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Abstract Effects of biguanides on gluconeogenesis, on mitochondrial ion uptake and oxidative phos- 
phorylation, and on properties of artificial membranes were investigated and correlated. The following 
observations have been made: (1} Biguanides inhibit glucose formation in cellular systems, like kidney 
tubule cells, lowering the respiratory rate and the ATP/ADP ratio. In subcellular particulate systems, 
like mitochondria, the formation of phosphoenolpyruvate from precnrsors is inhibited, even when 
energy supply is not rate-limiting. (21 In isolated mitochondria biguanides inhibit oxidative phosphoryla- 
tion: the inhibition is released by low concentrations of long-chain tart? acids. The respiration-depen- 
dent proton pump of mitochondria is also inhibited: electroneutral uptake of H ~ in presence of un- 
couplers is not affected. Biguanides inhibit the energy-linked uptake of K + or Ca 2 " into liver mitoehon- 
dria. (31 Binding of biguanides causes a positive shift of a membrane's surface chargc. This shift can 
be reversed by binding of fatty acids. Hydrox}lated metabolites of biguanides exhibit much tower 
binding affinity. They are much weaker inhibitors as well. The biguanide induced shift of surface 
charge causes a fluidity change of membrane lipids in membrane models and m liver mitochondria. 
By decreasing the net surface charge, the membrane lipid assembly is rendered more rigid. It is postu- 
lated that biguanides act only on membranes and by alteration of membrane properties in general. 
These alterations are based on the demonstrated generation of a positive surface potentiah This. for 
the first time. provides a uniquc molecular basis lot an understanding of the large varlet',, of biguanide 
effects. The hypoglycemic effect may be considered as an accidental result rather than a principle 
of drug action. 

The extraordinary, number of studies on the blood 
sugar lowering effect and on metabolic interactions 
of biguanidcs is extensively discussed in different 
recent reviews by S/51ing and Ditschuneit [1] and by 
Beckmann [2]. Although these reviews summarize the 
relevant observations in the field, a unique concept 
for the mechanism of action could not be developed. 

On the metabolic level, three different phenomena. 
which have been studied extensively in vitro, can be 
distinguished. They serve as an explanation of most 
toxic as well as uset\d drug effects. These are: (1) the 
inhibition of mitochondrial oxidativc phosphoryla- 
tion and respiration [3 8]: (2) the inhibition of glu- 
cose production in gluconeogenetic tissues [9-14] and 
(31 the inhibition of intestinal glucose uptake [15 IS]. 

Most of the reported in t:itro studies on biguanides 
have been performed with phentbrmin or with bufor- 
mm. For systematic studies on a molecular basis it 
is reasonable, however, to compare a larger variety 
of compounds and to modify' the interaction of a drug 
with any presumed receptor site. In the simplest way 
this may be achieved by varying the length of a hy- 
drocarbon side-chain, a technique which has been 
applied in the present study. Deriwmves ranging 
from 1.l-dimethylbiguanide to n-octylbiguanide and 
phenethylbiguanide have been used in the following 
experiments, which will be presented in three groups: 

Abbreviations: A N S  = l-anilino-naphtalene-g-sulfonic- 
acid: DBI = phencthylbiguanidc; FCCP = />trilluormeth- 
oxy-carbonylcy, anide-phenylhydrazonc. 

the tirst group dealing with gluconeogenesis as an in- 
tegrated process, the second group adding some new 
information on interaction of biguanides with respir- 
ation, phosphorylation and ion-transport in isolated 
mitochondria. The third group comprehends binding 
studies and physico-chemical aspects of biological 
membranes and synthetic membrane models. 

M A T E R I A L S  A N D  M E T H O D S  

Most methods employed in the present investiga- 
tion are standard procedurcs and have been described 
in detail elsewhere [19]. Any modifications are men- 
tioned in the legends to tables and figures, 

Isolation o)cells  and mitochondria. Kidney tubules 
were isolated from the pooled kidneys from 4 5 male 
Wistar rats after 18 hr of starvation, essentially fob 
lowing the technique of Burg el a/. [-20] with the 
modification reported by Gudcr el al. [-21]. During 
collagenase digestion of kidney cortex particles the 
state of the prcparation was continuously followed 
by phase contrast microscopy. Collagenase was pur- 
chased from Worthington. The buffer used was an 
oxygen saturated Krebs Henseleit medium in which 
bicarbonate buffer was replaced by triethanolamine. 

Kidney cortex mitochondria were prepared from 
i-at kidneys after short perlilsion of the organ with 
isolation medium to remove blood cells. The medulla 
was removed and the cortex of half kidneys was cut 
into small pieces. All further procedures were identi- 
cal to those applied for liver mitochondria. 
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Liver mitochondri:_t from rnale rats, guinea pigs. 
and pigeons ~\crc prepared according to standard 
procedures b)different ial  ccntrilhgution. The isola- 
tion medium consisted of ().IBM mannitol and 
tl.tl7M sucrose in presence of 0+1 mM EDTA and 
l m M  tricthanolaminc. The mitochondrial pellet ,eras 
washed twice and fm;_tll 3, suspended in EDTA-Ircc iso- 
lation medium. 

