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Abstract:

Clinical studies on acute toxicity of tetradymol have substantiated previous research in the hepatotoxic
activity of tetradymol. Furthermore, studies herein suggest that tetradymol is modifying energy
metabolism, "In vitro" studies on whole mitochondria have established tetradymol as an uncoupler of
oxidative phosphorylation. Using submitochondrial particles, tetradymol behaved as an ATPase
inhibitor. This paradoxical behavior has been used to suggest that tetradymol does not cross over either
side of the mitochondrial membrane.

Using both mitochondria and submitochondrial particles, related compounds have been investigated
with respect to various parameters of coupled respiration. With the knowledge gained, a stereochemical
model of the active site has been proposed.
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Abstract

Clinical studies on acute’tokicity of tetradymol have

- substantiated previous research in the hepatotoxic activity of
' tetradymol° Furthermore, studies herein suggest that tetradymol-
is modifying energy metabolism.

"In vitro" studies on whole mitochondria have established
tetradymol as an uncoupler—of~oxidatiVe phosphorylation. Using
submitochondrial  particles, tetradymol behaved as an ATPase
inhibitor. This paradoxical behavior has been used to suggest
that tetradymol does not. cross over. either 51de of the .
mitochondrlal membranee : :

U51ng both mltochondrla and submltochondrlal partlcles,

" .related compounds have been investigated with respect to

various parameters of coupled respiration. With the iknow=
ledge gained, a stereochemlcal model of the actlve site has-:

‘been proposede




INTRODUCTION

This study has been directed towards pbtaining information
as to the toxicity of tetradymol. For a better understanding
of the research and 1mplications 1nvolved, a number of pertlnent
subjects will be reviewed and references given for addltlonal
information° Initially'a brief review.qf previoﬁs work oﬁ the
project will. be presented. For more iﬁdepth iﬁformation the
réader is referred to both S.  Holian' and ‘S. Reeder!'s? theéese

Tetradymol is a toxic.substance isolated from the'plant

~Tetradymi§ glabratae Reeder2 observed from whole plant feeding

expefiments'with‘sheep ﬁhat: 1) féeding 1% of body weight for

three‘aays resulted in death; 2) bromsulphalein (BSP) clearance

‘time was greatly 1engthened; }) blood serum ammonia levels

wefe eieVatea three to six fold in‘poisoned sheep. The latter

two obéervatiOns led to the conclusion of liver aysfunction.
Autopsies were performed on all sheep tha£ were poiéoned.

>

The results are summarized below:

le Liver tissue demonstrated panlobular necrosis
localized in the centralobular area.

2. Kidney tissue showed some general congestion and
swelling and hyperemia especially in the
medulary portion.

3, Varying degrees of congestion were reflected iﬁ
the lungs with some emphysema and Bronchiolar .
‘hemorrhages.

L, Cardiac tissue was not greatly different from
" normal revealing some congestlon and a few
,subeplcardlal ‘hemorrhages,
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It was coﬁcluded thét the.toxic principles were manifeéted
primarily in thé liver, .

Inforﬁatioﬁ obtainea from histolégy stﬁdieé on mice after
' being fed purified tetradymol established that onl& the'liver
was affected, Tetradymoi causés doée aépéndent centralobular
necfosis that is apfarent ét two hours By'swelling of the liver
cel}s and increases in severity ub t§ death (10 hours)., The
damage can be seén'és cytoplasmic vacuolar degeneration,
neérosi§~(complete loss of céll differéntiation), and nuclqar.
-fyknosis (shrinking of‘huclei) and:karyorrhéxis (sweiling ahd

disruption of nuclei)oAI

In addition, it was established that metabolite(s) formed -

from‘the_metabolism of tetradymol'by_fhe liver mixed fﬁnction
oxidase system was more toxic thén tetradymol;5 Furthermore;'
it was proﬁoSed that tetrédymol itself could still be toxic.’

" - To galn further general information on ‘the foxiéity of
tetradymol a number of clinical sgrum tests were conducted.
The purpose of these tests was to gain'additionaliinformation
concerning orgah involvement and tQ observe altered serum
metébolite concentrationé that might'impiicate a poséible mode
of action of tetradymoli“iﬁ yivo"{..A:clarification and
ﬁossible,inﬁerpretations of_those tes£é thét will be important
iﬁ the discdssion willl follow. More détail on these following

tests and others can be found in the following referenceso6-’7’8
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A test related to the BSP, clearance time (meutioned earlier)
: is determination oflbilirubin levelse In both cases (BSP and
bilirubin) the liver extracts the compounds and excretes them
in tho bile, Additionally, bilirubin is.conjugated,beforo it
.is-excfetedog | o |

‘ lwo kinds of bilirubin are medsurcd° Onc-is termed direct'
reacting bilirubin which has beer conjugated in the liver with
glucuronideol Incréases occur commonly iu'cases of obstructive
jaundice,,intrahcpatic obstruction or hepatocelluldr-damaéea
Betatotoxic'agents, such'as, erythromycin or chlorbromazine9
'will cause elevations dué to intrahepatic obstruction and
damages© The other form of bilirubin (which is of greater
interest iu'this rescafch) is termed indirect feacting (uncon—
juéated)'bilirubiu° ) Tﬂis form is‘bound.to serum élbumin
uﬁtil'extrécted by the liver'to be conjugated. Elevation of
tﬁis form is due to eitucr increases of'hemolytic anemia or
from deficiences in the liver conjugation processeso An'
agent, such as, methyltestosterone, will cause this type of
'damageolol ' '

The clinical manifestations of liver inaury can be.

related to the histological observations: (Table 1).%0" Since
tetradymol has beeén shown (stated earlier) to cause a zonal |

necrosis, clinical tests could be used to substantiate these

findings.




