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SUMMARY

The effects of clofibnate omm time growth, glycogemi content, tliglycemidle coimteimt, and
levels of some peroxisomal eimzymes of the ciliated protozoan Tetrczhyinena �yriformis

have been studied. Clofibrate seimsitivity inimibitedi growth and! diepletedi time cell glycogen.
The triglyceride content of Tetrahymena in Ringer’s solutioim imm time absence of an
exogenous carbon source was doubled by exposume to clofibrate for 2 hr. Cells gnowim
in time presence of clofibrate for 17 lmr showed a 30% iimcmease imm isocitnic cleimydno-
genase activity, a 30% deem-ease in isocitric lyase activity, amid a 20% immemease in
catalase activity. Time results are commsistent with time hypothesis that clofibnate immimibits
gluconeogenesis or activates glycogenolysis.

1 NTRODU CTION

Peroxisomes (ilmienobodies) ale a class of

cell organehhes commtainimmg peroxide-produc-
ing oxidases amid catalase. They are found

in liver and kidney almd in the ciliated
protozoan Tetrahymena pyriforniis (1).

Their physiological fummctions are unkmiown,
but it is likely thmat they play sommue role
in gluconeogenesis (1).

Clofibrate (Atromid-S; ethyl 2- (p-chloro-
phenoxy) -2 methyl- propionate) is a
hypoiipidemic agent used for time amelio-
ration of disorders of lipid metabolism as-
sociated with athuerosclerotic vascular
disease (2). Its mechanism of action is

unknown. Recently, Svoboda et al. (3)
reported that treatment of mice and male
rats with clofibrate caused a large increase

in the number of peroxisomes in the liver

and a parallel increase in catalase activity.
Tetrahymena resemble mammahiami cells,
containing not only penoxisomes, but also

epinephrine (4) and serotonin (5), and are
sensitive to a variety of drugs known to

alter time metabolism of these biogenic
amines (6, 7). It therefore seemed possible

that. Tetrahymena might be sensitive to

clofibmate. The finding that clofibnate
strongly immhibit.ed time growth of Tetra-

hy’m.ena led us to examine time effects of

clofibrate on some aspects of the growth

anti metabolism of Tetrahymena.

MATERIALS AND METHODS

Tetrahyniena pyriforinis, straimm HSM,
were grown axemmicaily in a medium consist-

ing of 1% proteose peptomme armd 0.05%
liver extract imm0.02 M potassium pimosphmate

at pH 6.5. Cells w’ene counted! witim a

Coulter counter (Coulten Co., Hialeah,
Florida). In sommue expeninmemmts, cells were

grown in Erlenmeyer flasks w’itim Montomm
closure tops imm an imucubator at 25#{176},with-

out. simaking, amid commtaimmitmg less thaim omme-
tenth their imonmimmal capacity. In other

experiments, as specified below’, time Erlemm-
meyer flasks were place(l imm a shaken bath

at 27.5#{176}.For expenimemuts imm which cells
wene to be studied for relatively short

periods of time in time absence of pnoteose
peptone, time cells were collected by centrif-
ugation and resuspended in a “Ringer’s”
solution containing the following salts, in

g/l: NaCl, 2.750; KCI, 0.149; MgSOe7
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H20, 0.246; Na2HPO, 1.37; KH2PO.1, 0.32;
CaC12, 0.00163. This Rimmger’s solutiomm was
identical to that of \Vagmmer (8) except fom

the additiomm of calcium chmloride. Its pH
was 7.4.