All protein determinations xvcrc pct+l'ornlcd with a 
biuret method [22] using "+Lab-Trol'" as standard Far 
calibration. 

lm. ' l l l : 'u l iol l  Itr+,,c('dlo'c.s ". Rat  k idncx  ttlbtlics \vere in- 
cuba t ed  in a Krebs Henseleit medium under oxygen 
saturation as described above. Osmolalit'+ ~r~s 
3{)0mOsn+~l. The incttbations were curried out in 
total volurnes of 2 ml containing 1.5 3.0me tisst.lc 
protein at 37 m a shaking v\atcr bath. The incuba- 
tions wcrc terminated by addition of perclHoric acid 
followed b 5 centrifugation and ncutraliz:.ttiem with 
pot',tssiuIn bicarbonate. 

Mitochondriul incubations were carried +.}tit in a 
medium also used for respirator 3 control measure- 
ments containing 0.25 M sucrose, 10 mM K('I. 5 rnM 
MgCI_.+, 5 ram K2HPO.,. 0.2ram EDTA. IOmM 
TRA. The concentration of substratcs and other addi- 
tions arc given with the individual experiments. The 
I l lc thod fOl" 111cUStll+Clllelll ,o1 p b o s p h o e l l o ] p )  Itl\4.ltc 
synthesis csscntiall 3 follows the procedure of Nordlic 
and Lard 3 [23.24]. 

Dctcrm&afion,~. (] lucosc, ADP. ATP phosphocnol- 
p}l'uvatc+ nlal;.ttu, oxaloacet,:l tc.  I1}ILI\.'~.II+C. e n d  lactate  
were determined enz,+maticulh in the dcprotcini/cd 
supcrnatants of incubations b 3 standard methods as 
published b\  Bcrgmcyer[25 331. 

Ox3gcn uptake of kidney hlbulc suspensions +tl+ld 
lllitochondl+ia ,,'+.;_Is contintlot.ls]\ monitored polarogra- 
phically using a con3mercial equipment of I£schweilcr 
& Co. The experiments ,+yore started 'r O addition of 
tubulcsuspcnsions{I 2 m g l o r m i t o c h o n d r i a t l  3mgl  
in u total w~lumc of 2.(+ ml at room temperature. 

al('llS'l 'Ft'lH('lI[ (!1 /(Ill lluv,_v,, mitochondrial  uptake 
or release of H ions was measured with a spcciall,, 
designed gktss electrode (lngoldl of lo,+v rcsJslancc. 
connected to a Kcithlc\-61+,) eleclronlcler. The cite+ 
trometcr output '+,+';.is Inonitorcd witlt a rapid recorder 
or "t storage oscilloscope. The half-flint of t]lc set up 
,+,+as "tbout 100mscc. In this case the incubation 
medium contained 0.25 M sucrose. 0.5 mM IDTA.  
10 I l lm Ngl SLICCill~llC LlS a Sllbsll';.ttc alld ; IS ;.t i11illillltlnl 
bull"or. The miniature electrode littcd a thcrmostatcd 
glass chamber of I).9 ml volume equipped \,+ith a high- 
speed magnetic stirring device. Additions wcrc made 
,+,+.ith Hami l ton s~rin,,cs. ~ < t] lrough ~t capi l lar 3 opcnine. 

F O F  IllCUStlFClllelll o f  K " t lp[akc t]lC H c[cc l rode  
\,+as replaced b) a K electrode <Bccknmni1 39t)47}. 

For recording H '  uptake in oxid:.ttivc phosphor 3- 
Iation ll lc buffer was supplenlcnicd wi th ().5nlM 
trietllanolan-linc, pH 7.3, and l m M  inorganic phos- 
phate and was t)x}gcll salurated. The rcac'tioil '+;as 
initiated b 3 addit ion c, fa l iquots  of ADP. Inl t ibi tors 
wcrc added 2 nlin ahc;.td of ADP. 

:~lc'mbr(.ulc tllodcL',. Phospllolipid vesicles ,+,+ere pre- 
pared b 3 sonilication of purilicd egg lecithin or of 
dipulmito31phosphatidic acid in 50n lM  Tris bti(]cr 
pH 7.2 or in water at a tinal concentration of 1.3 raM. 
For soni/ication, a Branson sonil}cr was used al nlaxi- 

1111-1111 poweI  + oUIpLII: tile It+catlllCllt \,+US C;.ll+liCd OUt 
under nitrogen. 

Fhlol 'c: ' ,CdllCC Illdtl ' ,ltt 'WllldlllX. |7]tlOl-CSCellcC +.)] ,N-ul/j- 
lino-naphtaleric-l-sullbnic acid {ANSI w:ts measured 
using a modified Eppcndorf ltuorimctcr (high inten- 
sit,. lamp] and appropriute tilter combinations. The 
method of stud,+ for ANS bindhlg was as described 
by Azzi [34].  