L
. Liver necrosis will produce high levels of serum glutamate
. oxaloacetate transaminase (SGOT) and serum glutamate pyruvate
transaminase (SGPT)O Slight increases of alkaline pﬁqsphatase
and variable levels of flocculation tests are,dépendeht on
different'types of necrosis, Jaundice has lower transaminase
lgvels and floccuiation tests are lowe- Choleétasis with
accompanied portal inflamation gives high alkaline phosphatase
levels; while, without inflamation alkaline phosphatase levels .
are normal; Agents,véuch asy, sulfonamide will produce various
combinations of the above by causing both dytotoxic néc;osis

. and cholesfasiso

Table 1

Relationship of Histology to Clinical Resultst®

Hisrorocic LisioN . BIOCHEMICAL ABNORMLITIES

i . .THYMOL' EXAMPLES OE. . .
SGOT ALK, TURB. AND HEepAaToTOXIC
AND SGIT Puos. CrrH. Frocc. AGENTS
I. k'.)l()l(i\i( Necerosis—Zonal 1\/t\¢1\ ' /r ' + cc14
Necrosis—Diffuse A4 A . 44 Iproniazid
Fatty Metamorphosis A4 ® * " Tetracycline
11, Cholestatic
A. With Portal Inflammation /M\ /1\»1«4\4\ - Erythromycin;

Chlorpromazine

B, Without portal inflammation (Bland) - A4 = — ~ Methyltest.

1 Mined Mivtuie of Cytotoxic A DAL 4~-§‘>4\¢¢« — 44 Sulfonamides

“and Cholestatic




Measurement'ef'bldod ammonia levels is not a routine
clinical.test bﬁt elefetions'in blood"eﬁmohia have been .im;
plicated in a numﬁer of different liver dysfﬁﬁctions; e,g,;'

hepatic coma,ll’12 13,14

Reye's Syndrome, .and alcoholic cirr-

‘ hosiset” ‘Hepatic coma can aecompany.Various forms of liver dys=
function as a complication. . The exact cause of the coma is not -
certain but accompanied increeses in_blood\ammonia levels have

, Been suspected; The recently importanf Reye's‘Syndrome has, as

a symptom, elevated blood ammonia levelso Administratioh of
'_émmonium salts hes BeeﬁAshewn to increase blood ammonia and caﬁse.‘
death°l6’%7 The cause for the rise'in blood ammonia can be due
te'a-number of factors where the uree_cycle is eoncernedo_-lﬁ
caseS:of ammonium salt polisoning, the-activify of the urea cyclelB'
(flgure 1) is not sufflcient to assimilate the ammonia 1nto ureao”
Otherw1se some deficiency in the urea cycle could be causing

‘poor assimilation of ammonia. Genetic def1c1ences in the urea
eycleienzymes have been reported to cause'increeses in blood_
,ammonlaolg »20 Lack of ATP has also;been suggested as a contri-
.buting factor since three ATP's (four high energy bonds) are
”requlred for each urea synthesiZedoal-
There are a ngmber of methods that have been tried:

" (somtimes successfully) for reducing bldod ammonia'levels°

These methods can be divided into two groups l) Administretion

of glutamic ac1d with the hope that ammonia w1ll be removed by




NH, + -
(::=O NH, + HCO,- + 2 ATP
NH,*
NHz | 5 Carbamate kinase
Urea (CH.), NH, O
| -] I 2 ADP + P,
H(E—NH_{ O=C——O—-I"—O‘
Arginase Co0o- O~
L-Ornithine Carbamyl phosphate
I:IH. HO Ormithine
J: 3 transcarbamylase
|=NH ;T[Hz
NH =0
| =
(EH;»); Urea cycle I:\JH
HC—NH,* (CH.),
00~ HC—NH,*
L-Arginine _ 00- \
Arginosuccinase Arginosuccinate bt
synthetase
NH, -CO0O~
ol T
(|:=N—C|IH $OO
f'\IH “CH, +NH;,——(':H
(CH,); COO- AMP ?Hz
+
H—C—NH* PP, . COO-
(IZOO‘ éOO' ' L-Aspartate
ICIH L-Arginosuccinate
CH
éOO“
Fumarate

Figure 1: Urea cycle
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formation of glutamine12 or 2) administration of urea cycle
amino acids with the hope of stimulating the cycle.12’22’23’24’25
Using the first method, results are short lived since glutaminase
will cleave glutamine back into glutamic acid and ammonia.26
Both methods demonstrated prevention of death from ammonium
salts.22 In actual clinical cases some successes have
been reportedah’25 but in general, since the symptom is treated
instead of the problem, blood ammonia rises to previous or
higher levels.27

