
AD A056 559 ARMY ICO1CAL RESEARCH INST Off INFtCTIOIJ$ DISEASES FR—Etc F/S 6/S 
Nri’ RELATION OF FEY~~ TO ENERGY EXPLNDITURE.(u)a~ 75 I R S 1SLL. R I IAt*CJtAC~~RJNCLASSIFIW 

P1.

~i!~~~~
’ 

_

_________

I
_ _flrII!!fl ~

I

I

/
_ _ _  

—a----



RELATION OF FEVER TO ENERGY EXPENDITURE

By

William R. Beisel , M.D., F.A.C.P.,

Robert W. Wannemacher , Jr. , Ph.D. ,

and

Harold A. Neufeld , Ph.D.

U. S. Army Medical Research Institute of Infectious Diseases

Fort Detrick , Frederick, Maryland 21701

>:‘0~ An Invited Presentation for a Conference on:
f
~~w THE ASSESSMENT OF ENERGY METABOLISM IN HEALTH AND DiSEASE

I
. Chaired By: John M. Kinney, M.D.

Hamish N. Nunro, D.Sc.

Elsworth R. Buskirk, Ph.D.

Sponsored By: Ross Laboratories, a Division of Abbott Laboratories ,

Columbus , Ohio

To be held at: Black Point Inn, Prouts Neck, Maine , 25—28 June 1978

Conference Proceedings will be published as both a condensed report and

as a book.