BiHuamd++'.~. Phcnctl@bigttanidc <phenlbrntin. I )BII ,  
]>butylbiguanide (buformm). and 4-h3drox3pheneth- 
3lbiguanide were a gCnCFOUS gift +.)[' Dr. R. Beckmann 
+(~hernic Gr/.incnthal, Aachen): I-anthrylbiguanMc 
and n-octylbigtlanide ((',+1 \vcrc s3nthesizcd us dc- 
scribcd[35]. ANS \vas obtained from Sigma (i+rp. 
All chemicals \',.ere obtained from commercial sources 
atnd of anuhtical grude. 

R ILM I ,T+'q 

A. t3iqt#atHdes aml HlztconcoO,+'m':,is. r h e  overall rcuc- 
tion c, f glucosc formation has bccn studied in stJspcn- 
sions ol'isolated rat kidnc+~ tLlhules, proxiding a scnsi- 
five model for control of gluconeogenesis [22.36J. 
Figttrc 1 shox,+,s the itH]ucncc of" phcnfornlin on glu- 
cose pl+oducliOll f1"o111 v;.iriotlS i'~l+cct£isors. T h e  F;.ttc ,.}l" 
glucose production decreases markcdh in :tl] cases 
and it should bc added thai lhc same couM bc 
observed \vith kMnc3 tubules from guinea tfig. Suc- 
cinatc and lactate prc, vcd let be the best prccurstu-s 
in this model. The dependence of the inhibition on 
phcnlbrmin conccntrution is shov+'n in Fig. 2. \'+hich 
also indicates that the cclluktr ~ T P  lexcl decrc:lscs 
concomitanth with glucose production. 

At1 analogtlc c\pcFimcnt tlsin- bufornfil] is sun> 
marized in Table 1. In this case the ATF' AI)P ratit+ 
has been detcrn+fined and appears x\cll-correlatcd to 
the degree of inl+ubition. The right part of the table 
outlines data on phcnfcumhl and i+c~,cals an ;+dmost 
3-fold increase over the endogenous rate of glucose 
ger+eration and of  the A'FF' ADP ratio on addition 
of stlbslratc. Phenformin 3 iclds a depression of the 
respiratory l'al¢ b 5 ~.! factor of 0.5 together ,+\ith de- 
crease in A T P A D P  ratio to 1 7. (}luconeogenesis. 

150 

100 

, nMoles glucose / flask 

~DBI when present 1,9 mM; 20 min; 37°Ci 
6, 2 mg proteln/flask. 

,55 
tD 

20 .E o 

Io ~ 

F{g. (ilu¢osc tcwmatkm from \ati,.',us prc++.'tu'sor,, HI J>,o- 
fated cat k[dnc'+ tLtbLttct~+ ('oncenlratiot~ t+t' sul+,stratc ", 
5 nlM : inhibitor conccnlrution 1.9 mM:  37 ; h.2 mg ])[o- 

tcin flask. {DB! phcncth}lbiguanidc). (l£xl-,t. 22077n) 
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F'ig. 2. Dependence of glucose formation and ccllular ATP 
level in isolated rat kidney tubules on concentration of 
phenethylbiguanide (DBI). Conditions given in Methods: 
1.6 mg protein/flask, total vol. 2.65 ml. (Expt. 20/2107701. 

however, is suppressed to 1/10. Pertaining to the high 
concentrations of inhibitor used in the above exper- 
iments it should be emphasized that on preincubation 
of the cells with biguanides the same extent of the 
inhibition can be achieved with 10-fold lower concen- 
trations [14, 37]. 

As an additional model, isolated mitochondria 
from kidney cortex, guinea pig liver, and pigeon liver 
have been used. The latter tissue exhibits an extra- 
ordinary rate of gluconeogenesis as shown by per- 
fusion studies [38]. 

Figure 3 shows the time dependence of formation 
of phosphoenolpyruvatc from rat kidney cortex mito- 
chondria. The data are presented as a balance of 
C : c o m p o u n d s  formed (pyruvate, lactate, phos- 
phoenolpyruvate) versus Ca-compounds used (malate, 
oxaloacetate). The formation of phosphoenolpyruvate 
is demonstrated separately. Only in the absence of 
phenformin does a continuous increase of phos- 
phoenolpyruvate result. This may be mainly due to 
the lack of oxaloacetate in presence of the inhibitor 
which causes a concentration dependent increase of 
the malate/oxaloacetate ratio as shown in Fig. 4. 
These experiments have been carried out in uncou- 
pled mitochondria with ITP added as an energy 

source. ATPase has been blocked by* oligomycin. 
Obviously biguanides inhibit phosphoenolpyruvate 
production also in a system which is independent of 
ATP regeneration by the respiratory' chain. 

This result could bc confirmed using guinea pig 
liver mitochondria either in presence or in absence 
of an uncoupler. Figure 5 shows that in coupled mito- 
chondria which may reflect the mitochondrion in fifo, 
the inhibitory effect is much more pronounced. The 
inhibition can still be observed, however, in the com- 
pletely uncoupled system. From this it is also con- 
eluded that, in addition to ATP production, another 
effect contributes to the inhibition. We ascribe this 
to an inhibition of anion exchange (see below). 