Earlier, reduction of ATP levels was cited as a possible

cause for elevated blood ammonia levels. Part of the urea

cycle and most of the ATP production takes place in the mito-

chondria. Below is a crossectional diagram of a liver mito-

8

chondrion (figure 2).2

matrix space : : outer membrane

cristae

Figure 2: Representation of mitochondrion
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The outer membrane is fairly permeable permitting translocation
of such things as sucrose, other simple sugars, and most other
solutes of molecular weight less than 5000 daltons.29 Located
on the outer membrane are certain characteristic enzymes such as
monoamine oxidase, fatty acid thiokinase, kynurenina hydroxylase

30

and rotenone-insensitive cytochrome ¢ reductase. Between the

membranes, adenylate kinase and nucleoside diphosphokinase are

30

located. Found as a part of the inner membrane are enzymes

responsible for electron transport system (ETS) and oxidative

phosphorylation.30

The inner membrane is permeable to small
neutral molecules, the undissociated forms of some monocar-
boxylic acids, (such as, @-hydroxybutyric acid and acetoacetic
acid), and to ammonia. However, it is impermeable to H', OH™,
K+, Cl~, and most small :Lons.a9 In the matrix space most of
the TCA cycle enzymes along with glutamate dehydrogenase and
fatty acid oxidation enzymes can be found.30
Located on the inside of the inner membrane are stalk-like

structures associated with the oxidative phosphorylation

enzymes (figure 3)?1 When mitochondria are sonicated in a

matrix space
outside (inside)

Figure 3: Representation of cristae
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hypotonic medium the mitochondria rupture and the inner membrane

reforms in an inverted form (figure l+).31 During sonication

outside

Figure 4: Representatiem of submitochondrial particle

the cristae become pinched off to form the submitochondrial
particles. Both the mitochondria and submitochondrial particles
retain electron transport and oxidative phOSphorylationl
abilities.32 Various representations of the arrangement between
enzymes in the electron transport chain and oxidative phos-
phorylation have been presented; in figure 5 is one represent-
ation.53’34
Hanstein35 has been able to obtain five complexes from
mitochondria that are part of the ETS and oxidative phosphoryl=-
ation, Fgur of these complexes comprise the ETS and are the
traditional ones obtained by other workers.36 The fifth
complex contains the oxidative phosphorylation enzymes. A good
discussion of the first four complexes can be found elsewhere.B?
The fifth complex contains Fl which is the ATPase enzymes, F

o]
which is the oligomycin sensitive conferring protein (also sensi-




Succinate

\' Ascorbate
Succinate
dehydrogenase &\N'
L-malate (FAD) tetramethyl=-
glutamate HComplex - IIH p-phenylene diamine
NADH &= NADH dehydrogenase F;d Co Q, Cyt b, b.r ,_‘—> Cyt Cis © ‘__——’ﬁ Cyt a, az o— O
— Complex I —f F—— Complex || III] ——i Homplex IW
f+1 +I +I
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4 4 A
+X +X +X
-C -Ct ="
4 y
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X~P<
4
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aurovertin X
AT%
inside {bongkrekic acid
outside - Ratractyloside
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Figure 5: Electron chain and oxidative phosphorylation
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tive to-dicyclohexylcarbodiimide (DCGI)),'and a protein or
series of proteins that bind uncouplerso Activity.can be
restored upon recombination of all five complexeso Further disé
.cussion of uncoupler binding w1ll follow later, For a review of
‘the structure of ATPase containing Fl and F refer to Senior°36

. As will be illustrated in .the discussion,tetradymol affects
oxidative phosphorylation.‘ Tetradymol is.an uncoupler of »
oxidative phosphorylationﬂ in whole mitochondria and‘an inhibitor'
of ATPase in submitochondrial particles° The follow1ng dis—
vcussion will deal with various aspects_of compounds that can
affect oxidative'phosphorylationvand'thetETS. 'Four.groups of -
compounds will be considered: l)‘EIS inhibitorsf.Z) uncouplers;
3) ATPase inhibitors and '4) ionophores°

Electron transport inhibitors are compounds that act at a
specific s1te in the-ETS causing blockage of "’ electron flow past
~that point. A list of some traditional ETS inhibitors and a few -
recent findings is presented in Table 2o : i
‘The effects of these compounds w1ll manifest themselves

by a reduction of oxygen consumption.39 This reduction will not
be reversed by uncouplers.' No effect will be observed on ATPase
acti.v:itb;o If an ETS inhibitor acts at complex I (pg. 10) the
-reverse electron flow will be inhibited. Otherwise, it the ETS
inhibitor acts at eilther complex II, III, or. IV no'effectiwill-'

. ‘be observed, Observations of ATPase actitity,'reversal"of'
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inhibitién by uncouplers and reverse electron flow will be

described in the following section dealing with uncouplers,

Table 2

Inhibitors of the Mitochondrial Electron Transport Chain

Compound . Inpibitory site Ref
' Dibromothymoquinone ~ Co Q - . 39
Hydroxy-substituted-l,4-§uinones b = C] 40
Funiculosin. , : Co @ == Cyt C - o4l
Rotenone,'Piericidin, | _ .
Amytal, Seconal FMN «» Co Q L2
Thenoyltrifluoroacetone  peptide => FAD =5 Co Q k2
Antimycin A Cyt b = Cyt ¢4 .42
HCN, ﬁNS, Cco | Gyt ¢ -» 0, : 42‘

In discussing uncoﬁpler action‘the effects -of ATPase
inhibitors are involved. Therefore, the two subjeét areas will
. be intermixed fdllbwqd by a brief discussion on the classes
of ATPase inhibitors. | |