Glycogemm was assayed by time pimemmol-

sulfuric aCid! metimod of Dubois et al. �9)
as (lescmibed in detail elsewhere (6) . Proteimm
was mmieasumed l)V time mumetimod of Lowry

et al (10).
Foi time estimmmat.iomm of triglycerides, ai)out

15 X 10 cells were collected by cemutnif-

ugatiomm at 300 q for 10 mm at 0#{176}.Time
cellular pellet was resuspendeti in 5% colt!
trichloroacetic acid. Time resulting precipi-
tate was collected by centrifugat.ion at 300 g
for 5 mmmin at. 0#{176}ammt! extracted witim chmlono-
fonmn-mmmetimammol--w’ater (27: 13: 10, v/v) . Time

organic phase ��‘as sepamate(l by centrif-
ugation, evaporated to (lnvmmess nuder
nitnogemm, ammd time renmaimmimmg lipids �s’eme

dissolved imm i)enzene. Duplicate ahiquots of
this solution ammtl stammdard tnipalmitin were
app lied1 to thin-layer elm romImatOgI’a�)iiy

plates (TLC plates, silica gel F25., E.
Merck AG, West Germany) amud developed
in n-lmexamue-dietimyletimem--acetic acid-meth-

ammol (85:15:1:0.5, v/v) After drying in
air, cimromatogrammms were expose(l to iodine

vapor and time areas conrespommding to timat

of tnipalmitin were market!. Time iodimue

color was allowed to fade, the triglycenide

spots were recovered from the plate by

scrapiimg amit! measured by time metimot! of

Smuyder anti Stephens (11).

For time preparatiomm of hmommmogeimates,
about 5 � 10� cells weme chilled in ice, col-

lected l)y cemmtnifimgation in time cold, ant!
washed twice with a i)uffen comisistimig of

0.25 �r sucrose in 0.0667 M pimospimate, pH

7.6. All subsequemmt steps were at. 0-4#{176}.The
cells were resuspended imm about. 10 ml of
thus buffer and tmeated witlu ultmasoimnd
twice for 30 see, usimmg a Bransomu Model

LS-75 imltnasonic generator. The sonicate
was used without further eemitnifugation.

Isocitnic lyase activity was measured by
the method of Konnhemg (12). Isocitnic
dehydmogenase activity w’as measured by
adding 0.3 ml of hommmogenate (diluted if
necessary with sucrose-phospimate) to a
cuvette containing 0.2 nil each of 0.05 M

DL-sodium isocitnate, 1 mM NADP, 1 m�

MuCh2, amid 0.3 � Na2HPO4, 1)11 8.0. TIme

isocitnic lyase amid! time isocitric deimydrogen-
ase activities weme coniputed fmonm the
limmerim rates of cimaimge of absombalmce at
324 mmm�aand 340 imm�, iespectively, usimmg 1
cm pathlemmgth cuvettes amid a Gilford nmodel

2000 absombammee mecordem. Time sammmple

chamber wtts mmmaimmtaimmcd at 30#{176}by circulat-
imug watem timmough timemimmospacems.

Catalase activity was Immeasured at 0#{176}
by time mlmetimo(i of Baudimuimm et al. ( 13)

using 0.1 mmmlof 2% (v/v) Tm’iton X-100,
0.2 ml of Imommuogemmate, ammd 5 ml of 0.08 i�i

imidazole, 1)11 7.0, commtaimming 1 g of bovine

semummm alljummmimm ammc! 0.16 ml of 30%

hydrogemu peroxide pen liter of time imidlazole
i)tmffem. Time first omder mate eonstammt is
reported imm units of mmmg� miuimm1 ant! was

coniputed as thmouglm time assay had 1)een

jienfomnied in a volumume of 50 ml.
It was established that clofibrate added

to sonicates of commtmol cells had no effect
on time isocitnic dehydrogenase, isocitmic
lyase, 01 catalase activities.

Clofibiate was a gift of Ayerst Labomato-
nies, lime., New Yomk, New York. Its

density, detemniimmed by weighing 0.20 ml,
was 1.11 g/ml. It was prepared by dissolv-
immg 0.10 ml in 5 mmmlethmammol and timen adjust-

ing the volummme to 25 ml with distilled
water. Time suspensiomm was then boiled for
2 mimi and transferred to a sterile vial. liii-
mediately before use, the suspension was

timorougiuly mmiixed on a Vortex mixer.

