H. C h r i s t y .  Recovery  f o l l o w i n g  pro longed  g r a m - n e g a t i v e  
shock and "shock lung".  Amer. J .  Med. 4 5 : 9 5 9 - 9 6 6 ,  1968.

R o b e r t s ,  J .  M. and R. K. Laros.  Hem orr hag ic  and e n d o t o x i c  shock:  A 
p a t h o p h y s i o l o g i c a l  approach t o  d i a g n o s i s  and management.  Amer.
J .  O b s t e t .  Gynec. 1 1 0 : 1 0 4 1 - 1 0 4 9 ,  1971.

Robins,  J .  Modern concepts in t h e  management o f  shock.  O b s t e t .  Gynec.  
2 8 : 1 3 0 - 1 3 8 ,  1966.

Robson, H. G. Pa th o p h y s io lo g y  and management o f  s e p t i c  shock.  P o s t g r a d .  
Med. 5 0 : 1 4 9 - 1 5 4 ,  1971.

Sambhi,  M. P . ,  M. H. W e i l ,  and V. N. U d h o j i . Acute  pharmacodynamic
e f f e c t s  o f  g l u c o c o r t i c o i d s  on c a r d i a c  o u t p u t  and r e l a t e d  hemo
dynamic changes in normal p a t i e n t s  and p a t i e n t s  in shock.
Ci r c u I a t i o n . 3 1 : 5 2 3 - 5 3 0 ,  1965.

Samuelsson,  B . , E. Granst rom,  K. G re en ,  and M. Hamberg. M e tab o l i s m  o f  
p r o s t a g l a n d i n s .  Ann. N. Y. Acad.  S c i . 1 8 0 : 1 3 8 - 1 6 3 .  1971.

Scheuer ,  J .  M y o c a r d ia l  m e ta bo l is m in c a r d i a c  h y p o x i a .  Am. J .  C a r d i o l .  
1 9 : 3 8 5 - 3 9 2 ,  1967.

Scheuer ,  J .  and W. S te zos k i  . M y o c a r d ia l  is c h e m ia .  High energy phosphate  
l e v e l s  and e l e c t r o c a r d i o g r a p h i c  changes .  J .  C l i n .  I n v e s t .  4 6 : 1 1 1 4 ,  
1967.

Schwarz ,  R. H. En d o tox in  shock in a b o r t i o n :  C u r r e n t  c o n c ep ts .  Med. T im e s .
96:65-69, 1968.

Shands, J .  W. J r . ,  V. M i l l e r ,  H. M a r t i n ,  and V. S e n t e r f i t t .  Hypoglyce mic  
a c t i v i t y  o f  e n d o t o x i n .  J . B a c t e r i o l . 9 8 : 4 9 4 - 5 0 1 ,  1969.

Shoemaker,  W. C. Shock. S p r i n g f i e l d ,  11 I . :C.  C. Thomas P u b l . ,  1967,
p. 120.

S i e g e l ,  J .  H . , M. Greenspan,  and L. R. D e l G u e r c i o .  Abnormal v a s c u l a r  
t o n e ,  d e f e c t i v e  oxygen t r a n s p o r t  and m y c a r d ia l  f a i l u r e  in human 
s e p t i c  shock.  Ann. Surg. 1 6 5 : 5 0 4 - 5 1 7 ,  1967.



102

S k ar ne s ,  R. C. and M. J .  K. H a r p e r .  R e l a t i o n s h i p  between e n d o t o x i n -
induced a b o r t i o n  and s y n t h e s i s  o f  p r o s t a g l a n d i n  F.  P r o s t a g  I and i n s . 
1 : 1 9 1 - 2 0 3 ,  1972.

Snedecor ,  G. W. and W. G. Cochran .  S t a t i s t i c a l  Methods ( 5 t h  E d i t i o n ) .  
Ames, Iowa: Iowa U n i v e r s i t y  P r e s s ,  1967.