Uncouplers are compounds that ;timuiéte.reépiration and :
allow ETS to function without concommittant ATP synthesis or
other work except heat production, A list of élasses of'com—'
‘pounds that are uncouplers is‘given in Table 3,43 These.com—
pounds have the ability by uncoupling to eiert their effects in

a number of different measurable ways. A list of qharactéristics”.
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Table 3

Various Classifications of Uncouplers43

Class
Antibiotics

Barbiturates
Benzimidazoles
Bile pigments
Carbonyl cyanide

phenylhydrazones

Coumarins

Halophenols
Hormones
Nitrophenols

Phenothiazines

Quinacrines
.Phlorobutyrophenones

Salicylanilides

‘ Salicylates

‘Unsaturated fatty acids

Example = -
Gramicidin
Thiopental: 5-ethyl ~5=(1l=methyl-

butyl)=-2-thiobarbituric acid

435,65 7=-Tetrachloro=2=-trifluoro=-
-methylbenzimidazole

Bilirubin
Carbonyl cyanide m-chlorophenyl-
hydrazone

Dicoumarol: 3,3’-methylenebis(i~
hydroxycoumarin)

Pentochlorophenol
Thyroxine
2,4=Dinitrophenol

Chlorpromazine: 2-chloro=10(3-
dimethylaminopropyl)-phenothiazine

Atabrine: 3=-chloro-7-methoxy=9-
(L-methyl=4=diethylamino=-butyl=-
amino) acridine

Desaspidin

Yomesan: 2'35-d1chloro-4'-nltro-
,sallcylanlllde

Salicylic acid

Oleic acid
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describing these effects and their general physical character-

istics has been compiled (Table 4).**

Table 4 -

Generalized Uncoupler Characterzl_sticsm+

lo Stimulate state 4 respiration
2e Aboiish respiratory chain-linked phosphorylation

3, Can increase respiration in particles inhibited by
ATPase inhibitors

Lo Stimulate latent ATPase and inhibit reverse
electron flow in both. mitochondria and sub-
mitochondrial ‘particles
5. Are usually highly lipid soluble weak aci&s {or -
anions of such acids)9 pKa between 3 to 9
L to 643
Uncouplers stimulate state 4 respiration which occurs
in the presence of substrate (such as,.glutamate, succinate,
TMPD with ascorbate) and inorganic phosphate and in the absence
of a terminal phosnhate aceeptor. State 3 respiration,f'
unaffected by uncouplers, occurs in the presence of substrate
and inorganic phosbhate along with a terminal phosphate
acceptor, usually ADP. The ratio of state 3 to state 4 rates
is referred to as respiratory control (RC)oL*_5 An uncoupler
usually causes a loss in RC, A decrease in the ADP to oxygen

consumption or P/0 ratio would be observed with abolished

respiratory chain=linked phosphorylationo According to Racker
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a compound that causes an increase in both RC and P/0 makes that

46

" compound a true unqouplgro An ATPase inhibitor, such as
oligomycih, will caﬁse complete reduction of state 3 respiration,
Adding an undoupiervshould stimulate the respiratioﬂ that has’
been inhibitéd without phosphorylétion taking pladéo

ATPase causes the hydrolysis of ATP whiéh is usuélly

48 Activity 6f this enzyme

meésured as amount of Pi liberated.
is usually stimulated by uncouplers and that stimulation is
inhiﬁited b& ATPase inhibitors. such as, oligomycin; the converse
is aléo true, <Reverse électron flpw is accomplished by the add-
ition of succinate as the substrate, ATP as the energy source and
NAD+ as the terminal electron and protbn acceptorok9 As the
name implies this activity is the reverse'of what normally
occurs. This. reaction cah be inhibited by uncouplers, ATPase
‘inhibitors or electron transport inhibitors (as described on'pg;
11),%7 |

bther than those characteristics 1isted; uncoupleré
affect other mitochondrial processes.. One of these is the ATPase
exchange reactions, Two of the exchange reactions ape very
rapid:so |

. 18 ) 18
ADP(PO5) + Hy "0 === ADP(P""0,) + H0

+ H.O

HPO, "2 + H 180-?===91n#ﬁ04‘2 1,

b 2.
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‘and two are slower

AMP~DP~P “+ 32Pi““—-“5AMP~P 22p P, + B,

Iho_ampep AMP~P~P;=::=51“C—AMPVP~P + AMP~P
These.exchange:reactions are a part of oxidative phosphorylation
:.and take place in F o All four of these exchange reactions are
1nh1bited by uncouplers and ATPase inhib1tors°59

Some of the mitochondrial transport processes.are linked to
the electron transport chain= By virtue of not allow1ng work
.production from the ETS those mitochondrial transport processes
linked to the ETS are inhibited by uncouplerso

Presently a number of these transport systems are being
) investigated by other workers, Mitochondrial uptake oi acetate,‘
malate and phosphate has been shown to'be inhibited by uncoupiers

ol,52

 such as’ the carbonyl cyanides, ,The'exchange of ADP in

. for ATP out of.the mitochondria has'also-been linked to the ETS
and 1is susceptible_to uncouplersu53i'La Noue53‘has_recent1y
'estabiished'that aspartate efflux is inhibited by cafbon§i

» cyanidess . | ‘

-One.ofathe‘urea cycle amino acids,.ornithine, has to go

" from' the cytosoi, where it is formed, into the_mitochondria to.
be_condensed.with carbamyi_phosphates This transport.process
has‘been,linked to' the ETS and is inhibited by nncouplers°28
| Uncoupier related processes such as stimuiation of both

state 4 and'ATPase activity are sensitive to high concentrations
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of uncouplers., It has been established that both processes are
inhibited at high concentrations of all uncouplers studied.sl*’55
Plots of uncoupler concentration vs state 4 respiration will
generally have a curve of the following nature (Figure 6).54
Uncouplers will increase the control state 4 activity pyut at

high concentrations inhibit all respiratory activitye.

