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As part of an investigation of the lesions of copper (Cu) deficiency a study was undertaken of the copper, 
iron, cytochrome and fatty acid composition of liver mitochondria from Cu deficient and Cu-adequate control 
rats. Cu concentrations were significantly decreased in whole liver, liver mitochondria and in blood plasma. 
Total iron was significantly increased in whole liver but remained at the normal level in mitochondria. 
Cytochrome c oxidase (EC 1.9.3.1) and its component cytochromes a and a 3 were significantly reduced in 
liver mitochondria from Cu-deficient rats, whereas there was no effect on the concentration of cytochromes 
b, c I and c. Evidence from comparisons between cytochrome c oxidase activity and the amount of enzyme 
present, as assessed from the mitochondrial cytochrome a and a3 content, suggests that in addition to an 
absolute loss of enzyme, Cu-deficiency adversely affects the efficiency of the residual enzyme. Severe Cu 
deficiency had no effect on 'ageing' or 'swelling' properties of liver mitochondria, indicating no marked 
effects on fatty acid composition. Fatty acid analyses demonstrated a slight but significant increase in 
docosapentenoic acid (22: 5) of Cu-deficient mitochondria, but since this represents a minor component there 
was no change observed in the 'unsaturation index'. It was concluded that, in contrast to previous reports, Cu 
deficiency of the severity reported did not have a deleterious effect on the integrity and permeability of the 
inner mitochondriai membrane as exemplified by any qualitative modification of fatty acid constitution per 
se.  

Introduction 

The occurrence of widespread pathological le- 
sions in many tissues of severely copper-deficient 
animals have in many instances been ascribed to 
decreased activities of a number of cupro-enzymes. 
Examples include defective cross-linking of elastin 
and collagen in vascular tissue due to decreased 
activity of lysyl oxidase [1], impaired iron metabo- 
lism resulting in hepatic Fe accumulation and 
anaemia due to decreased plasma caeruloplasmin 
and its associated ferroxidase activity (EC 1.16.3.1) 

* To whom correspondence should be addressed. 

[2] and skin and hair depigmentation resulting 
from a decline in activity of cupro-enzyme(s) in- 
volved in melanogenesis. In some instances, the 
marked reduction in activity of the mitochondrial 
enzyme cytochrome c oxidase (EC, 1.9.3.1) in many 
tissues from Cu-deficient animals has led authors 
to suggest that a resultant decline in respiratory 
activity may be the primary cause of tissue pa- 
thology [3,4]. However, there has been no recent 
comprehensive and systematic study of the effects 
of copper deficiency on the relationship between a 
decline in cytochrome c oxidase activity and its 
possible effects on mitochondrial respiratory func- 
tion and composition 
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In this paper we report on the effects of increas- 
ingly severe Cu-deficiency on some aspects of the 
composition of whole rat liver and rat liver 
mitochondrial rich fractions and on the activity of 
hepatic cytochrome c oxidase. 

Experimental 

Animals and diets 
80 Male rats of the Rowett Hooded Lister 

strain were randomly assigned in two separate 
experiments either to copper-adequate 'control' or 
'copper-deficient' groups. After weaning, the 
animals were housed in polypropylene-stainless 
steel cages and fed their respective diets ad libi- 
tum. 'Control '  rats were offered a semi-synthetic 
diet similar to that described by Williams and 
Mills [5] but containing approx. 5 mg Cu /kg  dry 
matter and supplemented with additional trace 
elements [6]. Copper-deficient animals were offered 
the same diet from which the Cu supplement had 
been omitted; it supplied 0.5 mg Cu /kg  dry matter. 
De-ionised drinking water was supplied ad libi- 
turn. 

Experimental protocol and tissue sampling 
Animals were killed after 2, 4, 6 and 8 weeks on 

diet. Tissue for trace element analyses and blood 
for haematological studies were obtained from 
animals under diethyl ether anaesthesia. 

Liver, required for the prepara t ion  of 
mitochondria, was excised from rats killed by 
stunning and cervical dislocation. At each time- 
point, five 'control '  and five 'deficient' rats for 
mitochondrial studies, plus at least three 'control '  
and three 'deficient' rats for other studies, were 
utilised. 

Chemicals 
All biochemicals and reagents were of analyti- 

cal grade quality and purchased from either BDH 
(British Drug Houses, Poole, Dorset, U.K.) or 
Sigma (Sigma Ltd., Poole, Dorset, U.K.). 

Sample analysis," mitochondrial preparation and 
analysis 

Plasma Cu and iron (Fe) concentrations were 
measured by atomic absorption spectrometry , 
using a Varian 1000 atomic absorption spectro- 

photometer (Varian Pty., Melbourne, Australia), 
on the supernatant fraction after protein had been 
precipitated by mixing equal volumes of plasma 
and trichloroacetic acid (100 g/l) .  Liver samples 
were wet ashed using a concentrated H N O 3 /  
H2SO4/HCIO 4 (3 : 0.5 : 1, v /v )  mixture, then 
analysed for Cu and Fe in H2SO 4 (final con- 
centration 50 ml/1) in double-distilled water using 
a t o m i c  a b s o r p t i o n  s p e c t r o m e t r y .  B lood  
haemoglobin was determined by the standard 
cyan-met technique. 