21 June 1978

Approved for pub lic release; distribution unlimited

D D C

JUL 24 1918

1~~~ 
(
~7 1

~~7 114 
~~~~~~~~

a - -



RELATION OF FEVER TO ENERGY EXPENDITURE

By

William R. Beisel, M.D., F.A .C.P.,

Robert W . Wannemacher , Jr., Ph.D.,

and

Harold A. Neufeld , Ph.D.

U. S. Army Medical Research Institute of Infectious Diseases

Fort Detrick , Frederick, Maryland 21701

An Invited Presentation for a Conference on:

THE ASSESSMENT OF ENERGY METABOLISM IN HEALTH AND DISEASE

Chaired By: John M. Kinney , M.D.

Hamish N. Munro, D.Sc.

Elsworth R. Buskirk , Ph.D.

Sponsored By: Ross Laboratories , a Division of Abbo tt Laboratories ,

Columbus, Ohio

To be held at: Black Point Inn , Prouts Neck, Maine , 25—28 June 1978

Conference Proceedings will be published as both a condensed report and

as a book.

~.~~‘Jfl 0
0

JUSTI~!~

BY

BISTRIBIJ 1lON I AVt~iM~t lTY CUU~S
~~t~~~A~~~T~~d/or SPECIAL

~rri



The febrile response has close and important relationships with

cellular mechanisms that regulate energy expenditures within the body.

Many impor tant concepts about energy metabolism were first set forth

by Max Rubner (1902) in his monograph , “Laws of Energy Consumption in

Nutrition. ” Comprehensive data on patients with febrile illnesses

were subsequently accumulated when the clinic~ 1 calorimetry laboratories

were established at the Russell Sage Institute of Pathology at Bellevue

Hosp ital . These unique facilities were used by such men as DuBois,

Coleman , McCann , Barr, and Cecil, who collectively must be ranked

among the “all— time greats” in American medicine . More recent studies

have attempted to determine the molecular basis for the relationships

between fever and energy expenditure in terms of their biochemical ,

physiological , hormonal and nutritional aspects.

INCREASED OXYGEN C0NSU~fPTION

Oxygen consumption measurements were initially obtained in patients

with a diverse variety of febrile illnesses, including tuberculosis,

typhoid fever , malaria , bacterial pneumonia and other coccal infections ,

rheumatoid arthritis , and rheumatic fever , and publ ished as par t of a

comprehensive series of calorimetry papers (Barr and DuBois , 1918;

McCann and Barr , 1920; Barr et al, 1922; Colemen et al, 1922). These

combined studies indicated that up to a 137~ increase in metabolic rates

could be expected for each degree Celsius of increase in body temperature

(Lusk , 1928; DuBoi s, 1936).

Comparable increases in the metabolic rates were found to occur

during artificall y ind uced fevers caused by an inoculation of bacterial
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endotoxin (Groliman , 1929) or the use of hyp erthemia cabinets (Altschuie

and Freedburg, 1945). Similar increases in oxygen consumption during

fever have also been shown in a variety of animal studies (Creiff and

Pinkerton , 1948) including such relatively simpl e models as the

inoculation of chicken eggs with typhus fever rickettsiae (Hermrcck

and Thai , 1969). In recen t years , several groups have measured the

increase in oxygen consumption of pa tien ts with surg ical sepsis (Clowes

et al, 1966; Kinney et al, 1970; 1-!almagyi et al, 1974, Wilmore , 1977)

in an attempt to improve the clinical management of these patients.

In the absence of an increased intake of food (or more frequently ,

in the presence of a diminished caloric intake), the increase in oxygen

consumption during periods of fever serves to indicate that both the

production and utilization of energy—y ielding substrates , derived from

bod y sources, are accelerated to meet the needs of heightened cellular

metabolism. The physiolog ical and molecular mechanisms by which these

processes are accomplished during periods of fever have been subjected

to extensive studies in man and experimental animals , and have been

reviewed in considerable detail during a recent workshop (Boisci et al ,

1977).

UNDERLYING CONTR OL MECh ANISMS

Several broad principles are help fu l  in exp la in ing  the mechanis t ic

bas is  fo r  the in cr ea sed  p r o d u c t i o n  and u t i l i z a t i o n  of the met abo l izab le ,

ener ~ y — y iu1d ing  s u b s t r a t e s  made a v a i l a b l e  to cells dur ing  periods of

f e v e r .
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First , the generalized metabolic responses of liver , muscle , and

other bod y cells during periods of acute fever are relatively stereo typed

desp ite any differences in the inciting causes , i.e., infectious

microorgan i sms , tox ins , s te r i le  in f l ammato ry  responses , or a r t i f i c i a l l y

induced hy p e r t h e r m i a .

Second , metabol ic  pathways normall y present  in body cells are

u t i l i z e d  to provide the energy—y ielding substances needed to ma in ta in

f ebr ile hyperrnetabolism. Although the use of c e r t a in  biochemical

pathways may be accentuated , there is no evidence, desp ite ex tensive

searches , to indicate disruption of the basic , normal molecular machinery

available within cells , at least during the early stages of a febr ile

process. It is only during the terminal stages of an overwhelmingly

severe infection , or in the presence of hepatocellular damage or

necrosis as a direct result of invading microorganisms or their

toxins , that evidence emerges to suggest the pathological disruption

of energy—generating metabolic machinery .

Third , the observed changes in energy production and utilization

are regulated by a combination of both hormonal effects and the

availability of various substrates. In some instances , the hormonal