100%

L
State 4 control
respiration

1\

=¥ concentration of uncoupler

Figure 6: Activity of state 4 respiration vs uncoupler
concentration
Uncouplers such as 2,4=DNP, pentachlorophenol, dicoumarol,
and m=chlorocarbonyl cyanide phenyl hydrazone, are considered to
be about equally effective at all three phosphorylation sites.56
However, Katyare, et aL57 have shown that 2,4-~DNP is virtually
ineffective at the second phosphorylation step. More inform-

ation will be presented later that show some new uncouplers may
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not act‘equally at all three sites,

The mechahism of action of uneojplers is iost_ih.the com-
plexity of oxidative phosphorylation, Often.timesonelnechanignie .
used to try to explain the others The most generalized agreement
of action is that uneoﬁplers function as proton carriers since
fhe rKa's of most of the classical uﬁcouplefs are relatively
close to neutrality (pKa 3;9)0 Exactly how they function as a. .

'broton carrier is uncleero For aJdetailed description of the
" theories involved.the reader is feferred elsewhere, 0379260561

" As steted earlier (pge 9) it is proposed that uncoupiers

bind to speciflc protelns that are a part of. complex five, Of
the five complexes 1solated only the fifth complex, contalnlng
ATPase, was found to contaln any specific uncoupler blndlng.
Work by Hanstein and Hatefi62 has shown 2-a2ido-q-nitropheﬁol
binds coﬁpetitively with 2,4~DNP, PCP, mCCCP, and 5-chloro=-3-t-
butyl—ag-chloro-u'-nitrosalicylanilideo They implied_tha£ these
uneoupler binding sites are the same sites that cause
uncoupling° AThe activity of 2-azido-4-nitrophehol'was found to
be unaffected by ATPase 1nh1b1tors, ETS 1nh1b1tors, or |
ionophores, _Bakker, et al,63 present contradictory evidence
concerning uncoupler biﬁding. They spow that a water.soluble.
uncoupler iike 244~-DNP doee not bind to mitochondria, therefore.
it coula ﬁot be\binding fo any uﬁcoupler binding sites in the

mitochondriao
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-Efforts have beenldirected toward éstablishing stefic
requirments of uncouplers and binding sites; and'whether,
changes in iipid SOiuﬁility or pKa's have any effect on uﬁcoupler
activifyo Using é sgrieé of pﬂenolic"compounds Hemker64'
observed that increasing,thellipophilicity increased uncoupling-.
'ability,.wheréas! increésing the size of alkyl'subétituents in
u-suﬁstituted 2,6-dini£rophenols had no effect on uncoupling

65

ability., The work of Terada and.Muraoka usiné B'fsubstitqted
mnalogues of.N-phenylanthranilic acid also has shown that |
increasing ‘lipid solubility increased uncoupling,ability, while
increasing the pKa from 4 to 7 also increased uncoupling ability.
Tollenaere66 studied three groups of uncouplers, substituted
saliqylanilides, é;trifluoromethylﬁenzimidazols, and pheno;sa'
The data were correlated by means of the Hansch freeeenefgy
relafionships involving the lipophilicity and.eléctronic sﬁb-.
stituent consténtso Steric effects seeméd,to'play é minor réleo
It was suggested thét the phenolic moiety adja¢ent to fhé amide
function may be partly responsible Tfor the high uncouﬁling
'activity of the salicylanilides, Coﬁtradictory evideﬁce Waé

67

presented b& Sto}y,_ét aly conéérning the effect of steric
requirements, Using 4‘-substituteq 3,S—dichlorosalicylanilidés
' it was determined that uncoupling activity was dependent'oﬁ the
size of'thé subbtituents, With the compounds they tested

increasing the size of the substituent increaéed the actiﬁitya
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Thus one can conclude both, lipophilicity and steric effects,
play a role in uncoupling activity,

It has been observed that defatted bovine serum albumin
(BSA) has the ability to readily bind most uncouplers.53 By
binding the uncouplers and thereby preventing the uncoupler from
interacting with the mitochondria, the effects are lost and
mitochondrial respiration is returned to normal.

New uncoupling compounds are appearing frequently in the
literature,s Since tetradymol will be discussed as a unique
uncoupler, some new compounds that are also unique in one fashion
or another from the classical uncoupler descriptions will be
discussed,

Rifampicin is a derivative of rifamycins isolated from

68

Se mediterranei, It is used as an antibiotic against both

gram-positive and gram-negative bacteria. Metaboliam of
rifampicin has been shown to produce three main metabolites
found in the urine (figure 7).69 Rifampicin and its three meta-
bolites were examined to observe any effect on respiration and
several energy transfer reactions in rat liver mitochondria.
Only one of the four compounds, 3-formyl rifamycin (3F-RFM-SV),
exhibited activitye NoO conclusions concerning the lack of
activity of the other three compounds were made (although the
only consistant difference is the absence of—CH:N-N:::jN-CH5

from 3F-RFM=SV) other than at the concentrations studied only
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CHy O

Rifampicin

25-Desacetylrifampicin

Rifampicin quinone
' 3-Formyl rifamycin. SV

Figure 7: Rifampicin and its three metabolites
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5F=RFM=SV had any uncoupling activity.

