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were also measured. All determinations were made separately on red
(slow twitch) and white (fast twitch) muscle tissue, because these

: muscle fiber types function during different types of exercise.
In the tularemia- and Salmonella-infected rats, the oxidative enzymes

of muscle were decreased to 56 to 83% and the glycolytic enzyme to 30 to

75% of control activities. Reductions during tularemia were statistically
correlated with whole-cell protein degradation, while that of the glycolytic
enzyme was paralleled by activation of lysosomal enzymes. In the
pneumococcal infection, only reduced glycolytic activity was significant.
Muscle DNA concentrations were unchanged in any infection.-(---

Thus, in representative bacterial infections, glycolytic enzyme
.situated in the cytosol showed an earlier and relatively more pronounced

loss of activity than did the intramitochondrially located oxidative
enzymes. Since red and white muscle tissues responded similarly, the
mechanisms or pathways for mediating these responses in infection

appeared to be independent of those properties that constitute the
difference between muscle fiber types. In contrast, in several other
physiologic or pathologic states that involve a catabolic response in
muscle, predominant catabolism (or damage) usually occurs in one or the
other fiber types.
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ABSTRACT

Since opinions differ as to whether the oxidative and glycolytic

capabilities of skeletal muscle are altered in acute infection, the

activities of two oxidative and one glycolytic enzyme were determined in

homogenates of skeletal muscle of rats. Groups were inoculated with

Francisella tularensis 72 h prior to study or with Salmonella

typhimurium or Streptococcus pneumoniae 48 h before enzyme analysis,

for comparison with noninfected controls. The activities of six

lysosomal enzymes (acid hydrolases) and protein and DNA concentrations

were also measured. All determinations were made separately on red

(slow twitch) and white (fast twitch) muscle tissue, because these

muscle fiber types function during different types of exercise.

In the tularemia- and Salmonella-infected rats, the oxidative enzymes

of muscle were decreased to 56 to 83% and the glycolytic enzyme to 30 to

75% of control activities. Reductions during tularemia were statistically

correlated with whole-cell protein degradation, while that of the glycolytic

enzyme was paralleled by activation of lysosomal enzymes. In the

pneumococcal infection, only reduced glycolytic activity was significant.

Muscle DNA concentrations were unchanged in any infection.

Thus, in representative bacterial infections, glycolytic enzyme

situated in the cytosol showed an earlier and relatively more pronounced

loss of activity than did the intramitochondrially located oxidative

enzymes. Since red and white muscle tissues responded similarly, the

mechanisms or palways for mediating thc.a responses in infection

appeared to be independent of those properties that constitute the

difference between ,miscle fiber types. In contrast, in several other

physiologic or pathologic states that involve a cat aholic respon.,;e in

muscle, predominant catabolism (oi- damage) usually occurs in one or t he

other fiber types.

T. L
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In acute infectious disease as in other stressful states, negative

nitrogen balance often develops. Skeletal muscle protein degradation

acceleraies to provide amino acid substrate for hepatic gluconeogenesis,

while muscle protein synthesis decreases (6, 26, 27). This combination

of metabolic events results in reduced muscle mass (26) and impaired

muscle function (1, 10, 11). There are reports in humans that the

activities of oxidative and glycolytic enzymes of skeletal muscle, which

are correlated with the capacity to perform exercise (15), may become

transiently depressed as a result of infection (2, 3).

A search of the literature revealed very few animal experiments

concerning effects on oxidative or glycolytic potentials of striated

muscle in infection; no studies of muscle lysosomal enzyme activities

were fond. Ken and Miller (18) reported an inhibition of succinic

dehydrogenase but not of cytochrome c oxidase activity in rabbit skeletal

muscle by meningococci and Salmonella endotoxin. In a later multi-organ

metabolic study of Streptococcus pneumoniae infection in the rabbit,

Cucki;n (13) found no impairment of glycolysis or the oxidation of

palmitate, glucose and pyruvate in skeletal and heart muscle.