effects seem to predominate , while at other times , the presence or

absence of a key substrate has a major controlling influence.

F o u r t h , al t hough  the body iu c a p a b l e  of u t i l iz i ng  i t s  n orm a l l y

availabLe .~u b s t ra t e s  for  the ~ r o d u ct i ou  of c e l l u lar  en e r gy , most of the

e x t r r ~ m e t ab o l i z a b t e  energy  needed dur ing  fever is d e r i ved  f r o m  the

a c c e l e r a t e d  u t i l i z a t i o n  of g lucose .  The increase in energy availability
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d u r i n g  per iods of fever  is t h e r e f o r e  based upon glycogeriolysis , and more

i m p o r tan t l y ,  upon accelera ted gluconeogenesis .  The accelerated production

of g lucose is suppor ted  to a large degree by amino acids made available

t h r ou ~ h the d e g r a d a t i o n  of somatic p ro te ins  and the increased p roduc t ion

in skele ta l  muscle  of the gluconeogenic amino acids , alanine and

g lutai : iin e.

While these several general concepts represent an important

st n t cm e n t  concerning our present  unders tand ing  about body energy

metabolism during fever , they must be interpreted and/or utilized

with several equally important disclaimers in mind.

Almost all of our current knowledge about fever—related responses

of the body ’s molecula r , energy—supp lying mechanisms has bet:a gained

by study ing acute febrile states. There is no certainty that this

information can be transferred to subacute or chronic febrile problems.

Most of the cellular data relating to fever has been obtained during

infectious illnesses or toxemias imposed on laboratory animals , but

comaarable animal models have not been developed to study chronic

febrile states. In this regard , little is known about the mechanisms

which allow the body to generate a febrile response during periods

when energy—y ielding substrates have been severely depLeted.

W h i l e  much has been learned about  g luconcogenesis , k e togen es i s , and

a m i n o  ac id m e t a b o l i s m  d u r i ng  Feb r i l e  i l lnesses , much less is known about

p o s s ib l o  changes in f a t t y  acid m e t ab o l i s m  and the  f a c t o r s  t h a t  r e g u l a t e

lh !  reluiz o f rom adi pose t I s sues  d u r i n g  f e v e r  of these m a jo r  sources

of m e t a b o l  i~ r ib le  e n e r gy  whi ch can be used b y n u m er o u s  types of cells
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t h r o u g h o u t  the  bod y.

A l t h o u g h hormonal f ac to r s  p lay i m p o r t a n t  roles in help ing to

r egu la t e  cellular me tabolism during periods of fever , little is yet

kno~rn about  o ther  poorly  de f ined  humoral  and neuro log ical mechanisms

that appear  to be responsible  for  i n i t i a t i n g  a f e b r il e  response , and at

the same t ime , fo r  o r c h e s t r a t i n g  the complex , m u l t i — t i s s u e  me tabo l i c

changes  tha t  accompany the onset  of fever .

F in a l l y ,  l i t t l e  is yet known about the role or purpose of fever

during disease processes. While new evidence has emerged to suggest

that febrile responses may have survival value (Keusch , 1977), the

metabolic costs to a patient are sizable , especially if high,

unremitting fevers are allowed to persist .

ENDOCRINE INFL UENCES

Hormonal responses during both febrile infections (Beisel , 1972,

1975 , 1977) and artifically induced fever (Beisel et al , 1968) include

an increased output of adrenal glucocorticoid hormones (Beisel and

Rapoport , 1.969). An accelerated cellular uptake and metabolism of

thyroidal hormones seems to occur in many i n f e c t i o n s  accompanied by a

decrease in t r i i odo thy ron ine  concent ra t ions  and an increase in “reverse”

t r i i o d o Lh y r o n i n e  values in peri pheral  blood (Chopra et al , 1975).

The ca t e ch o l am i n e s  may be secreted in increased amounts  (Groves et al ,

197 1; W i l m o r e  et al , 1974) and growth hormone may be re leased from the

a nt e r i o r  p i t u i ta r y  g loed (Davidson  et al , 1 9 7) ) .  I m p o r t an t l y ,  the

p an c r e a t i c  i s le ts  of Langerhans  release bo th  i nsu l i n  and g lucagon in to

the  p lasma ( R a y f i c Ld Cr  al , 1973: Rocha ot at , 1973; B lackard  et al ,
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197b) and increased concen t r a t i ons  of these  hormones can be measured

in n o r t al  vein as well as peri pheral  blood (Curnow et al , 1976) .

SUBSTRATE AVAILABILI1~

During i n f e c t i o u s  fevers , the re  appears to be a con t inued  c e l l u l a r

a~ ilitv to utilize all energy—y ielding substrates that normally serve

to n ; i in ta i n  ~ellu1ar functions. These include a con tinued use of f ree

f a t t y  acids as a ma jo r  fuel  for cellular functions , an increased

o x i d a t i o n  of g lucose and the b ranched—cha in  amino acids , but , in contrast ,

a d imin ished  use of ketone fue l s .  Substrates such as glycerol , lactic

acid , pyruv ic  acid , and ce r ta in  of the amino acids such as alanine

and glutamine continue to be used for the purposes of gluconeogenesis

(O’Donnell et al , 1976).

During febrile infections , the ketone bodies cam be utilized as

sources of metabolizable cellular energy if they are present. However ,

in contrast to the markedly increased utilization of ketones as a

major form of bod y fuel during periods of starvation (Cahill , 1976),

there appears to be diminished production of ketone bodies within the

l ive r  d u r i n g  the course of f eb r i l e  i n fe c t i o ns , d e s p i t e  the  occur rence