S o l i s ,  R. T . ,  and E. E. Downing. E f f e c t s  o f  E. c o l i  e ndotoxem ia  on 
v e n t r i c u l a r  p e r fo r m a n c e .  Am. J . P h y s i o l . 2 1 1 : 3 0 7 - 3 1 3 ,  1966.

Solomon, L. A . ,  and L. B. Hinshaw.  E f f e c t  o f  e n d o t o x i n  on i s o g r a v i m e t r i c  
c a p i l l a r y  p r e s s u r e  in t h e  f o r e l i m b .  Amer. J . P h y s i o l . 2 1 4 :4 4 3 "
4 50 ,  1968.

S o r r e l l s ,  K . , E. G. Erdos ,  and W. H. Mas sion .  E f f e c t  o f  p r o s t a g l a n d i n  
E| on t h e  pulmonary v a s c u l a r  response t o  e n d o t o x i n .  P r o c .  Soc.
Exp. B i o l . Med. 1 4 0 : 3 1 0 - 3 1 3 ,  1972.

Sp in k ,  W. W. ACTH and a d r e n o c o r t o c o s t e r o i d s  as t h e r a p e u t i c  a d j u n c t s  in 
i n f e c t i o n s  and d i s e a s e s .  New Eng I . J . Med. 2 5 7 : 9 7 9 - 9 8 3 ,  1957.

S p in k ,  W. W. Endotox in  shock.  Ann. I n t e r n .  Med. 5 7 : 5 3 8 - 5 5 2 ,  1962.

S t a p l e s ,  D . , C. T o p u z l u ,  E. B l a i r .  A comparison o f  a d e n o s i n e t r i p h o s p h a t e  
l e v e l s  in hem or rh ag ic  and e n d o t o x i n  shock in t h e  r a t .  S u r g e r y . 
6 6 : 8 8 3 - 8 8 5 ,  1969.

S t e w a r t ,  G. J .  E f f e c t  o f  e n d o t o x i n  on t h e  u l t r a s t r u c t u r e  o f  l i v e r  and 
blood c e l l s  o f  ham ste rs .  B r i t .  J .  Exp. P a t h . 5 1 : 1 1 4 - 1 1 7 ,  1970.

S t o n e r ,  H. B . , and G. J .  T h r e l f a l l .  The B iochemical  Response t o  I n . j u r y , 
e d i t e d  by H. B. S t o n e r  and G. J.  T h r e l f a l l .  O x f o r d : B l a c k w e l I ,
I 9 6 0 ,  p. 105.

S t r a w i t z ,  J .  G. and H. Hi f t .  Glu cose  and glyco gen  m e ta b o l is m  d u r in g  
hem orrh ag ic  shock in t h e  r a t .  Surg.  Forum. 1 1 : 1 1 2 - 1 1 4 ,  I9 60 .

T h a t ,  A. P. Shock. A P h y s i o l o g i c a l  Bas is  f o r  T r e a t m e n t . C h ic ag o :
Year  Book Med. P u b l . ,  1971.

Thomas, L. The r o l e  o f  e p i n e p h r i n e  in t h e  r e a c t i o n s  produced by t h e
e n d o to x in s  o f  g r a m - n e g a t i v e  b a c t e r i a :  I .  H em orr hag ic  n e c r o s i s
produced by e p i n e p h r i n e  in t h e  s k i n  o f  e n d o t o x i n - t r e a t e d  r a b b i t s .
J .  Exp. Med. 1 0 4 : 8 6 5 - 8 8 0 ,  1956.

Thomas, C. S. and S. K. Brockman. The r o l e  o f  a d r e n a l  c o r t i c o s t e r o i d
t h e r a p y  in E s c h e r i c h i a  c o l i  e n d o t o x in  shock.  Su rg .  Gynec.  O b s t e t .  
1 2 6 : 6 1 - 6 9 ,  1968.

Thomas, E. R. and D. K. Mey er .  C a r d i a c  g lyco gen  in  t h e  mouse. Fed. Proc.
2 0 : 8 6 ,  1961.