The purpose of the prese,,, investigation was to study effects

of bacterial infection on oxidative, glycolytic and lysosomal enzyme

activity in skeletal muscle using three different standardized bacterial

infections in the rat, i.e., those caused by Francisella telarensis,

Salmonella typhimurium or S. pneumoniae. Muscle protein and DNA

concentrations were determined. Red and white musk IV tissUe were studied

separately, since they have different metabolic and physi, logic

properti es. Thus, red (slow twitch, type I) muscle libers contain more

mitochondria and ire surrounded by a denser net of capillaries than the

white (fast twitch, type I) fibers. Ti l att er, instead, hav' A lari'er
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glycolvtic capacity. Red fibers are adapted to long time, low intensity

type exercise, whereas the white fibers are recruited predominantly for

short time, high intensity efforts (15). If alterations predominate in

one of the other fiber types, different patterns of change in physical

capabilities may result.
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MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (Taconic Farms, Germantown, N.Y.)

weighing 200-300 g were maintained on a commercial diet (Wayne LabBlox,

Allied Mills, Inc., Chicago, Ill.) until the beginning of an experiment

and were housed in rooms maintained at 23 + 1C. The initial mean body

weights (+ SE) of the rats were for the tularemia infection, 256.4 + 2.5

g, pneumococcal infection, 235.6 + 3.9 g and Salmonella infection, 273.1

+ 2.6 g.

Infections. Rats were inoculated intraperitoneally (i.p.) with

2.20 x 107 virulent colony-forming units (CFU) of unwashed, F. tularensis,

live vaccine strain (LVS) that had been grown on solid, fortified

glucose-cysteine-blood agar or with 3.20 x 108 CFU of unwashed, nutrient

agar-grown, virulent S. typhimurium, or subcutaneously (s.c.) in the nape

of the neck with 2.95 x 104 CFU of nonwashed S. pneumoniae, type la5,

that had been cultivated on brain-heart infusion broth (19). Control

rats were administered similar volumes of sterile tryptose saline. Food

was withdrawn from both inoculated and control rats after the inoculation,

but water was supplied ad libitum.

Samplin$a. Six infected and 6 control rats were studied in each

infection. Rats were killed 48 h after inoculation except for the

tularemia infection, for which the sacrifice time was 72 h. These [

timings were found to represent the peak of each illness. Rectal

temperatures were recorded at that time using a thermocouple.

Rats were rendered unconscious by a blow to the head prior to

decapitation, which took 1-2 sec. Blood was then allowed to run into

plast[c tubes and clot. The quadriceps muscle was then quickly removed

and put on ice, after which muscle samples were carefully selected to

avoid fibrous tissue. Samples from the proximal deep and distal

superficial parts of that muscle represented predominantly red and

ii
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white tissue, respectively. After cutting to small pieces with scissors,

the samples were immediately weighed and homogenized in 33 times (w/v)

ice-cold 0.1.5 mol/liter KCI, 6 mmol/liter EDTA, 50 rnmol/liter KHCO 3

pil 7.4, using manual all-glass homogenizers. This procedure was

performed at 0 to 4'C.

Assays. The homogenate was used for determination of the activities

of cytochrome c oxidase (CYTOX; E.G. 1.9.3.1) (23), citrate synthase

(CS; E.C. 4.1.3.7) (22), glyceraldehyde-3-phosphate dehydrogenase

(=triose-phosphate dehydrogenase, TPD; E.C. 1.2.1.12) (5) and the

following acid h\'dr olases, using methods except that of cathepsin D

essentially as described by Barrett (4): p-nitrophenyl phosphatase

(p-NPPase; E.G. 3.1.3.2), acid ribonuclease IT (R.Nase; E.G. 3.1.4.22)

-glucuronidase (GUase; E.G. 3.3.1.31), arylsulphatase A (ASase; E.G.

3.1.6.1), cathepsin C (cat C; E.G. 3.3.14.1) and cathepsin D (cat D;

E.G. 3.4.23.5) (8). Total muscle protein (19) and DNA (25) were

determined.