of t o t a l  or p a r t i a l  s t a r v a t i o n  d u ri n g  the i l lness  (N~ u f e ld  Ct al , 1977 ) .

In c o n t r a s t , the u p t a k e  and utilization of branched—chain amino

acids as direct sources of metabo lizable energy appears to be accelerated

* ~it : in skelet;il muscle c e l l s  (lmrimura t t  at , 1975; O ’Ponncll et at , 1q76

c& m.i c h i e r  et al , 1978) . T h i s  process , in turn , prov ides carbon and

nitrogen grou7~5 which allow muscle cells to synthesize the gluconeogenic

rnn inr ac ids  a l an in e  and g l u t am i ne . F o l l ow i ng  t h e i r  release from mus cle ,

6
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these  amino acids can be u t i l i z e d  as key s u b s t r a t e  for  g luconeogenesis

in other body cells , such as the liver and kidney. The liver accelerates

its uptake of most amino acids during periods of fever (Wannemacher , 197~ ).

This influx is sufficient to cause a decrease in plasma amino acid

c o n cen t r a t i o n s  (See F igure  1).

TULAREMIA ATTENUATED VEE

32  
TYPHOID FEVER SANDFLY FEVER

0 2 4 6 8  10 12 14 16 18 20 22 0 2 4 6 8  10

D~~Y

FIGURE 1. CHANGES IN PLASMA TOTAL FREE AMINO ACID CONCENTRATIONS DURiNG
IND U CED FEBRILE INFECTIONS . Dail y changes in mean (+ S . E . )  values are
shown in compar ison to b a s e l in e  values ( h o r i z o n t a l  b ands)  obta ined in
the  sane groups  of vo lun tee rs  p r io r  to t he i r  i n o c u lat i o n  w i t h  i n f e c t i o u s
organisms (Reproduced  from Bei~ el , 1972). The dec l ine  in t o ta l  p l a s m a
va l ues was i n f l u e n c e d  by t h e  onset  t ime , s e v e r i ty  and d u r a t i o n  of f e ve r .
The gr e a t e s t  dec l i ne  occurred in t h e  b r a n c h e d — c h a i n  amino acids , w i t h
most o t h e r  p l a sm a  amino acids p a r t i c i p a t i ng  to ] .esscr degrees  (W annemach er
et al , 1972 and 1976);  in c o n t r a s t , p h e n v i a l a n i n e  and sometimes trvptopui an
values became e levated d u r i n g  the  f eve r .
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D u r i n g  the  ear ly  stages of fever , the l iver  uses all  of ~ ~i t s  usual

s u bst r a t e s  fo r  p roduc ing  glucose , inc lud ing  l a c t a t e , p v r u vat e , g lycero l ,

a lan ine  and o ther  gluconeogenic  amino acids.  However , the ra t io  among

these  s u b s t r a t e s  is a l t e red  dur ing  i n f e c t i o n  to r e f l e c t  the increased

u t i l i z a t i o n  of a lan ine  (which is suppl ied  p r e d o m i n a n t l y by s k e l e ta l

muscle)  and l a c t a t e  (which is released in increased amoun t s  f rom body

cells  d u r i n g  s t a t e s  of metabolic acidosis). Lactate production

increases ‘~.nen cells are involved in an inflammatory response or suffer

from decreased availability of oxygen .

In th e liver , the carbon atoms derived from lactate and pyruvate

contribute only to the recycling of glucose , whereas , in contrast ,

the carbon derived from alanine or other amino acids can replace the

glucose lost by oxidation (Wannemacher , 1977).

ACCELERATED GLUCONEOGENESIS

Using radioisotop ic techni ques, Long and his colleagues (1976),

working in the laboratories of Dr. Kinney at Columbia University,

showed conclus ively that the production of glucose was accelerated

dur ing  sept ic  fevers  in surg ical p a t i e n t s .  The increase in g lucose

p r o d u c t i o n  was under such po ten t  control  mechanisms in these i nd iv idua l s

tha t  it was not inhibited by intravenous infusions of 5% dextrose.

Other studies in laboratory animals have consistently confirmed the

o ccu r r e nc e  of acce le ra ted  g luconeogenes is  and g lycogenol ysis in the

liver (Long ,  19 7 7 ) .

Gly coc enol ysis and gluconeogenesis are both  accelera ted  du ring

septic fever by the combined actions of several hormones acting to

S
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5t imu l  ste  adenylate cvclase and o ther  enzymes requi red  for  the  breakdown

of h ep at i c  glycogen and the syn thes i s  of glucose , and , in a d d i t i o n , by

the increased ava i l ab i l i t y  w i th in  the l iver  of the necessary  g l u c o —

neogenic substrates. Th” increased f l u x  of f ree  amino acids f rom muscle

to plosma to liver is of key importance (Wannemacher , 1977).

Plasma concentrations of all hormones known to stimulate hepatic

gluconeogenesis may increase during fever (George et al , 1974). An

important additional hormonal increase occurs during septic fever,

manifested by an enhanced secretion of pancreatic insulin . Increased

insulin secretion occurs in direct contrast to the decrease in insulin

outpu t  t h a t  is typical of the adaptation of the host to simple

s t a r v a t i o n  (Cahi l l , 1976) .  The increase in por ta l  vein insulin

concentrations should stimulate hepatic glycog enesis and lipogenesis and

inhibit gluconeogenesis and ketogenesis. Despite the presence of

somewhat higher insulin concentrations in plasma during septic fever ,

the incre-isos in glucagon and catecholamine secretion appear sufficient

to stLnhllate the accelerated hepatic production and release of glucose

throug h their ability to activate hepatic adenylate cyclase (Curnow et

al , 1976).

The contribution of alanine to the accelerated gluconeogenic

response  has been shown by using radioactively labeled alanine during

s e p t i c  fev er s  in b o t h  p a t i e n t s  and experimental animals. The aceclerstod

g i uconeog.’sesLs u S  lug a lanine  as a major  s u b s t r a t e  was not  suppressed