Chlordimeform is a novel acaricide, ovicide, and
larvicide.70 The oral LD50 to male rats is 162-170mg/kge. It is
lipid soluble and is reported to have a pKa of 6.8 (water/
methanol, 1:1 v/v)es At a concentration of 0.O4umoles/mg protein
chlordimeform uncouples 50% of respiratory-chain phosphorylation,.
The uncoupling activity depends on mitochondrial protein
concentration and can be reversed by the addition of BSA., ATPase
inhibition by oligomycin is reversed by chlordimeform while
the increased ATPase activity induced by chlordimeform was
inhibited by oligomycine The p=-nitro analog of chlordimeform
though is virtually devoid of uncoupling activitye. The lack of
uncoupling ability was attributed by the authors to decreased
lipid solubilitye.

When 2,4-DNP was applied jointly with a concentration of

chlordimeform, which represented 60-70% of the concentration

LCH

N=CH-N‘CH

Cl

Figure 8: Structure of chlordimeform
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N=CH=N_ 3
CH

Figure 9: Structure of the p=-nitro analog of
chlordimeform

having maximal effectiveness on the parameters of coupled
respiration, a clearly additive effect was observed on these
parameterss The joint application of uncouplers which were
lipid soluble bhases with chlordimeform at the same concentration
gave an antagonistic response. The conclusion Ado-Khatua and
Hollingworth reached was that chlordimeform ad 2,4=DNP acted at
different sites in the mitochondria; whereas, earlier it was
stated (pge 18) that Hanstein mnd Hatefi62 observed competitive
binding amoung various uncouplers at all sitese.

Hanstein and Hatefi71 have studied a '"unique" uncoupler
of oxidative phosphorylation, viz, picrate (trinitrophenol),
Concentrations of picrate up to 2mM had no effect on state 4
respiration or P/O ratios in either whole mitochondria or
mitochondria depleted of their outer membranes (digitonin
particles) using §-hydroxybutyrate as the substrate. Using

submitochondrial particles, 93uM picrate caused 50% loss in the
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P/0 ratio using succinate as the substrate. The implication
was that picrate was impermeable to the mitochondrial inner
membrane and the uncouplér binding sites were on the inside.
Using their uncoupler 2-azido-4=nitrophenol (NPA) (described
previously) they observed competitive binding using submito-
chondrial particlese Since picrate probably did not cross the
inner membrane they felt this was strong evidence that it was
not uncoupling by being a proton carrier across the inner
membrane,

The following compound is of interest for two reasons. On
one hand the compound is a unique uncoupler which has two
opposing actions in mitochondrias On the other hand two groups
have generated two conflicting sets of data using clofibrate

72

as an uncoupler (Panini and Kurup and Mackerer and

73)_

Haetfinger

o
01—@0- (I;-CH3

LOOCZH5

Figure 10: Structure of clofibrate
(chlorophenoxyisobutyrate ethyl ester)
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Cldfibrafe is now being extensively used as an
antihypercholesferoléemic druge Toxicity has not been feported,
but adverse éhanges, in the liver, have been. These changes are
an increase iﬁ 1ivér slze énd an increase of ceiluiar content
of pérqxisomes’gnd ﬁitochondriao

Paﬁihi h;s detérﬁined that ch10r0phenoxyisobutyran-Na+
(QPB)-(at éonéentrations Lnmoles/mg of mitochondrial protein)l
stimulates state A respiration, abélishes RC, reduces P/0 at -
~all. three phosphorylation sites, and stimulates ATPase activity
in mitochondriao' ATPase.activity was maximal at a concentration
" _of 10 to 12 mmoles/mg protein theﬁ activity decrease& at higher
concentrations of CPB, Reverse electron flow in submitochondrial
particles was also inhibited by CPBs These results are common
and not.unekpected for an uncoupler (as déscribéd earlier),

‘Panini and Kurup conténd that unusual éctivity was
demonstrated by dPB's ability to inhibit 2,4=-DNP (200uM)
stimulated'ATPase_activity in both'mitocﬁondria and submito-
chondrial particles., Furthermore, CPB.at concentrations
>4°Qﬁmoles/mg protein inhibited respiration’in mitochondria.
It was cpncludgd.from this that CPB belongé to a rare class of
compounds termed "inhibitory uncouplers" by Rackere (4

Conflict Eetwéen the two groups, Panini, et, al, and
Mackerer, et.al, is apparent when the activity of CPB at the

three phosphorylation sites is examined. Panini reports that
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coupled phosphorylation at the first site was more sen51tive thah
site three which was more senstive than 51te two (3.0, 5.0, and
.~ 10.0umoles/mg protein, respectively)o~ Mackerer,”however,
deternined_that site one was completely resistant to uncoupling
action, At a concentration of Oganmole/mg p;otein, site two’
showed a 43% loss and site three a 72% loss of coupling activity;