All assays except those for RMase, GUase and cat C, protein and

DNA were performed immediately. The LatLer were performed on homogenates

that had been frozen and thanwed. Sinlce DNA showd no significant change

and strictly staindardized timings of procedures were employed, all

measured variables were calculated and expressed per gram "wet" muscle.

Serum was used for determination of zinc according to the method of

Pekarek et ill. (21).

Stati[at ics. Compar isons were made, and correl at ion ce ffic jents

tested by MeaiIS Of Studenut's t-tk eat, wIch compareCd control and expel imcn*_ I1

gron pS inl each illneCss.
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RESULTS

Rats responded to the infections in a manner expected from

previous studies (20). The severity of fever and serum zinc depression

at the time of kitling are shown in Fig. 1. Enzyme activities and

protein and )NA concentrations in muscle of control rats are given in

Table I.

In the tularemia and Salmonella infections the activities of CYTOX

and CS were decreased to 65 to 83 of corresponding control values,

whereas in the pneumococcal infection alterations were insignificant

(Fig. 2). In tularemia, CYTOX and CS decreases were somewhat greater

in white than in red muscle, but for the other infections no such

difference was evident. Although statistically significant only for

tularemia, TPI) activity was reduced in all three infections. On a

percentage basis, the effect of infection on TPD activity, a reduction

to 30 to 75/" of activity in controls, was more pronounced than the

effects on CYTOX and CS activity.

The acid hydrolases showed increased activity only in tularemia,

with a pattern approximately similar in both red and white fibers. The

muscle protein concentration was significantly reduced only in tularemia.

However, DNA concentrations were unaltered in the three infections (Fig.

2).

Since the most pronounced aIterations were found in tularemia,

correlation coefficients were calculated to compare the responses among

the enzymes of red and white muscle. Some of tile more mcaiiininfl

correlaLions are shown in Fig. 3. In both red and white muse le, TPI) was

neg;Lively correlated wi ti seve r;i I of the acid hydrolase.; and did not

correlate with changes in proteoin Concenitration. Sign ifi cant correl at ions



were I olund oly% inl infoc ted,( raits no t rendsf of corre l it ion were d i.-scernted

in thle control group (Fi-:. 31a)

Cit rate svntlI ) s c correla teOd m~It iV(. IV Wi tli only V few IWOf th Iac? Wid

,I.drolIa so.s ( Fig1. '3b) , but , on L hie othle r haind , aI ps it lye co r re I alt i on

with proteini concentration was Iteun1d ill b)oth red anld wite 2MuIse I C

CYTOX showed sim,.ilair pos it ive correlat ionS With prote in as; did CS, but

CYTOX corre lated With nIoneC of thle aIcid hx'drolaSeS.

Among'2 the aCid hyd rol ases , GIhase, IpNll'ase , and cat D most frequent lv

produced correlation coefficients of 0.5 Or More whenl compa.red with Other

acid hvd ro Li ;c 5 in either red or wilite musce e. In contras t ASaise

clhange's , thle 00t01r extremle, did nIot cerre late with any other acid hv'droiase.

on thle wilo c, tile acid hyd cola se s were activated (incingo tula renlia inl a

sin iLtLi r patternl inl red aInd wil temvi ndfr c ii em

corre lat ion coeffCicient Of a~t least 0.5 was obtained when act ivit ies in

red and11 white Muse were comparedL. Simu a)r correlations we r-L a I so

recorced f-or CYTOX, CS, 'Pll and protein.