in s e p t i c  fevers  by an i n f u s i o n  of 5F glucose (Long et al , 1q 7 6 ) .  The

oxidat ~on of alan ine  appeared  equal in m a g n i t u d e  to t h u . ~t e h 4 , rvv d in

n o r — i l  s u b j e ct s .

9

- a — I  - - -



Studies using radioactive gi ulcese  and ;il s i n e  in s ep t i c  rhesus

monkeys (Wannemacher et al , 1977 and l97~~) confirmed these findings

in  p a t i e n t s  wi th  sept ic  fevers .  In monkey s  s u b je c t e d  to e x p e r i m e n t a l l y

in duced , n o n l e t h a l  pneumococcal  sepsis , the  p roduc t ion  of g lucose

increased  f rom 7 . 2  to 11.4 m g / k g / m m , while its utilization rate

increased from 7 . 3  to 11.5 mg/kg/nm . At the same time , the endogenous

synthesis of alanine increased from 0.53 to  0 .60 mmol/k g/ h r , wh i l e  the

u t i l i z a t i o n  rate  for  alanine increased from 0.53 to 0.87 mmol/kg/hr.

The use of the  newl y synthes ized alanine for  m a n u f a c t u r i n g  glucose

increased from 38 to 77%.  S imilar ly ,  the acute  s tages of pneumococcal

s e p t i c  fever  in ra t s  led to acce lera ted  rates  of g lucose synluesis

app r ox imate ly twice those feur i d in cont ro l  r a t s  (Wannemacher et al ,

1977).

PERIPHERAL GLUCOSE METABOLISM

It  is taught cl inically that  insulinopenic  “juveni le ” d i abe t i c

patients are likely to spill sugar in their urine and require extra

amounts of insulin if they develop fever. Studies performed in man

indicate that there is a slowed rate of disappearance of infused glucose

f r o m  the  blood of f ebr i l e  p a t i e n t s  w i t h  an early i n f e c t i o n  (Shambaugh

and Beisel , 1967 , Ray f i e ld  et al , 1973). In these s tud ies , the  kinetic

d i sappea rance  cons tan t , K , for  g lucose d i sappea rance , was s u f f i c i e n t l y

slowed so as to resemble v .u lues  mea su r e d  in p at i e n t s  w i t h  d iabetes

n’ lli tus . These facts were initiall y interpreted as si gno of t r an s i e n t

i n s u l i n  r e s ist ance .  They can now best be expla ined  by the accelerated

h i u p a t i c  syn t h e s i s  of new g lucose w i t h  expans ion  of t h e  g lucose pool

S l~ C.
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As implied earlier , the metabolic machinery for maintaining an

increase in glucose concentrations may fail in severe , lethal illnesses

(Wi l more , 1977). When this occurs in laboratory animals , the f a l l ing

blood glucose values are accompanied by a pl unge of body temperatures

into the subnormal range . Mechanistically , these terminal catastrop ic

events could occur if hepat ic  e n z y m a t i c  rnechanisr:s fo r  producing  glucose

f a i l  or are destroyed , as in severe , viral hepatitis (Feli g et al ,

1970) , overwhelming endotoxemia (Berry et al , 1950; Fi lkins and Cornel l ,

1974), or severe yellow fever (Wakeman and Norrill , 1931). Similarly,

severe hyp oglycemia and hypothermia may occur in septic infections if

body protein stores are inadequate to maintain an adequate continuing

supp ly of amino acids for use as s u b s t r a t e s  fo r  g lu coneogenesis .  Such

an event is seen clinicall y in neonatal sepsis (Young, 1970) due to the

fact that newborn infants are born with very little s~ eletal muscle and

do not possess an adequate pool of metabolizable somatic protein to

overcome such an emergency. Also , patients with severe protein—energy

malnutrition or aged individuals who have lost much of their protein

reserves can also experience hypothcrmia rather than fever when severe

i n f e c t i o n s  occur .

The kinetic studies of Long et al (1976) showed a three—fold

increase in pooi size , turnove r rate , and oxidation rates of

glucose in fueod in nat: ients with septic fever. Further , a

nS t O L : .  i t  iciu l ~o~he I b.i ;tsI en these data , as i n t e r p r e t e d  b y Long et  al

(1976) , sues:. -;ted t h u i t  some o t  the carbon derived from glucose was bcin~

used to  m i u l u u t s e t u r t  ~ m o l e c u l e s  in the f eb r i  In s ep t i c  pat en t s .  An

~ r a t  j ’ ~ ot  I i~ 0 0 t S j S  ‘c.ts ,u l s o  suneest ed  in these  sub jec t s  on the
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basis of their greater increase in respiratory quotient (RQ) values

during periods when they were receiving glucose, in comparison to the RQ

values observed during glucose infusions in normal control subjects.

Earlier workers had also reported an increase in RQ during the

earl y s tages  of fever (Barr  et al , 1922; Alschule  and Freedberg ,  1945).

Al though  such increases could be i n t e rp re t ed  as evidence for  an

increased propor t ional  oxidat ion of g lucose , it is also possible tha t

the higher RQ values may merely reflect the occurrence of respiratory

hyperventilation , which is consistently seen in patients during periods

of sharply rising bod y temperatures. Respiratory quotient values are

known to increase when a normal patien t hyperventilates purposefully

for a period of time . Another potential problem in evaluating

measurements based on respiratory gas exchange is the impairment of

oxygen uptake caused by acute pneumonic consolidation (Korotzer et al ,

1978) .

NITROGEN NETABOLI SM

A la ni ne  and g lu tamine  are released from s k e l e t a l  muscle d u r i n g

f a s t i n g  or septic  fever  in amounts  t h a t  are f a r  g r ea t e r  than can be

accounted for solely by the proteol ysis  of muscle prote in  (Wannemacher,

1977). Excessive release , however , can be explained by the synthesis

w i t h i n  mu scle of these gluconeogenic amino acids using ni t rogen