Throughout, this discussion on uncouplers, ATPase inhibitons-3
were‘mentioned several timeso Three grouﬁs of ATPase inhibitors
exist,. In the first group there aie two true inhibitors of ATPase,
oligomyCin and DCCI,75 A second group of ATPase 1nhib1tors,-
rutamyCin,and aurovertin, appear to block a later step than
oligom§cin'and DCCI975 Oligomycin sensitive conferring protein
is necessary.to demonstrate either oligomycin or'DCCI inhibition
of ATPase°75. Solubilized ATPase is inhibited by the second group
while neithen oligomycin or DCCI cause any effect.,75 A thirgd
group of ATPase inhibitors are the compounds, atractyloside and
bongkrekic acide. Both are specific inhibitors of ADP=-ATP
exchange across the membraneo. 'Atractyloside inhibits the ex-

76

~ and bongkrekic acid inhibits .

7

change in whole mitochondria'only
the exchange in“Submitochondrial particles only.
The effect of an ATPase inhibitor can be observed in a
number. of different ways° Other than those already mentioned,
an ATPase inhibitor will have no effect on the P/O ratio,?8

Later tetradymol will he discussed as a possible ionophore,
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-Therefore;,the last-group‘df compounds_that affect:cxidative'
phosphorylation; ionophores, will be discussed.
. There are two - groups of 1onophores, neutral -and carboxylic°
EXamples of neutral 1onophores are. vallnomy01n, macrollde.
actins, enniatln B .and 18—-crown-6o79 Niger1c1n, monensin and
'aX-206 are examples of carboxyllc :Lon0phores.§O The effects of '
1onophores are the same as uncouplers on mltochondrla 1f elther'n
.'K 9 Rb s Or Cs is provlded. Ipnophores w1ll canse‘energy n.
“dependent accumulaticn-cf.thosé-ions; Only in the'presence'oful
‘one of these cations will an 1onophore stlmulate state 4 -
.resplration, decrease RC and P/O ratlos, stlmulate ATPase act1v1ty,
31nh1b1t reverse electron flow and reverse resplratlon 1nh1b1ted
',by an ATPase inhlbltor. The dlstingulshlng(feature between an
- uncoupler and an 1onophore is that the act1v1ty of an 1onophore
is dependent upon the concentratlon of a- catlon. The act1v1ty
of a true uncoupler 1s 1ndependent of catlon concentratlon. ‘The.
, PV

flgure below 1llustrates this 1on dependance for 2 7xlO M

79

vallnomy01n.

The follow1ng discuss1on w1ll descrlbe research done to

_ . determine the mode of actlon of tetradymol° Its uncoupllng

"activ1ty 1n wholefmltochondrla and 1ts paradox1cal behavior
in submltochondrial partlcles w1ll be descrlbed. Infcrmatlon '
from thls 1ntrcduction.will be drawnlupon,ln the‘subseQuent

‘discussion-and it is hoped that the resder will appreciate ‘some
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of the lack of agreement in this field of research.

10t
ado
dT2

5 4

) L) |}

10 20 30

(KC1)mM
Figure 11: Dependance on K+ concentration vs valinomycin

on respiration?9




RESULTS AND DISCUSSION

. As ‘was mentloned earlier in the Introductlon, the llver was .i
lepllcated by hlstology to be. the target .organ in tetradymol
.po:n.sonlng° "To further substantlate this and to gain p0ss1ble

}'1nformat10n about the mode of action of tetradymol, a, number
of cllnlcal tests were undertaken° In Table 5 are shown some o

‘selected results of a battery of 24 tests (the complete llst

1s in appendlx A)o

Table 5

Clinical Chiemistry

% T test

Control Mean Drugged Mean change P values,
Glucose mg% .- L11lo7#44450 65,0412,10, ~41.8 °15oo
Indirect. S B R X
'Bilirubin mg% . - 0 220,87 . ;78i0.25 +225.0 .0200

.Alkallne Phosphatase - : e o L ) o
units . C 34°5tl6°60; 60.7+£33.5 - +76 - °2990,,'.

" Serum Glutamic Pyru- . | ‘ : ‘

. vate Transaminase - - S I
. units- ' o - 13060£13.0  SL49 0 - - >+2k5> L0005

Lactate Dehydro-. . - o e
.- genase S - 102465 . )1147 ' >+12

The elevatlon of 1nd1rect bilirubln (unconjugated) could '
be due to llver dysfunctlon in the conjugatlon process._ Theﬂt
z_eleVatlon 1n the serum of the three enzymes 1s also indicatlve
i .of llver damage eausing the 1eakage of these enzymes 1nto the

‘blood strmam, The cllnlcal results can be correlated to the
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histological results (pg 3). SGPT is elevated more than'
alkaline phosphatase with no change in the fhymol turbidity
(appendix A). These clihical results agrée with a zonal
_necrosis. Since the pilirubin is als§ up, the toxic agent(s)
may be producing a mixture'onytofoxic and cholestatic damage.
.These results'along with the pfevious data from Reeder,8l who
démdnstrafed increased bfomsulphalein retention times in sheep
(also demonstrating damage to 1ivér éonjugatién mechanisms) gave
. further crédence fo_the liver being the target organ.