A final series of metabolic experiments was carried 
out with pigeon liver mitochondria. Figure 6 gives 
a single experiment on the concentration dependence 
of the inhibition of phosphoenolpyrnvate formation 
by' n-heptylbiguanide. Part (b) of the figure shows for 
a fixed inhibitor concentration the relative ef[eetive- 
ness of different biguanides. It is important to note 
that exactly the same relation has been observed with 
the other models reported above. A silnultaneous 
measurement of mitochondrial respiration and of 
phosphoenolpyruwttc formation allows calculation of 
the efficiency of the system expressed as the amount 
of oxygen atoms used per mole of phosphoenolpyru- 
vate formed (Fig. 7). The system becomes less effective 
if the inhibitor concentration increases, and more res- 
piratory energy is neccssary to produce one molecule 
of glucose. 

In summary, the above experiments clearly demon- 
strate that the effect of biguanides on gluconeogenesis 
can be localized in the primary energy consuming 
reactions and in the negative shift of the N A D H /  
NAD redox potential. 

B. Bi~luanides aml energy-linked.limctions qf mito- 
chomh'ia. The general phenomenology of biguanide 
interaction with oxidative phosphorylation and 
related processes is demonstrated by the following ex- 
periments. Figure 8 shows the inhibition of mitochon- 
drial ADP-stimulated respiration. This inhibition can 
be released by uncouplers and as also shown by long 
cham tatty acids [39, 40]. In the present casc, l-anth- 
rylbiguanide has been applied and is seen to resemble 
the effects of other biguanides. The release of the inhi- 
bition by fatt> acids has been interpreted by others 
as an uncoupling effect [4(), 41] or as a displacement 

Table 1. lnfluencc of n-butylbiguanide I(/a) and phenethylbiguanide {(',) on glucose [brmation. respiration, and ATP: 
ADP ratio in isolated rat kidney tubules 

(a) n*Butylbiguanide 

Conditions 

(b) Phencfl~ylbiguanide 
Respiration 

Glucose nA [()], Glucose 
Rwmation rain formation 
(nmoles) ATP/ADP Conditions per mg (nmoles) ATP AI)P 

Control 451 3.0 No subslratc 14.2 151 ± I.,~ 1.4 
+ 1.19mM C~ 370 1.26 + 20mM 
+ 1.77 mM C,~ 242 1.03 lactate 23.4 472 ± 7.3 3.4 
+ 2.30mM C., 142 0.72 + 20raM 

lactate + 1.2 12.5 47 ± 2.7 0.5 
mM ('~ {n = 51 

(al 20raM lactate, 37. 20 rain. incubation, inhibitor concentration as indicated, 3.9 mg protein ml: (b) 37 . 25 rain. 
incubation, 3.6 mg protcin,'ml. Other conditions as described in methods. (Fxpls. 270770 290970). 
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Fig. 3. Balanccoflbrmation of( ' s  unils formed and ('¢ unils used in isolated rat kidnc~ milochondria 
under lhc inl]uence of phenethylbiguanidc (DBI). Total vo[. 2.7S nil. conlaining 7.4 mg mih~chondrial 
prolein, 401~g oligomycin, 14 mM malalc as substrate. 54 pM 2,4-dinitrophcnol, 30t~M ITP. and 1.9 m M 

phencth>lbiguanidc when present. (Expl. 120870f 

of the inhibitor [40]. We disagree with this interpre- 
tation as will be established belong,. 

In a recent report wc have shown that biguanides 
interfere with membrane ion transport rather than 
with the chemical reaction of oxidative phosphoryla- 
lion [19. 42]. The latter revolves the mitochondrial 
uptake of hydrogen ions. By increasing concen- 
trations of phenelhylbiguanide [43] this proton 
uptake during ADP phosphorylation is succcssively 
inhibited. The concomitant inhibition of ADD-stimu- 
lated respiration has been interpreted by us as a result 
thereof and  11o1 ,~Ls the source, 

Further experiments made obvious, that there 
exists a direct interaction between biguanidcs and 
migration of cationic charges across the mitochon- 
drial membrane. The influence on the mitochondrial 

150 

(incubation 20 mm ,,37 C; / 
substrate: malate ) 

1 2O 

A 

69 ~ 

0,5 1,0 1,5 mMDBI 
I I I 

Fig. 4. Ett'cct of phcncthylbiguanide concentration on 
malatcoxaloacctatc ratio in rat kidne)milochondria. Con- 
ditions as given in Fig, 3, 8.5 mg mitochondrial protein. 
lotal ~,ol. 2.68 m/: incubalion for 20rain, (Expt. 060870). 

proton pump is described m Fig. 9. Anaerobic mito- 
chondria respond to pulses of ox}gcn bx a last liber- 
ation of protons via an clectrogenic proton 
pump [44.39]. Thesc protons arc rcabsorbcd in a 
much slower reaction when the oxygen pulse is 
exhausted. Biguanides diminish the rate as ,,~ell as 
the extent of this electrogenic proton translocalicH1. 
The rate constant Ibr lhe proton ejection is 
dim in ished. 

An analogue result could bc obtained regarding the 
wflinomycin-mediated uptake of potassium into re- 
spiring liver mitochondria. From Table 2 il is sccn 
that n-octylbiguanide or phcnethylbiguanidc cause at 
concentration-dependent dccrcase of liw initial xcl- 
ocity of K ~ -uptake. 