103

Vi gas ,  M . , G. J .  H e t e n y i ,  J r . ,  and R. E. H a i s t .  Glucose m e ta b o l is m  in 
p o s t h e m o r r h a g ic  shock in t h e  dog. J .  Trauma. 1 1 : 6 1 5 - 6 1 8 ,  1971.

V i t e k ,  V. and R. A. Cowley.  Blood l a c t a t e  in t h e  p ro g n os is  o f  v a r i o u s  
forms o f  shock.  Ann. S u r g . 1 7 3 : 3 0 8 - 3 1 3 ,  1971.

W a la as ,  0 . ,  and E. Walaas.  E f f e c t  o f  e p i n e p h r i n e  on r a t  d iaphra gm .
J .  B i o l . Chem. 1 8 6 : 7 6 9 - 7 7 6 ,  1950.

W e i l ,  M. H. The c a r d i o v a s c u l a r  e f f e c t s  o f  c o r t i c o s t e r o i d s .  Ci r c u I a t i o n . 
2 5 : 7 1 8 - 7 2 3 ,  1962.

W e i l ,  M. H . , L. D. MacLean, W. W. S p i n k ,  and M. B. V i s s c h e r .  I n v e s t i g a 
t i o n s  on t h e  r o l e  o f  t h e  c e n t r a l  nervous system in shock produced
by e n d o t o x i n  f rom g r a m - n e g a t i v e  m ic ro o rg an is m s .  J . Lab.  C l i n .  Med. 
4 8 : 5 6 1 - 6 7 2 ,  1956,  a .

W e i l ,  M. H . , L. D. MacLean, M. B. V i s s c h e r ,  and W. W. S p in k .  S t u d i e s  on
t h e  c i r c u l a t o r y  changes in t h e  dog produced by e n d o t o x i n  f rom
g r a m - n e g a t i v e  m ic ro o rg an is m s .  J .  C l i n .  I n v e s t .  3 5 : 1 1 9 1 - 1 1 9 8 ,
1955,  b.

W e i l ,  M. H . , H. S hub in ,  and M. B i d d l e .  Shock caused by g r a m - n e g a t i v e  
m ic r o o r g a n is m s .  Ann. I n t .  Med. 6 0 : 3 8 4 - 4 0 0 ,  1964.

W e i n e r ,  R. and G. K a l e y .  Lysosomal f r a g i l i t y  induced by p r o s t a g l a n d i n  
F2 %. N a t u r e  New B i o l . 2 3 6 : 4 6 - 4 7 ,  1972.

Weissman, G. and L. Thomas. S t u d i e s  on lysosomes. The e f f e c t s  o f
e n d o t o x i n ,  e n d o t o x in  t o l e r a n c e  and c o r t i s o n e  on t h e  r e l e a s e  o f  
a c i d  h y d r o l a s e s  f rom a g r a n u l a r  f r a c t i o n  o f  r a b b i t  l i v e r .
Exp. Med. 1 1 6 : 4 3 3 - 4 5 0 ,  1962.

W i g g e r s ,  C. J . ,  and J.  M. W e r l e .  C a r d i a c  and p e r i p h e r a l  r e s i s t a n c e
f a c t o r s  as d e t e r m i n a n t s  o f  c i r c u l a t o r y  f a i l u r e  in h em or rh ag ic
shock.  Am. J . P h y s i o l . 1 3 6 : 4 2 1 - 4 3 2 ,  1942.

W i g g e r s ,  H. C . , H. G o ld b e r g ,  F.  R o e m h i l d ,  and R. C. Ingrahm.  Impending
h em o r rh ag ic  shock and t h e  c o u r s e  o f  e ven ts  f o l l o w i n g  a d m i n i s t r a t i o n  
o f  d ib en a m in e .  Ci r c u l a t i o n . 2 : 1 7 9 - 1 8 5 ,  1950.

W i l l i a m s ,  B. J .  and S. E. May er .  Hormonal e f f e c t s  o f  g ly co g en  m e ta b o l i s m
in t h e  r a t  h e a r t  in s i t u . M o l . Ph a rm a co l . 2 : 4 5 4 - 4 6 4 ,  1966.