Since the blood glucose levels were deéreased, indicating
a loss of one of the sources of fuel, other aspects of energy
metabolism were investigated, Holianaz demonstrated that liver
glycoéen levels, another soprcé of fuel, were depleted.’ Total
blood lipid levels (appendix A) are not affected, This could .
be due to either no net oxidation of lipids or that lipid

mobilization from the fat cells is equal to.lipid removal

from the blood stream:résulting in no net change.

Administration of glucose was considered as a possible
remedy against dééth, The control-tetfadymél'mean'déath time
was 8.8ut1521 hours; whereas, glucose administration resulted
in a mean death time of 11.48%2,22 hours (p=OoQ46)o Since‘_
glucose administration "significantly protected" the mice'this
provided fufther evidence that 1) poisoned mice'are'sufferiné

from an "energy shortége".and 2) tetradymol may be.acting at
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some aspect of_energy metabolism,

ReederS;,earlier_ohserved that sheep poisoned with tete‘
rad&mol showed increased blood ammonia levelso Blood ammonia
'levels in control and drugged mice were measured Wthh gave'
mean values. of 3 3#0 6lug/ml and ll 61, 7ng/ml (p—.0024),

' respectlvely° Thls 252A increase in blood ammonia was con-
~ s1dered~as a.pos51ble cause of contrlbutlng cause of deatho To °
1nvest1gate these poss1b111t1es two approaches were used l)_

83

Eaton admlnlstered NHA salts 1ntraper1toneally to mice over
a perlod of 7 5 hours and measured blood ammonia levels from
8 to 35 mlnutes after the last 1nject10n. The ammonia levels

_in ‘those mice ranged from 13-50ug/ml. Since those mice did not

- die,  toxic levels of ammonia would be higher than those observed-

-with'the drugged'micea 2) Two whole'urearcycle.sparking methods“'.

_were. trieds . Administration of N-car.bam'yl‘-L-'-glutamate with
arginineza resulted 1n a mean death tlme of. lO 86%2, 51 hours
(p_.1416), two hours longer when compared to the control death
tlme° Arglnlne admlnistratlon resulted in a mean death tlme of
‘-lO 57&2 81 hours (p~5248). Whlle these.results,dld not glyera )
hlghly s1gn1flcant confldence level the& imply a-slight” .
protectlon dld occure Therefore, even though the ammonia
vlevels were not hlgh enough to cause death sllght protectlon“
'was afforded the p01soned mlce by the two urea cycle sparklng S

'pmethods. The increased ammonla levels could be contrlbutlng
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to the overall cause of.deatho
The possible cause for the elevafion of blood ammonia was
investigated, For this the effect of tetradymol on the urea
éyclé was iqoked‘at "in vitro's. In Table 6 it can been seen
thatfcitrulline'production from carbamyl phosphate éﬁd ornithine
. was decreased. The conversion of citrulline to ureé'though, was
ﬁot affected. - The conversion of citrul;ine to urea control mean
raté was.549o3¥l67oonmole/gm pfotein/hour while in theﬁpresence
of 2mM tetradymol the mean rate was 620.0i261°1‘ﬁm01e/gm protein/
. hour (p = .6114). Reduced citrulline production could be
résponéible-fof a decreased uread cygle activity; It could bé
poséible that the same effect might occur 'in vivé;i from
fetraéymoi toxicityIWhich.results in increased blood ammonia
levels, | | |
| ‘Since preceeding evidence suggeéts a defect in energy -
metabolism, thé'effects of tetradympi on mitochondrial oxidative
phoéphorylétion and electron trangport were examined to inspect
the core Qf.enefgy production. The remaihder of the discussion
is fécused:on thé;e experiments° The early experiments invol&ed
possible effeéts on: respiration. In Table 7 and figuré 12 the
results of varying the tetradymol concentration on state 4
respiration-cén bé seen. The curve increases lingarly at first,
: leveis off, and starts dro‘pping° This behavior is typical, as

described earlier, for uncouplers, Maximal uncoupling ability
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Table 6

Citrulline Production

. amol Cit/ T test - %
Condition mg.P/ hr . P values change-
Control 2.68+,125 .
1mM Tetradymol = Bell.l55. .1180 b7
ouM Totradymol — 2,538,187 © .0019  =3l.3

100pM 2, 4=DNP 20774,064 20012 . =247

és determined from figure 12 was 350uM énd half maximai uncoupling
bcqurred at ~100uM, Tetradymol, then follow;'the first
éharacteristic of uncouplers by increasing state 4 respirationo‘
By virtue of increasingtstate 4 respiration, tétradymol'
should also reduce respiratory contrbl (RC)o Thé results of
such'experiments are giVen.in Table 8 and figure 13, The_loss
of RC was rapid and complete loss occurred at 250uM tetrédymélo
The loss of P/O ratios was demonstrated in two ways. Oxy-
-graph experiments showed cthlete loss qf'phosphorylating
ability. The 1o§s‘of P/0 was slower than the loss of RC due to
the lesser susceptibility of F/O fatios;Bh- Total léss of P/0O
" otcurred approximately at maximal uncoupling ability (see
Table 9 and figure 13). In the second method the ATP formed
-from phosphorylation was engyﬁatically aséayed° Aggin,‘(see
Table 10), it can be éhown that tetradymol reduced the P/O

ratios in mitochondria. Higher concentrations were necessary




























































































































































































