DISCUSSIO0N

Ill th ,1 eiierali. cd balcrriail. [ifeet ions used in the present study,\

a decreareo wa!; of ten found in tile activitiles of glv colyt ic and oxidaiti ye

enzymies in sko Ic ta1 rmnsce . The vari able extent of the reduc tion inl

enzyme act iv itY ma ll\be explained by dlif ferences inl tile etilology and/'or

the durat ion of eacli ife~LCt iOn. For t I IaremIL 1ial , ill which tile most

signi [leant alterations were recorded, tHe at haId beeLn inf'cte'd for 72 ]1

at tile timle of aii.jgwlr~s for the othier inlect Hois*tl

(orresI)OIld ing, rime was 48 i1. Ii acuite infecctions of manIl, al nea t ivc

n it rOgenC baance herinls on11V -IftlOr tile on1-et of feveCr, buit t tc

cullli .ic Of yebos odyv nit rogenl becomies i lie reas l 'iugv cv ideiit as t inci



elases (1 ,6). The more pronouncud elf Iects r ecrded in tile Stilironet- 1In

inrifec t i on thaiin i n thle pn eumoc o cral infect ion , aI I thoug1'' IhO oth 1a1l;t Cd fo0r

48 S h, nov he ascribed to differences in pni ogeni1c responlsivenle's

thle hlC terim Or their Comiponlents. An enc(Iotoxi n ei tort on ui I e enzymes;

miay have been present in thle Sa;liimenel Ia infection, SinICe thle 1oSt' s

response to the infection as measured by fever and seruIm zinc depression

were simi lar in both the Salmonelila and pneumococcai infections (i.1).

Inl skeletal muscle, as in othevr t issues, acid hydra loses become

activated in states associated with increased tissue degradation orI

turnover, such as fasting, disuse (7) or physical training (2-4). Wi thi

severail exceptions, activities of acid hvdrolases wereC increased in the

present study only in tularemia. This was the only infect ion to show

any si(lnificant decrease of muscle protein concentraltion. However,

correlations between the acid hydrolases, including thle proteases

cat C and 1) on the one hand, and protein concentration on the othier,

were poor. This miay be explained by thle fact that these aicid bvdrolases

may be involved primiarily in the degvadaition oif saircop 1 asmiic prote in

(16, 24) , whereas mofibri liar protein predominat~es in the m~usc le cel~l

(14) . In support of this concept, sirn ificanlt Correla tions- were toulnd

be tween thI e act fv i tv of aciLd Ilivd ro lases a nd t ie sa rco p Li sm i kc enzyme I li PD

durini, tularemia in rats (Fi.1).

Cytoclirome c ox.idase is an initeg*ral, protein of inner mi tocllondr i a

memibranle. Th i a; ann tomI~cal 1local izat ion miay aiccount for a I ark of

signi ifjcauit corrl-Cationis with tile aci dr La(1-1 Ses. Onl thle other- hind,

CYTOX wssignif ic;Intly corre] atedl with proteini conictra 't ion1, ralisill'

t11 hrps biI t hat sin i alr mo Iecul ir median i 1sins il liil acecount foi-

hoth Ii gy iin.-ict ivaition anid moI~vcv cell p rote in erid in(F i )
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The activitie s of several icid .(lrolases of skeletal muscle are

increased concoinitalll' in respollse to V;riouS influences, e.g., fasting,

i.,:no bilizatLion anld phvsical traiinhiinu (7, 24). We found similar inrreases

durinv tLLTaremi a ill tie present stidyv, although co:nparisons between some

enzvmnes correla ted more cioselv than those anm1ong others.

In the present study a strict "every other" order of test and

control rats was followed and an exact timing, was employed in sampling.

Analytic results were calculated per gram of "wet" muscle. The unaltered

concentration of muscle DNA in all three infections confirms the value

of DNA as an "internal" reference standard in muscle. The somewhat

larger variance in the results of TPD than in those of the other

enzymes may, at least in part, be explained by the possibility that TPD

activity, being rather labile, might have decreased somewhat prior to

the period of analysis. However, with the procedures employed, any

decreases would have been comparable in both the experimental groups and

their controls.

In the present study, alterations in enzyme activity in response

to infection generally occurred to a similar extent in both red and white

muscle tissues. This agrees with findings in a previous human study

of skeletal muscle lactate dehydrogenase isozymes in infection that gave

indirect evidence that both fiber typos are similarly affected (12).