der ived  f r om  the ox i d a ti o n  of the b r a n c h e d — c h a i n  amino acids and carbon

d e r i v e d  f rom othe r amino ac ids  or p y r u v a t e .  A lan ine  is the  p redominan t

g l u c c nu o g en i c  amino  acid in man ~-‘s~ well  as an i m p o r t a n t  vehicle  for

12
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the t r a n s p o r t  of n i t r o g e n  from muscle to liver (Felig, 1973).

Cl u t ami n e  can enter  the l iver  to be used for gluconeogenesis , can

enter the kidney to be utilized for gluconeogenesis , and concomitantly,

for  the  synthes i s  of ammonia , or can be taken up b y i n t e s t i n a l  mucosal

cells (Wannemacher , 1977) .

The increased utilization of body proteins as substrates for the

synthesis of glucose could account for the continuing (or increased)

losses of urinary nitrogen observed during febrile states. Nitrogen

balance studies conducted during the course of experimentally induced

infectious diseases show that nitrogen deficits begin to occur shortly

after the onset of fever (See Figure 2). A comparable loss of body

nitrogen occurs if fever is induced by noninfectious measures such

as placing the subject in a hot , humid atmosphere (See Figure 3).

Cumulative nitrogen losses from the body vary in magnitude with

the intensity and duration of febrile illnesses and , as shown in

Figure 4, are not reaccumulated quickly after fever has subsided .

Balance studies reported by Howard et al (1946) in patients inoculated

with vivax malarial parasites for therapy of neurosyph ilis showed the

progressive development of a disassociation between continuing febrile

bouts and the magnitude of daily nitrogen losses. As shown in Figure

4, f ever sp ikes of typ ical magnitude continued to occur throughout the

ma laria study, but dail y nitrogen losses diminished graduall y until

t h e  p at i e nt s  en tcr c~ a new st a t e  of n i t r o g e n  e q u i l i b r i u m .

Urea  is the  p r e d o m i n a n t  component  of (u r ina ry  n i t rogen  excre ted

dur in g febri le infections (See Figure 5) in man or exoer im en ta l  an ima l s .

13
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The a c c en t u at e d  loss of urea via the k idney  can p r i m a r i l y  he accounted

fo r  b y the  c o n t i n u e d  or acce l e r a t ed  syn thes i s  of urea w i t h i n  the l iver .

D u r i n g  g lucon eogenesi s  f rom a lanine , amino groups which are l ibera ted

c o n t r i b u te  i m p o r t a n t l y to this  synthes is  of urea t h r o u g h the  metabolic

pathways and enzymat i c  m a c h i n e r y  normall y used for  u reagenes is .  The

increased u t i l i z a t i o n  of amino acids as subs t ra tes  fo r  g luconeogenes is

appears  s u f f i c i e n t l y  large to account for  f e v e r — r e l a t e d  increases in

urea excretion.

S i m i l a r l y ,  a cce l e r a t i on  of ammonia syn thes i s  in the k idney ,  f rom

n i t r oge n  der ived f rom g l u t a m a t e , appear s  to expla in  the  increased

u r i n a r y  loss of ammonia observed in febrile states (Cahill and Aoki ,

1~i75) .  As shown in F i g u r e  6 , the p a t t e r n , t i m i n g ,  and d u r a t i o n  of

increases in ind ividual  components  of u r i n a r y  n i t rogen were qu i t e

similar when determined in patients experiencing a single day of
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a r t i f ~ c i . u l  ~v induced Iiypertluermia in comparison to a comparab le

b r i e f  fever due to a beni gn viral  in fec t ion  as shown in Figure 5.

A p p r o x i m a t e l y 35 to 40 kcal are required for  the syn thes i s  of one

mole of  u rea .  Thus , the use of amino acid subs t r a t e s  for g luconeogenesis

consumes more energy than does the use of l ac ta te  as a substrate. On

a molar basis , amino acids supply 20% less energy than the equivalent

amoun t of glucose. Therefore , the expenditure of bod y protein as an

energy source is a relatively inefficient process. In contrast , body

fat is a far more efficient source of energy .

FATTY ACID METABOLISM

F a t t y  acids are u t i l i zed  by tile bod y as pr incipal  sources of energy

in f a s t i n g  conditions , including interprandial and overnight periods

(Cah ill , 1976). Although rela tively little detailed information is

avai lable  concerning changes in the rates or extent of free fatty acid

utilization as a direct source of cellular fuel during periods of

feve r , some postulations can be made as illustrated schematically in

F igu re  7.

Free f a t t y  acid concent ra t ions  in plasma have been round t o decrease

in most f e b r i l e  in fec t ions  (Beisel and Fiser , 1970; Lees et al , 1972;

Coran ci al , 1972; Blackburn , 1977. )  This  could he int erpre t ed as an

p 
i n d i c a t i o n  that ei t her fewer f r ee  fa t t y ac ids  were b e in g  released f rom

s t or a ’I d e p o t s , or t h a t  p l a s m a  f ree  f- it t ’,  ac ids  were be ing  taken tip

h -  the 1. i;er and o t h e r  t i s s u es at  an ac ce l e r a te d  r a t e  and used to

produce  c e li u L ir  energy . T u e  r epo r t ed  d e c l i n e  in plasma f ree  f a t t y  acid

value ; in f eb r i l e  i n f e c t i o n s  may a l s o  be r e l a t e d  to t h e  t y p i c a l , i n f e c t ion

17
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induced decl ine  in p lasma c o n c e n t r a t i o n s  of a l b u m i n , the  ma lo r  t r a n s p o r t

p ro te in  for f ree  f a t t y  ac ids .  -

FFA M E T A B O L I C  CYCLE -

NORMAL INFECTED
( ACUTE )

FAT DEPOT LIVER FAT DEPOT LIVER

L
L
~~~