W i l l i a m s o n ,  J .  M e t a b o l i c  e f f e c t s  o f  e p i n e p h r i n e  in t h e  p e r fu s e d  r a t
h e a r t :  I I .  C o n t r o l  s te ps  o f  g lu c o s e  and g ly co gen  m e ta b o l is m .  M o l .
P h a r m a c o l . 2 : 2 0 6 - 2 2 0 ,  1966.



104

W i l l i a m s o n ,  J .  R. G l y c o l y t i c  c o n t r o l  mechanisms.  I I .  K i n e t i c s  o f  
i n t e r m e d i a t e  changes d u r in g  a e r o b i c - a n o x i c  t r a n s i t i o n  in  p e r 
fused  r a t  h e a r t .  J . B i o l . Chem. 2 4 1 : 5 0 2 6 - 5 0 3 6 ,  1966.

W i l l i a m s o n ,  J .  R . , C. R e f i n o ,  and K. LaNoue. E f f e c t s  o f  ^  c o l i  
I i p o p o l y s a c c h a r i de B t r e a t m e n t  o f  r a t s  on g I u c o n e o g e n e s is .
In :  Energy M etabo l i sm  in Trauma.  London:J.  & A. C h u r c h i l l ,
1970,  p. 145.

W i l l i s ,  A. L . , P. D a v is on ,  P. W. R am w el l ,  W. E. Brock I e h u r s t ,  and
B. S m ith .  In:  P r o s t a g l a n d i n s  in C e l l u l a r  B i o l o g y , e d i t e d  by
P. W. Ramwell and B. B. P h a r i s s .  New York :P lenum  P r e s s ,  1971,  
p. 227 .

W i l s o n ,  J.  W. Pulmonary f a c t o r s  produced by s e p t i c  shock:  cause o r
conseguence o f  shock lung. J .  Reprod .  Med. 8 : 3 0 7 - 3 1 2 ,  1972,  a .

W i l s o n ,  J .  W. T r e a tm e n t  o r  p r e v e n t i o n  o f  pu lmonary c e l l u l a r  damage
w i t h  p h arm ac o lo g ica l  doses o f  c o r t i c o s t e r o i d .  Surg.  Gyn. O b s t . 
1 3 4 : 6 7 5 - 6 8 1 ,  1972,  b.

W i l s o n ,  R. F. and R. R. F i s h e r .  The hemodynamic e f f e c t s  o f  massive  
s t e r o i d s  in c l i n i c a l  shock.  Surg.  Gyn. O b s t e t . 1 2 7 : 7 6 9 - 7 7 6 ,  
1958.

W o l l e n b e r g e r ,  A. and E. G. Krause.  A c t i v a t i o n  o f  a -g l u c a n  p h o s p h o r y I a s e  
and r e l a t e d  m e t a b o l i c  changes in dog myocardium f o l l o w i n g  a r r e s t  
o f  b lood f l o w .  Diochim.  B iophys .  A c t a . 6 7 : 3 3 7 - 3 4 0 ,  1963.

W o l l e n b e r g e r .  A . ,  E. G. Krause,  and L. Shahab. Endogenous c a t e c h o l 
amine m o b i l i z a t i o n  and t h e  s h i f t  t o  a n a e r o b i c  ene rgy  p r o d u c t i o n  
in t h e  a c u t e l y  ischemic  myocardium. In :  Coronary  C i r c u l a t i o n
and E n e r g e t i c s  o f  t h e  Myocardium, e d i t e d  by G. M a r c h e t t i  and 
B. T a c c a r d i .  B a s e l ,  S w i t z e r l a n d : S .  K a r g e r ,  1967,  p.  2 0 0 .

Zec kw er ,  I .  T .  and H. G o o d e l l .  Blood s ug ar  changes in f a t a l  b a c t e r i a l  
a n a p h y l a x i s  in t h e  r a b b i t .  J .  Exp. Med. 4 2 : 4 3 - 5 6 ,  1925.