Fast kinetic studies of ( ' a e - u p t a k c  into rat lixer 
mitochondria in prescncc of n-oct}lbiguanide made 
it e;ident that the rate constant is lowered and cau 
be titrated by n-octylhiguanide (Fig. 1()). Moreover. 
the inhibitory effect shows saturation characteristics 
which follow the binding properties of biguanides to 
mitochondrial membranes. The reciprocal plot of V, 
vs biguanide concentration 3iclds a straight line and 
allows calctllation of an indireclh deri\cd aflinitx 
constant for n-octylbiguanidc which pcrlccd 3 agree,, 
with data obtained b 3 other methods[45],  f h c  
observed inhibition of cation [F¢ll]SpOll hils heel1 
sho\~.I1 to restdt  ['roll1 the mcnlbr;. inc Stll-l]dcc-c]lLirgc 
generated b'~ adsorbtion of positivcl> charged guam 
dinium or (biguanide)ions to the mitochondrial mem- 
brane [ 19, 42]. 

C Bigmmidu himtim! ~md lhc ~[olC ul mcmhronu',. 
In previous studies a rather unspccilic affinity ol 
biguanidcs to 13hosl~holipid containing membranes 
has been shown [42 47], whereas protein bindin~ is 
negligible [4S]. 

Regarding mitochondria, our concept lhtlt lhc 
membrane itself is the silo of action Ibr biguanidcs 
i', supported bx Ihc close correlation of bigu~midc 



Biguanides, membrane interaction, molecular mechanism 2(119 

1500 nMoles PEP formed (ITP-Systorn) 

1000 

500 

[ - ' - 1  , + 

---• Complete System + DNP 

+ q  

- ITP 

- D N P  

121 

E 

_.7_- 
-e + 

Fig. 5. Influence of phenethylbiguanide on phosphoenolpyruvate formation from malate in guinea pig 
liver mitochondria. 8.3 mg mitochondrial protein/2.69 ml total volume. Other conditions as in Fig. 
3, except that ITP has been omitted in one set of experiments and 2,4-DNP has been omitted m 
another set of experiments. Control was without malate as substrate. Incubation for 20 rain at 37 . 

Each column represents the average of four determinations. (Expt. 2108701. 

1400 nMoles PEP formed from malate 
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Fig. 6. Inhibition of phosphoenolpyruvate formation by 
biguanides in pigeon liver mitochondria. Part (a): concen- 
tration dependence with n-heptylbiguanide. Part (b): com- 
parison of different biguanides at a concentration of 
0.59mM. Conditions as given in Fig. 3; incubation for 

20 min at 37. Expt. (251170). 

binding and cytochrome content. Table 3 gives the 
binding data for three different biguanides and four 
mitochondrial species which differ markedly in cyto- 
chrome content. Since cytochromes are integral con- 
stituents of the membrane their amount  represents 
a relative measure of mitochondrial inner membrane 
area. This is in line with the morphological structure 
of mitochondria from different sources [49]. From the 
above we conclude, therefore, that the capacity for 
biguanide binding is a function of membrane area 
and of membrane phospholipid content. 

From the effect of biguanide binding on the electri- 
cal conductance of phospholipid bilayer membranes 
the generation of fixed positive surface-charges by 
these drugs could be shown[19]. Since reversible 
binding of ANS also reflects changes of a membranc's 
surface-charge [39, 50-52], the latter can be directly 
monitored, illustrating the antagonistic effect of 
biguanides and of fatty acids. 

Figure 11 shows the fixation of positive cbarges 
by addition of biguanide to electroneutral lipid vcsi- 
cles. It is followed by a large increase of ANS fluores- 
cence. When stearic acid (or other long chain fatty 
acids) are added, the surface potential is driven more 
negative by adsorption of the fatty acid anions fol- 
lowed by a release of ANS and a concomitant de- 
crease of fluorescent intensity. The effect is reversed 
again by further addition of biguanide. Part (b) of 
the figure shows that liver mitochondria respond in 
exactly the same way. This observation becomes rele- 
vant for the interpretation of the release of biguanide 
inhibition by long chain fatty acids, which may simply 
be explained by counteracting the biguanide induced 
positive shift of membrane surface charge, 

Titration of ANS fluorescence has been used to 
determine binding constants of biguanides[46]. 
Because the hydroxylated metabolites of biguanides 
have no or only weak inhibitory and blood sugar 
lowering activities, it was of interest to compare their 
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Fig. 7. Oxygen consumplion per mole of i~hosphoenolp_~ru~.alc, formed {'rein malatc in pigc~m lixcr 
mitochondria. Dependence on concentration of phenethylhiguanidc (I)BI). ('ondilions as in I'ig. 3: 
3.4 mg milochondrial protein/flask. The rcaclion was started bx addition of makitc. Oxygen uptake 
was measured polarographically; the mixturc was deproteinizcd m the bamc MOI1]ellt when oxygen 

was exhausted. Biguanidc was added i~o rain before addition of stt bslrate. I I xpI. 2 I(l171). 

binding properties. As an example 4 -h ' , d roxyphcn fo r -  
rain was available. An aMnity constant  to mitochon- 
dria and to phospholipid rnicells of 0.185 mM i was 
found compared with t).(~3 mM ~ lbr phentbrmin.  
The relative inhibitory activity on mitochondrial  oxi- 
dative phosphoryla l ion agrees well with the aMnity 
ratio of both  compounds.  This result strongly sup- 
ports the molecular theory of biguanide action com- 
rnunicated in a commentary [53]. 