OL

L~~~~~~~~ETONES ~~~~~~~~~~~~~~~~~

AcCoA ~~~~~ CO 2 ~ACC OA~~~~~ CO 2~~-~~
MUSCLE , VISCERA . ETC. MUSCLE , VISCERA , ETC.

CA F R E E  F A T T Y  ACIDS HA L HORMONE - S E N S I T I V E  L I PASE LPL L IPOF RO T EIN L IPA SE
TO I T I~IGI Y C E R I D E S  IP L I P OPROT EIN (ALS O CALLED PHLA )
C C+ IO L E ST E R O L  PL • PI-IOSPHOLIPIO .:.• FAT DROPLETS

FIGURE 7. SCHEMATIC COMPARISON OF FREE FATTY ACID METABOLISM IN FASTED
NOR MA L AN I ) FASTED ACUTELY INFECTED FEBRILE ANIMALS . Arrow show
d i r e c t i o n  and magni tude  of a l t e ra t ions  in plasma components ;  pathway
increases are shown with wide lines and decreases with do t ted  lines.

In o the r  s tud ies  per formed dur ing  gram—negat ive  sept ic  fevers

( Gi l l i n  ci a l , 1969) ,  the plasma c o n c e n t r a t i o n s  of f r ee  f a t t y  acids

and mos t other  l ip ids were found to increase rather than to dec rease .

This  cou ld imp ly that the release of free f a t t y  acids from ad i pose

depo ts  was a c c e l e r a t e d , or , on the o t her  hand , t h a t  t h e i r  u t i l i z a ti o n  by

the l iver and t h e  per i phera l  t i ssues  was i n h i b i t e d .

The u 1 l p a r en t  in crease in serum insulin c ou c e n t rat  ions during

f e hr i l e  5 t h - .; should i n hi b  it t h e  re lease  of f re e  f a t ty  ; I C tds f r om

ad ip l ose d e p o t ; .  inasmuch as insulin is known to s t i m u l a t e  t h e  up take

is
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~~



of f r ee  f a t t y  acids by lipocytes  and to i n h i b i t  the i r  release from these

cell s.

On the other hand , the uptake of free f a t t y  acid is accelerated by

liver cells during endotoxeniic fever in monkeys (Fiser et al , 1974).

while at the same time , the liver accelerates  its conversion of free

f a t t y  acids into t r i glycerides.  Such data would explain  depressed

f ree  f a t t y  acid values in plasma , but would imply that the fatty acids

taken up by the liver were not being utilized as dir ect sources

of metabolizable  energy.  An acceleration of lipogenesis within the

liver is also implied by the studies of hepatocyte functions conducted

during febrile infections in laboratory animals by Canon ico and his

colleagues (l977a and l977b), and is compatible with the interpretation

of glucose kinetic data of Long et al (1976).

During  periods of f a s t i n g  in normal subjec ts or experimental

animals , the hepatic uptake of free fatty acids is accelerated (Cahill ,

1976). Intrahepatic free fatty acids of fasting subjects are

enzymatically complexed to earnitine and the resultant fatty acid—

acy l c a r ni t i n e  complexes are thi—n transported into the mitochondria

where  they  are oxidized to acety l CoA which can be synthes ized in te

ketone bodies for prompt secretion into the plasma to serve as a

m e t a b o l i c  fue l  for  p er ip hera l  body cells.  Dur ing  the  ket ogen ic

response to fasting, few fatty acids are synthesized within the liver

and the  c on v er s io n  of fatty acids to triglycertd s is m i n i m i z e d

(Cahill , 1 9 7 6 ) .  On the  o t h e r  hand , desp i te  the  r e d u c t i o n  of food

1t1t;1r~e durin g fcbrile infections , fatty acids are actively synthesized
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v i  l i i  n iiepaiocvt es and many arc conver ted  i n t o  t r i gl y c e r i d e s .  Some of

t lie t r i g i vc er i d e s  become sequesterEd vi t h h i n  h e p a t o c y t e  f a t  drop lets ,

causing fatty m e t a m orp hos i s  of t h e se  cells . In add ition , the hepa t ic

excretion of newly synthesized tri glycerides , cholesterol , and

phosp holip ids is accei crated (lie isel and Fiser , 1970; Lees et ml , 1972) ,

whil e, at the same t ime , the ketone production tends to be inhibited.