Identical quantities of the same commcemm-
tratiomm of etimanol were added to control
cultures. NADP was purchased from Pabst,

Milwaukee, Wisconsimu; time sodium salt of
DL-sod iurmm isocitrate (ahlo-free) from
Sigma Chemical Co., St. Louis, Missouri;

tm-ipalnuitimm from Applied Science Laborato-
mies, State College, Pennsylvania, titanium
sulfate from Fishier Scientific Co., Fain

Lawn, New .Jersey; fermic pemchlorate, fmom
G. F. Smith Chemical Co., Columbus,

Ohio; Triton X-l00, Rohmm and Haas.
West Philadelphia, Pemmmmsylvania; Bovine
serum albumin, fm-action V, Armour Phar-
maceut.ical Co., Kankakee. Illinois.

RESULTS

The growth of Tetrahymena is sensitively
inhibited l)y clofibrate (Fig. 1). At 0.124
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Hours

FmG. 1. Effect of c!ofibrate on growth rate and

g!ycogen content of Tetrahymena pyriformis

At zero time 0, 0.2, 0.4, and 0.6 ml anmounts

of clofibrate suspension were added to Erlennmeyer

flasks (500-rnl capacity) containing 25 ml of an

exponentially growing culture of Tetra/i ymena,

and niedium to make the final volume in each

flask 30 ml. Time final concentration of clofibrate

in eacim flask was: 0, none; X, 0.027 p1/mi (1.24
X 10� M); L�, 0.053 p1/mi (2.43 x 10� M);

0.080 pl/ml (3.66 x 10� M). The control flask (0)
also contained 0.6 ml of 20% ethanol.

m� growth is not inhibited, but at 0.366
mM growth is almost completely inhibited

for 30 him-. At imigimer concentrations sucim
as 0.550 nmt growth is completely inhibited
and cell death occurs by 110 hr of exposure.

If, however, the cells are diluted into fresh
mediunm after 30 hr of complete growth
inhibitiotu, growth resumes at a near normal
rate (data not show’im).

Clofibrate rapidly depletes time glycogen
content of Tetrahymena (Fig. 1). Some
glycogemu depletion occurs even at concen-
tratiomms of clofibnate where no growth
inhibition is observed, thus suggesting that
glycogen depletion is not a consequence
of growth inhibition. At high concen-

trations of cloflbnate, the cell glycogemm

comutemmt is drastically depleteti. In eultuies

iim whmicim growthm mesummies after a period of

commmplete gmowtim immimibition, a msmmmallimmcnease
in glycogemm content is seeim (Fig. 1). TIme

glveogemmolvtic effect of elofibmate is also

seemm ummdem- anaemobic comuditions.

1mm immitial expemimiiermts omu time effect of

clofibrate omm time tiiglycciides of Tetra-

hymena giowing imm i)10t(Ose l�eptomme with

simakimug, it was found that. thuem-e was aim
immitial misc in time triglyceride contemmt fol-
lowed I)Y a dechimue. Since little is kmmown

al)out time physiology of fat synthesis in
Tetrahyniena, it was of immtemest to examimue

time effect of glucose, acetate, and pimenyl-
alanimme omm time fat contemmt of washed cells.

1mm time absemmce of an exogenous carbomm

source, there was little cimange in the

triglyceride commtemmt imm2 hr (Table 1). The
presemmee of acetate (lid! mmot leati to amu

increase in time triglyceride content of
wasimed cells (lunhug a 2-imn incubation, hut

the presemmce of pimemmylalammimme om glucose

immcreased time triglyceride comutent signif-

icantly. Clofibrate almost doubled time

tniglycem-ide contemmt of the cells in time

absence of amu exogemmous caml)on soumnce,

probably immdicating a rapid mobilization of
emudogemuous glycogen or protein. Ciofibmate

also markedly increased time triglyceride
content when acetate or pimemmylalanine was
present, but slightly decreased time net

synthesis of triglyceride in time presence of

glucose. Thus, under circumstances whene
the exogenous carbon source could give

rise to glucose units only via gluconeo-

genesis, triglyceride synthesis was enhanced
by clofibm-ate, but when glucose was sup-

plied exogenously and triglyceride syntimesis
was very rapid, clofibrate slightly inhibited

net triglyceride fonmatiomu.
Because of time findings of Svoboda et al

(3) it was decided to examimme the effect
of clofibrate omm time activity of certaimu

emmzynmes of Tetrahymena. The isocitric

dehydmogenase of Tetrahymena is an
NADP-limmked emuzyme, sonic of which is

located in time peroxisommme, the remaindem
being in the nommsedimentable supemnatant
fraction of time homogenate. The other
enzyme which utilizes isocitrate is isocitric
lyase, which has recently been shown to

he localized in Tetrahyinena immthe peroxi-
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‘i’ABI.E 1