This is the first direct evidence that skeletal muscle degradation

occurs at rou'hly similar rates in red and white muscle duri u, bacterial

infection. These results sugg est that tile metabolic responses to

infection are sufficiently general i zed tlt red and white fibers show

comp:rable changes. Thi- ;imI J.a rit v contrasts with differences in tile

responses of these types of fiber in certain other diseases or stresses

involving muscle. Thus, in a study by Viliko et al. (24), physical
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training caused activation of a larger number of acid hydrolases in red

muscle tissue than in white, although the training-induced build-up of

citrate synthase activity was quite as marked in the white fibers,

indicating considerable recruitment and loading of both fiber types.

SimiLarly, denervation, ischemia or vitamin E deficiency may predominantly

affect red fibers (24), whereas rheumatoid arthritis (9) and alcoholism

(17) cause a selective hypotrophy of white fibers. Therefore, the

present finding of similar responses in white and red muscle in terms of

activation of acid hydrolases and protein degradation suggests that in

infection, several or different metabolic pathways are employed to evoke

thenc responses compared to those at work in the aforementioned states.

These infect ion-induced responses appear to be unassociated with the

specit-ic morphologic, physiologic and biochemical properties that

constitute the different muscle fiber types. This concept agrees with

the hypothesis that the response of muscle to infection is primarily

catabolic, whereas, that of training exercise contains both a smal I

catabolic component and a predominating anabolic response (24), which

may be independently mediated in muscle.

In concLusion, bacterial infections of different etiologies caused

a decrease in the activities of oxidative as well as of glycolytic

enzymes of skeletal muscle, and a simultanous activation of several

lysosomal enzymes. All effects occurred to similar extents in red and

white muscle tissue but were most pronounced in tularemia, the infection

that lasted longest. The glycolytic enzyme in the sa rcoplasm, showed

an earlier and more pronounced response th;n did oxidiative en;:yines

with an intramitochondrial location. Negative correl itions existLed

between activities of WIycolytic and lysosomaL enzymes, whereas pos itivc

correlations were produced by oxidative enzyme activities and tota!

-4
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intracellular protein. The equally pronounced catabolic responses

to bacteria.] infections in red as in white muscle fibers sutggest that

the mechanisms which mediate Lhese responses in infection differ from

those in other states, such as training or denervation, which include

a caLabolic component in muscle.
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FIGURL LEGENDS

VIC G r I c-0 timperatulre and scrum zinc concentration in S.

pneti!:on i-,S. tvhinriun-, d- F. tularensis-infected rats 0

and otrl (0~) . Grotip mean. + SE values are shown.

17 G,. 2. Spec if ic act iv itic-, of enzvnmes and protein and DNA

cocca1Lt,:rat ions in per cent of controls ia red and white muscle in

'.)S. pneimoniae, (b) S. tvphimiiriuii, and- (c) F. tularensis infections.

CV t C Ir hro 010C ox i d a se (cYTOX) , 2 c it ratec synth aise (CS),

3 t ~;-~opi edelivd roiena sv J'11P)), 4 = p-nilrophienv1 phosphatase

p-N 1. & ,5 aci 12 i onucl ]east, 11 (I'a so) , 6 $ -gincuronidase (GUase)

7 = r o iiaeA (ASisc) , 8 = catlionsin C (cat C), 9 = cathepsin D

( Dt ) 10 pro t.._in, and I I DNA. Astcris ks nd irat-0 stat isticailv

i nit iciit di IIL-rentS < 0 .05, P1 0.01, and. P < 0.001.

It..(a) Tr lonop; :llic do'lkIvdrov,en:ISV (]I'I)) act iVi t' in1

1- 1 it t o 1 t iVi i on )I- tilt'Iv uottI trI~t t- I)NTi e RNo,

tol (0).I . i,)!til iI ro tr lt otinko md ic.itLt t'e

rnI. i . a hotn1 11 1'. (10 C it t ,;vIt oI1 (CS) *ic t i v i t v

ii I i tJ ... I. 11- - ;-t p nd p~ i li .tt pt o i I i t r I I I o

SIt- Qt).
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