The contribution of brown fat to heat production may be relatively

large in newborn infants (Smith and Horwitz , 1969), but little is known

about the potential usefulness of this energy source during periods of

f e v e r .

K.ETOGENES IS

Based on the  e x t e ns i v e  s tudies  by Neufe ld  and his  col leagues

(1976) of ketogenesis dur ing  feb r i l e  s ta tes  and the data on peri phera l

blood ke tone  concen t r a t ions  in febr i le  pa t i en t s  (Blackburn , 1977) ,  it

now seems evident that acute febrile illnesses are accompanied by a

d i m i n i s h e d  r a t e  of production of ketone bodies. Ketogenesis was found

to be i n h i b i t e d  d u r i n g  a va r i e ty  of febr i le  in fec t ions  in laboratory

a n i m a l s , i n c l u d i n g  pneumococcal  and tu laremia  i n f ec t i ons , Venezuelan

e q u i n e  en cep ha lomye l it i s , and endotoxin  fevers , or the produc t ion  of

sterile turpentine abscesses (Ncufeld et al , 1978). If starvation

kutosis v i ; ;  p resent  at the  onset of a s tud y in these animals , it

d . ; u  c ’e , i  r -  LI Wiring the  dev e lopmen t  of the f eb r i l e  pe r iod . Extens ive

b itrhemic .ul stud fes have f a i i t c h  to revea l  t i le  presence  of an e n z y m a t i c

d e f e ct  or  t he  d i s r u p t  ion of a normal  m o l e c u l a r  mech an i sm tha t  could

accoun t  f o r  the i n h i b i t i o n  of k c togeu ’esi s  d u r i n g  these feb r i le  s tates .
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A l t h o u g h  the t r anspor t  of long—cha in f at t y  a c i d s  in to  the  m i t o c h o n d r i a

was somewhat depressed in l ivers of f eb r i l e  ra ts  (Pace et al , 1977)

th lere  was no impairment in s h o r t — c h a i n  f a t t y  acid movement i n to  the

m i to c h o n d r i a , and no lack of c a rn i t i ne  or ox ida t ive  c a p a c i t y  of the

mi toch oncir i a . Fur ther , the f eb r i l e  animals  with i n h i b i t e d  k e to g en e s i s

could s t i l l  u t i l i z e  int ravenously i n f u s e d  ketones in a rap id and

comp lete manner .

S tudies  conducted by Neufe l .d and his colleagues (1978) in

laboratory  ra ts  with experimentally induced diabetes  led to the

conclusion that the increase in insulin secretion during febrile states

could account , in large part , for  the inhibition of ke togenes is .  When

rats were made diabetic by the administration of streptozoticin , and

then given small maintenance doses of insulin, up to 5 units per day ,

to m a i n t a i n  the levels of per ipheral ketone bodies as close as possible

to  the normal semifasted state , the subsequent induction of febrile

pneumococcal sepsis led to a ketogenic response that was equivalent to

that observed in rats deprived of food. Thus, febrile rats that did

not have the ability to secrete i n s u l in  did not show an inhibition

of ketone body product ion .  The present  da ta  suggest that  reduced

k e t o n e  p r o d u c t i o n  in the  f eb r i l e  h o s t  may be the  combined resu l t  of

decreased f a t t y  acid supply  and depressed u t i l i z a t i o n  of these

‘;u l ’- ; t  r a to s  b y the l iver  for  ke tone  s y n t h e s i s .  The role t h a t  insulin

and s L u l c a g o n  p lay  in m e d i a t i n R  t h i s  response d u r i n g  feb r i l e  s t a t e s  has

n u i t  h e . -n  c o m p let e l y  e l u c i d a t e d .

2 1.



Sl’~iMAR Y

1. D u r i n g  fever , the  bod y con t inues  to u t i l i z e  i t s  normal

molecular  machinery for g e n e r a t i n g  e n e r g y ,  w i t h  f a t t y  acids apparen t l y

serving as the major source of f u e l .

2.  In add i t ion , the requirements for the extra metaholizable

energy associated wi th  the presence of f ever  are l a rge ly  met by the

acce l e r a t ed  hepat ic  synthesis  of g lucose.  Thh e need to syn thes i ze

la rger  q u a n t i t i e s  of glucose is f i l l e d  p r inc ipa l ly b y the use of amino

acid subs t ra tes  which are supplied by the catabolism of proteins in

musc l e  and o the r  somatic t issues and the synthesis of gluconeogenic

amino  ac ids  w i t h i n  muscle .

3. Despite the concomitant presence of vary ing degrees of

s t a r v a t i o n  in a febr i le  individual , ketone synthesis is depressed.

4.  L i t t l e  is known about f eve r—energy  product ion re la t ionsh ips

during states of protracted fever or in the presence of a severe

dep let ion in bod y pro te in  stores.

22
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