1�.tJ((t of (lOfil)i(1t( Oil triglyceride content of ‘Jetra/iyine,ia

Late log phase dells growing iii a shaker bath at 27.50 were collected by centrifugation at 300 y for 5 miii at
150 and resuspendedl in linger’s solution. At zero time appropriate anmounts of clofii)rate, glucose, acetate,

L.piienylalanine, or water were a(i(le(i to 45-nil aliquots of dell suspension in a 125-mI (lilture flask with a

surface area of 39 cnm2. \oiiimes were adjusted to 50 nil with Hinger’s solution so that flimal cormcentrations of

ad(litionS were as slmowim above arid ccli density was 3SS,000 cells/mi. Time flasks were then plated in a shaker

bath at 27.5#{176}.At zero time an ahquot of cell suspension in Ringer’s solution was assayed for triglyceride as

described in Materials and Methods. After 2 hr cells were collected and assayed for triglyceride.

Lxperimenrt A(iditionis

Initial triglyceride

(pg/10’ cells)

Final triglyceride

(pg/10’ cells)

(‘lofibiate

None 3.11 X l0� M

A Noire
i.-Phenivlalaiiinie, 3 m�r

(lucose, 10 m�i

14.3 14.7 27.0

20 . 5 31 . 7

334 27 .8

B None
m.-Phenivlaiaiiinie, S nii�i

Glucose, 10 m�i

16.1 14.7 23.S

18.6 21 .3

20.7 19.2

C None

Acetate. 10 nm�m

8.0 10.1 16.5
10.6 19.0

somnes (14). Catalase is also a penoxisomal
enzynme in Tetrahyrnena (1). When cells
w’ere exposed for 17 hr to concemmtrations of

clofibrate which caused mild growthm

imuhibition, theme was no significant change
iim the protein content, but there was about

a 30% increase in time isocitnic dehy-

drognease activity, a 30% decrease in the

isocitnic lyase activity, and a 20% increase

in the catalase activity (Table 2). At
slightly imigher commcemmtratioims of clofibrate,
where gm-ow’th inhibition was almost. corn-

T;�nI�E 2

Effect of clofibrate on iso(itrie de/iydrogena.se, isocitrie lyase, and calalase activities of Tetrahynz.ena

Cells from young cultures growing irm 500 nil capacity Erlemmmeyer flasks witim ai)out 150 ml culture fluid

and at densities of about 73,000 and 118,000 cells/mi for experiments I and II, respectively, were used in

these experiments. Suitable aliquots were put into Erlennmeyer flasks of 1-liter capacity, and the volume was

adjusted ti) 40 nil b� time a(1(Iition of fresh culture medium. Clofibrate and 20% ethanol were a(lded so that

each flask had time indicated conceimtration of clofibrate and 0.4 ml of 20% ethanol. Initial cell (ounts were

taken, and the cultures were irmcubatedl without simakiimg at 25#{176}for 17 hr counted, and collected by centrifuga-

tarn. After washing twice in Sucrose-l)imoSl)imate buffer, duplicate aiiquots of tue wasimed cells were taken for
the measurement of cell protein content. Time renmaining wasimed cells were therm sonicated arid the enzyme

activities were assayed as described in the section in metimods.

Expt.

No.