It has been cstablishcd [54, 55.5fl] thai the charge 
density of a lipid membrane  is of critical importance 

g 
"6 
2 

8 

LM ~' 10 mM Succ. 

1,5x 10- 42DP~ 
LM .. .^-4..~ 

l0 ~M s.~ ~-A~ 
\ 3 x 10-4M~ 
\\\ Anth~ B[~ " ~ ,  

5, 7 x 10-5M Cs_ipi x ~ 4  6x To-TM 

T.50 n Atom ( O ) ~  2,5 × ,0_5M ~ n c o u p l e r  

~ _ _  ~.~ea ra t ~(a)  

60 sec. 

(b) 

time 

Fig. 8. Release of biguanide inhibition of oxidative pho~- 
phorylalion by uncouplers and by f:_llty acids. (a) 0.95 mg 
protein/ml, inhibition by 1-anthrylbiguanidc (Fhis com- 
pound strongly fluoresces when bound to milochondrial 
membranes), release by FCCP. (b) 1.6 mg protein ml. inhi- 
hition by n-oclylhiguanide (Csl. release by sicaralc. 25. 

{Expl. 210375). 

Ior the membrane  structure. In Ihis case indcpcndciH 
of lilt  sign of the charge, the absolulc anlotlnt o1 

c h a r g e  is the relcvanl paramclcr.  Due to the electro- 
static interaction bch~cen the pohlr head groups ~1 
lipids an increase of lhc charge densitx normall 5 is 
rellected by a higher l]uiditx of a membrane ;  or in 
other ~ords.  the phasc Iransition l c n l p e r a l u r c  7 I, ;ll 
which a mcmhranc  undergoes transition from lhc 
ordered state Io the lluid state of lipids, is low- 
ered [55]. Since mosl biological nlclnbu-ancs bear a 
negative surface-charge the adsorption o1 higuanidcs 

control 
coupled LM 

+ / ¢ phenethylbigu, anide 

t / / ' I "  " 2.4 r'qM 

//' i ' , ~  
/ ,!" 

+ O 2  

(Expi'. 030774) ~ 3 mg Prot ) 

F'ig. 9. Ellbct of phcncth~lbiguanidc on rcspiralion reduced 
tt* extrusion in coupled rLtl. li,,cr mitochondria. Condi- 
lions and rcgislralion tls described in Mclhods. 3 nag pro- 

loin in LI tolal xo[ o1" 0.9 111] tit 25 . (] Xl',l. f13(1774L 
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Table =. ~ EITcct of surface-potential-modifying, biguanides 
on initial velocity of K ~-uptake by aerobic rat liver 

mitochondria. 

n~* I< rot k 
/IM Q"N {°'1) {SeC 1) ,[IM (77#, ("/,) { scc-!l 

I} I I10 0.022 0 10(/ 0.021 
30 47 0.023 120 80 0.017 
5S 34 (/.023 290 43 0.018 

I 17 21 0.022 600 2(-, 0.023 
176 11 0.021 88(1 20 (I.023 

* co control 44.5 nmoles K*/sec. 
t co control 39.4 nmoles K '/sec. (F2xpt. 2409741 
C~ = n-octylbiguanide; C~, = phenethylbiguanide. 
t . :  20, 6.7 nag protemml, substrate 5mM succinate, 

other conditions as given in methods. 

is expected to reduce the charge density and to in- 
crease the phase transition temperature of membrane 
lipids. 

This is exactly what has been found with synthetic 
phospholipid membranes and with mitochondria. 
Figure 12 illustrates that at the high concentration 
of phenethylbiguanide applied in this experiment, the 
phase transition is completely absent. It has been 
shown that it can be gradually shifted from lower 
to higher temperatures by titration with 
biguanide [39, 57]. The phase transition was moni- 
tored via the temperature dependence of the respira- 
tion-induced H + liberation from mitochondria (see 
Fig. 11). 

Two important conclusions were drawn from these 
findings: first, that the principles derived from studies 
on model systems apply equally well to phospholipid 
containing biological membranes, and second, that 
binding of biguanides diminishes the fluidity of mem- 
brane lipids turning the membrane structure more 
rigid. 

DISCUSSION 

In line with our previous suggestions [19,42] the 
experiments presented on biguanide binding and 
physical structure of membranes provide additional 
proof for the hypothesis that biguanides induce a 
positive shift of surface potentials. With respect to 
the physiological meaning, two criteria have to be 
distinguished: (1) The absolute charge density on a 
membrane, which significantly influences the fluidity 
of lipid phases as demonstrated above; (2) The sign 
of the electrostatic surface-charge, which determines 
the activity of ionic solutes at the membrane surface, 
becoming the relevant parameter for all systems 
where cation transfer is considered, as for example 
Ca 2+ or K + uptake into mitochondria. 

In any particular case the actual concentration of 
biguanides and the chemical composition of the mem- 
brane will determine whether the effect on ion activi- 
ties in the membrane aqueous interface or the effect 
on membrane fluidity is dominating. Moreover, both 
effects work synergistically. Regarding the inhibition 
of oxidative phosphorylation we recall that in tightly 
coupled mitochondria the respiratory rate is con- 
trolled by phosphorylation of ADP, an H+-consum - 
ing process. A positive shift of the membrane surface- 
charge causes a gradual decrease of H + ion activity 
at the membrane surface until the availability of H + 
becomes rate-limiting. 

The release of this inhibition by free fatty acids 
(in concentrations which do not uncouple oxidative 
phosphorylation) is explained by reverse of the 
biguanide-induced positive shift of surface potential 
(see Fig. 11t. The release by uncouplers is explained 
by the function of uncouplers as electroneutral or 
negatively charged carriers of protons [58], providing 
a proton by-path which is independent of the surface 
potential. 

It may be added that at very high biguanide con- 
centrations (> 5mMI. or with derivatives of high 

Influence of n-octylbiguanide ((28 ) on 

rat liver rnitochondHa. 

0.15 k [sec- I  ] (a )  

0.10 

0.05 
L._ 

mM[cJ 
I I I I ; 

.3 .6  .9 1 . 2  1 . 5  

Fig. 1(1. Influence of n-oct',,lbiguanidc on the kinetics of Ca e+ 

the rate constant of Ca  2+ uptake into 

[Expt. 150775] 

20 14~k 

10 

5 

I / c g  [mM-1] 
I I 
5 10 

uptake in rat liver mitochondria. Mito- 
chondrial protcin/ml in 0.25 M mannit/sucrose, 2(1 mM Tris Cl-buffer, 10 mM succinate, 13 #M murex- 
ide: tile kinetics of Ca z+ uptake were monitored by absorbance change of murexide (540-510nm) 
in a dual-wavelength spectrophotometer at 25;  start of reaction by addition of 300/~M CaCI> (a/ 
first-order rate constant of Ca 2 + uptake; (hi reciprocal plot of change in rate constant versus inhibitor 

concentration. (Expt. 110675). 
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Table 3, Comparison of biguanide uptakc and cytochrome contcnt of mitochondri;i from 
various tissues. 

Source of Guinea pig Rut Pigeon Rat 
mitochondria liver liver liver kidncx 

Cytochromc c 0.216 I).270 0.302 n.450 
(nmoles/mg protein) 
Ratio {c+ c~),"aa~ I,I I, I 1,02 17 
Uptake of 
;>butylbiguanide 12 13 20 
Uptake of 17 23 31 J2 
phenethylbiguanide 
Uptake of 24 3(~ 5,~ 
;>heplylbiguanidc 

Biguanide uptake was measured by; isotope distribution as described (G. Schiifcr et ,d. 
[64]). The cytochrome content was measured with a a dual-wavelength sp¢ctropbolomctc~ 

according to Schollmeyer and Klingenberg [50]. 

membrane affinity, a partial inhibition of electron 
transport persists not releasable by uncouplers. This 
is presumably due to structural alterations of thc 
membrane as already discussed with respect to mem- 
brane lluidity. 

More generally, an agent which interferes with the 
distribution of protons on ordered structures like 
membranes is theretbre expected to exert a large 
variety of effects which in many cases may hardly 
be resolved. In mitochondria and other subcellular 
or cellular membranes, the translocation of protons 
is a primary process which drives the exchange-trans- 
port of cations as well as the uptake of anions by 
means of a pH gradient across the mem- 
brane[59 62]. Application of a positive surface 
potential to a membrane is equivalent to an increase 
of the local pH and a lowering of the pK, of intrinsic 
dissociable groups in a membrane: the latter has been 
well established by studies with membrane-bound in- 
dicator dyes [63]. From this it follows that biguanides 
nol onh inhibit the tlplake of [~rolons in oxidative 

phosphorylation but also lower the clectrocl3emicztl 
gradient of protons over tile membrane, thus 
diminishing the rate of substrate ion exchange us ~ell. 
The inhibition of phosphoenolpyrux, ate formation 
(Fig. 5) in a system which is independent of ATP 
synthesis by oxidative phosphorylalion may bc hl{cr- 
preted under this particular aspect. 

Turning to metabolic studies of this and related 
papers (cited in ref.[1] and[2]) ,  it is too casx to 
make the inhibition of ATP formation alone rcspon- 
s ine  for the inhibition of g)uconeogenesis. Ccrtuinh 
the decrease of ATP/ADP ratio may conlributc to 
the inhibition of energy-requiring mclabolic pro- 
cesses. As already mentioned above, howe\or, lhc 
exchange of substrates and the turnover r~tle o1 the 
respiratory chain which regulates the redox slalc al 
least of the intramitochondrial pyrktinc nuclcotidc- 
p o o l -  will also essentially contribute to the overall 
effect, as seen from the experiments with isolated 
mitochondria. 