Clofibrate

(�r X J0�)

(‘cli

Initial

s/mi

Final

Isocitric

dehydrogenase

(pmoles/rnin/mg)

Isocitric lyase

(pnmoles/lmr/nmg)

Catalase

(nmi!rimgi)

Mg protein
per 106 cells

1 0

1.36

1.81

36,400

72,800

72,S0()

158,000

228,000

218,000

0.40

0.54

0.56

0.49

0.30

0.30

0.157

0.178

0.188

1.42

1.24

1.25

II 0

1.36

1 .81

29,200

58,400

73,000

14�,000

150,00()

209,000

0.34

0.44

0.44

0.80

0.56

0.56

0. 120

0.143

0. 147

1 .39

1.40

1 .39
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plete, time catalase activity gemmemahly imi-

creased by at least 30%.

DISCUSSION

Altlmough clofibmate hmas beemi used in

humamms for time comutrol of imypemlipenmic

states, remmmamkably little is kmmowmm about
its mode of action. One scimool of tlmouglmt

holds that it acts by commmpeting witim ammions

sucim a5 thmyioximme fom- ami ammiommbimmdimmg site
omm plasmmia proteimms (15) . These displaced

homnmommes ame timeim thmougimt to immfluence

liver nmetabolism via mmormimal �)lmysiologica!
comutmol niecimammisms amid thus to decrease

the plasmuma commtent of ti-iglycemides amid!

chmolesterol. Sucim a inechmanism is highly
impmol)able for Tetra Iny iiiena . Altemna-

tively, Avoy et at. (16) suggested that

clofibmate acts at a site betw’eemm acetvl-CoA

ammd mmmevalonic acid, since iii timeir expemi-
memmts omm rat liver slices time mate of

conversion of nmevalommate-14C to cimolestemol
was ommly shighitly decreased by clofibrate
whereas time u-ate of conversiomm of acetate-
� to cholesterol was couusiderablv in-

hibited. Azannoff et al. (17), also w-orking

with rat liver, concluded that, time site of
inhihitiomi due to clofibrate is i)etween
mumeva Ionic acid and isopentonyl pymophos-

phate. Teti-ahymena do not comitain
cimolestenol but immstead huave a closely

reiate(l sterol called tetnaimymmmammol (18),
which is pnesemmt to time extemmt of 0.4% (19)

to 5% (20) of the total lipid content. Thus,
evemm if the action of clofibnate w’ene as-

sumed to be between acetyl-CoA and iso-
pentenyl pyrophosphate, the immcmcase in
triglycerides in washed Teti-a hyinena could
not l)e explained by the diversion of acetyl

units from time pathw’ay of tetraimymnanol
biosynthesis.

Although great stmess is haitI omm the
hypolipidemic effects of clofibrate, it was

observed by Platt and Thorp (15) that
clofibrate also low-ered the glycogen comm-
tent of nat. liver by almost 50%. Tetra-

hymena imas a very highu capacity fom’
gluconeogenesis. In proteose peptonc-hiver

extract culture mediumn, glycogen is symi-

thesized primarily from anmino acids, hut
it. has been reported (8, 21) that these
cells camu synthesize glycogen fmom them

endogemious lipids as well as fromim amimmo
acids. rfhme high capacity for time utilization

of time cauboim of at least sonic amino acids
is fuitlmer immdicated by time present fimmdiimg

that pimemmylalanine serves as a source for
time mmet syntimesis of tmiglycenidcs. The effect

of clofibmate in depletimmg ccli glycogemm
commtemmt in Tetia/tyinena [aimd in rat liver

( 15) J suggests that clofibmate either inter-
femes witim a step in glucoimeogemmesis or
activates glycogemmolysis. If glycommemmogemm-

esis W(iC immimibited li’, clofibrate, time
immeiease iii t.niglycem-ide commtemmt eitimem- imm

time l)1csemmce of exogemmous acetate or

l)imemm�’lalammifle or- iii time abseimce of an
exogemmous carbomm soumce w’ould be a
natural commsequeimce of time siiuimtimmg of thme

acetvl groups immto time fatty acid symmtimesis

l)atImWa�’s. This imypotimesis does riot explaimi
time sligimt deem-ease imm mmet tniglycem-ide

symitimesis from exogemuous glucose. It is

immteiestimig to mmote, imowevem-, timat climmically

ciofibrate appeam-s to be nmost useful imm time

treatmmmemut. of those imypemli�)emmmias associated

wit.hm disoitiers of carhoimytim-ate metabolismmu
(22).