It has to be specially en3phasized that none a t  the 

l ANS~Fluorescence (orbitr.units) 

366 -II, 470 m;a 4,3x ~0.5 M C8 2.93 × 10-5 M 

(a) stearlc acid ( b ) 

5 9 x 10 -5 M C 8 

~ stearic acid 7.3 x 10 -5 M 5 . 8 6  x 10 -5 M 

s t e o r l c  csc~d • 
-~  M C 8 

4 arlc acl . x - 

I . . . . . .  , .  _ t 584x 10 - 5~  ~ 
_~.J 1.46 x 18-JM C 8 ~ 

60 sec 6 0  sec  

2 9 x 10 - 5  M C 8 

Fig. 11. Indication of changes in membrane surface potential by ANS-fluorescence. EITects o1 i~-octylbi- 
guanide and of stearic acid on surface charge. (a) synthetic phospholipid micells: (hi rat liver mitochon 
dria. Mice/Is were suspended in 20 mM Tris-buffer. mitochondria in 0.25 M sucrose"20 rnM Tris-buffL'r. 

pH 7.2. (Expt. 260675). 
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1 0  

8 -  

6- 

4 -  

8-trnoqo. 
/ I. sec " 

. 6 -  

. 4 -  

Tt 21°C 

• • (a) 

1 0 3 / T  o K 

I ! r ! 

3.1 3.2 3.3 3.4 3.5 3.6 

Fig. 12. Arrhenius plots of respiration-induced H ~ ejection 
from rat liver mitochondria.t:o denotes the initial velocity, 
(a) control: (bl 3.0mM phenethylbiguanide present. Pro- 
tein concentration varied from 1.4 to 1.7 mg,'ml. Other con- 

ditions as given in Methods. (Expt. 131174/131274). 

reactions involved in our model experiments could 
be inhibited by biguanides when the relevant enzyma- 
tic systems were investigated in solubilized form. Not  
only some of the involved enzymes, but also the regu- 
lation of gluconeogenesis as an integrated process, 
depend on the presence of diwdent 
cat ions[24,36,64,65].  It follows from our exper- 
iments that biguanides certainly will affect the intra- 
cellular distribution of cations and it has also been 
shown that divalent cations were released from the 
cndoplasmic reticulum (microsomal fraction) on addi- 
tion of biguanides [66,67]: again an effect strictly 
depending on membrane structures. 

Comparative studies on blood sugar lowering acti- 
vitx with laboratory animals were reported [2] which 
indicate a maximum of pharmacological activity for 
butbrmin and phentormin. One should keep in mind, 
however, that the deviation from a straight correla- 
tion to membrane binding affinity does not contradict 
our concept, because in whole laboratory animals 
many other parameters will be involved in a structure 
flmction correlation. Sl~cies differences have to be 
considered and have been described for the blood 
sugar lowering activity long ago [2, 63]. In addition, 
the tissue distribution and the pharmacokinetics of 
single compounds may certainly be different. 

Under these aspects an important observation 
made with isolated tissue preparations, as well as with 
intact organisms, is the inhibition of intestinal uptake 
of glucose [ 15 18] or of aminoacids [68]. Like other 
metabolic effects this has been ascribed to the 
biguanide-induced decrease of cellular ATP:ADP 
ratio and the respiratory inhibition. This may be an 
over simplification, although such an effect may be 
involved. Sugar and aminoacid transport have been 

shown to be linked to cation transport [69.71], sug- 
gesting a dependence on the membrane surface-poten- 
tial, like the transport of other cationic or anionic 
species. This effect has to be considered independent 
of energy supply. In fact, a very recent report makes 
it likely that in presence of biguanides the activity 
of Na ~ in the microenvironment of the intestinal glu- 
cose carrier is reduced[18]. This lends substantial 
support to our interpretation of biguanides as modi- 
tiers of surface potentials. 

Taking into account that after oral application the 
highest local concentrations of biguanides are found 
in the intestinal tract, in liver and in kidney [2], inhi- 
bition of gluconeogenesis may be essential for produc- 
tion of hypoglycemia, but it may enhance the devel- 
opment of lactate acidosis as well. Accumulation of 
blood lactate observed after high doses of 
biguanides [2, 72], ma? not only result from stimu- 
lation of glycolysis following respirator? inhibition 
but also from a decreased rate of removal by' the glu- 
coneogenic tissues of liver and kidney. From this it 
becomes clear that the operational bandwidth is very 
small between intoxication and useful intervention of 
carbohydrate metabolism. 

It is not the intention of this paper to present a 
complete resolution of the blood sugar lowering 
mechanism. Too many divergent observations have 
been reported which can never be discusscd in par- 
ticular. It was intended, however, to direct attention 
to the fact that the targets for biguanide action arc 
biological membranes in a rather unspecific manner. 
Together with former data the new information on 
biguanide effects presented here provides a solid basis 
for a more general theory of biguanide action on a 
molecular level. In this regard thc observations on 
membrane surface-potentials and their modification 
by biguanidcs are of significance. This molecular 
theory will be communicated in a separate commen- 
tary [53] which will also discuss the problem of speci- 
ficity of these drugs in more detail. 
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