It is generally agmeed that clofibrate
imuduces luepatomegaly in rats, but its effect

on liver protein concentration is variable.

Platt amid Thonp (15) m-epom-ted a 20%
increase immtime proteimm concemitratiomu of rat

hivem- aftem- 5 days of drug treatment, but
Azarnoff et al. (17) obsem-�-ed muo significamut
increase. In Tetrahymena timer-c was no
significant effect of clofibrate on cell protein
content, but there w’ene significant cimammges

in time activities of time three emmzvmes

studied. These cimanges, thuough relatively

small, weme not merely dime to growth
inhibitiomm since in otimem studies (Blum, to

he pimbhishmed) growth iniuihition caused by
various adrenergicahly active drugs is ac-

companied by a variety of patterns of
nespommse of these three emuzymnes. It should

also i)e noted that mi time expenimmmemrts
reported iii Table 2 time commcemutm-atiomms of
clofibrate ��‘ere chosen to give only partial
inhmii)itiomu of growth, so that the precise
emmzvmatie state of the initial culture did
mmot. affect the results.

It is difficult to interpret time meaning
of time cimanges iii these eruzyme activities,
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aimd there is mmo reason to su�)pose timat
clofibrate’s actiomm is directly oim ammy of

these emmzymes. In livem-, Platt ammd Cockmiil

23) mepoited cimamiges jim time eimzynmatie
activities of several tielmydrogemiases, ammd
it� is pm-obal)le that time immciease imm NADP-
limmked isocritie deimydiogeimase oh )served in

Tetrahyinena is Imuerely p�ut of a gemuem-al
shift in emmzymmme levels in mespOmmse to amu

altered! pattemmm of Inetai)ohismmm. Jim time liver
of nmale mats, botim time nuimmber of pemoxi-
sonies timid time catalase activity �veme imu-

cmeased by clofibmate, time lmtttem- immcneasimmg
by about 80%. In Tetrahyinena time peroxi-

somne content has mmot yet heemm stimdied w’itim

the electron micmoscope, but time catalase
content Wt15 immcm-eased by clofiirate, though
to a lesser extemmt thmamm iii hivem. It should
i)e noted that time immemease in catalase
activity occunm-ed imu commjuimctiomi witim a

decrease in time isocitmic lvase a(tivity, timus
suggestimmg tluat time l)emoxisOmmie does mmot

mespomm(l as a ummit. Recelmt expemimmmeimts of

Levy an(i Humit (24) simow tim:tt isocitnic

lyase levels of Tetraim yin ena am-c repmessed

by glucose, wimit-hu also acts to l)mevemmt

gluconeogenesis, whmeieas time L-a-lmvdrOxv-

acid oxidase activities are incmeased by
gm-owtim in time pm-esenee of glucose. Thus

time expenimnents of Levy amid Hummt (24)
also indicate timat time pemoxisomal enzymes
mumav nespomid t!iffememmtly to gmowtim con-

ilitions. Since isocitmic lyase is a key
enzyme in glucommeogenesis imu Tetrahyniena,

time decrease imm its activity caused by
clofibrate may accoimnt for- part of time loss

of glycogen.

Although umeitlmem imm livem mmom Tetra-

hyinena. is timere aimy evidemmce to iumdicate

a direct effect of elofihmate omm pem-oxisomes,

it may he mom-c timamm a coiimcidemmce that
liver and Te tm-aim�,m emma have in common

a hugh capacity fom- gluconeogenesis, an
ad renergic metabolic commtmol mechanism,

anti a sensitivity to the drug clofibrate
whmich is manifested by changes in peroxi-
somal enzymes. Fum-thmer w’ork on the mech-

anism of actiomi of clofibrate and on the
phuysiology of peroxisomes is needed before

the meaning of these coincidences can be
assessed. Because of the great simplicity
of Tetrahymena iii comparison to even an

isolated pemfused livem, studies with Tetra-

hymnena mmmay provide new immsigimts into

time hmypoiipidemmmic effects of clofibm-ate in

mmuamma Is.
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