Liver mitochondria were prepared by tissue ho- 
mogenization and differential centrifugation in a 
0.25 M sucrose/3.4 mM Tris-HC1/1.0 mM EGTA 
m ed iu m  (pH 7.4) [7]. H o m o g e n e i t y  of 
mitochondrial fractions was monitored by assess- 
ing the presence of contaminating DNA (nuclear) 
[8], acid phosphatase (lysosomal) [9] (with the 
Boehringer-assay kit) and rotenone-insensitive 
N A D P H  cytochrome c reductase (microsomal) 
(Davies, unpublished results). The concentration 
of DNA determined 0.5/~g per mg mitochondrial 
protein was similar to that reported as occurring 
specifically in mitochondria [11]. Mitochondrial 
acid phosphatase activity was found in control or 
deficient animals to be less than 5% of that in liver 
homogenate, and rotenone-insensitive NADPH 
cytochrome c reductase was barely detectable. 
There was no evidence, therefore, of significant 
contamination. 

Protein was estimated using the Biuret reaction 
[12]. Oxygen uptake by mitochondria was de- 
termined in a Gilson Oxygraph cell (Gilson 
Medical Electronics Inc., Middleton, WI, U.S.A.), 
fitted with a Clark oxygen electrode in the pres- 
ence of various substrates. Rates of consumption, '  
calculated in a manner similar to that of Estabrook 
[13] were also monitored with ADP added (state 3 
respiration) and after depletion of exogenous ADP 
(state 4 respiration). Ageing studies were con- 
ducted on mitochondria kept at 30°C (for 0~ 15 
and 30 min) as described by Ito and Johnson [14]. 
Studies of mitochondrial swelling were made by 
challenging suspensions (5 mg protein) in phos- 
phate buffer with either Cu (3 - 10 5 M) or silver 
(3 .10  -6 M) and measuring changes in absorbance 
at 520 nm over a period of 30 min [15]. 
Mitochondrial Cu and Fe contents were measured 
by graphite rod atomic absorption spectrometry 



(Perkin Elmer PE 460 with an HGA 76 attach- 
ment; Perkin Elmer, Beaconsfield, Bucks., U.K.) 
after wet digestion in concentrated HNO3/ 
H2SOa/HC104 (4:0.5:1, v/v). 

Oxidised and reduced spectra of cytochromes a, 
b, c 1 and c (5 mg mitochondrial protein, clarified 
usirlg a 20 g/1 deoxycholate solution) were ob- 
tained on a Cecil CE 505 double-beam spectro- 
photometer (Cecil Instruments, Cambridge, U.K.). 
Concentrations of cytochromes were determined 
by the method of Williams [16]. Cytochrome a 3 
was quantified in the same sample [17,18]. Total 
flavin content of mitochondria was determined 
spectrophotometrically by the method of Chance 
[18]. Cytochrome oxidase activity in liver 
mitochondria was measured by the method of 
Mills and Dalgarno. [19]. Methyl esters of 
mitochondrial fatty acids were prepared from a 
sample of 7.0 mg mitochondrial protein, saponi- 
fied with KOH/EtOH (42.5 g/ l  EtOH), extracted 
with diethyl ether and treated with diazomethane. 
Aliquots were fractionated isothermally (at 187°C 
on a 3% EGS P-Z (on Gas-Chrom Q, 100-120 
mesh) 6 ft x 1/4 inch column in a Perkin-Elmer 
F17 GLC (Perkin, Elmer, U.K.). Injector tempera- 
ture was 200°C and nitrogen flow 30 units. Inlet 
pressures were 15 lb/inch: for nitrogen and 18 
lb/inch 2 for hydrogen. Flame ionisation detection 
was used. 
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7tatistical Analysis 
All statistical analyses carried out using an un- 

paired Students t-test. 

Results 

Effects of Cu-deficiency on weight gain, plasma and 
liver Cu and Fe concentrations and haematological 
status 

After 4 weeks, rats receiving the Cu-deficient 
diet exhibited slight, but significantly reduced rates 
of weight gain (P < 0.01) and also showed depig- 
mentation compared with control rats. These ef- 
fects, due to Cu-deficiency became more marked 
as the experiment progressed such that after 8 
weeks the weight gain of the Cu-deficient rats was 
54% of the controls (P < 0.001). The low Cu status 
of rats receiving the Cu-deficient diet was demon- 
strated by blood, plasma and liver analyses (Table 
I). After 2 weeks of dietary treatment, liver copper 
content had declined by 62% (P < 0.001) com- 
pared with controls and after 4 weeks plasma Cu 
concentration was significantly reduced (P < 
0.001). After as little as 2 weeks of dietary treat- 
ment, disturbances of Fe metabolism were evident 
in the Cu-deficient rats as shown by significantly 
reduced plasma Fe concentration (P < 0.05) and 
hepatic Fe accumulation (Table I). Further evi- 
dence for defects in Fe metabolism was demon- 

TABLE I 

THE EFFECT OF Cu DEFICIENCY ON PLASMA A N D  LIVER COPPER A N D  IRON C O N C E N T R A T I O N S  

Results: mean _+ S.E. Numbers  of animals in parentheses. 

Weeks Plasma Cu Plasma Fe Liver Cu Liver Fe 

on (mg/ l )  (mg/ l )  ( m g / k g  wet tissue) ( m g / k g  wet tissue) 
diet 

copper control copper control copper control copper control 
deficient deficient deficient deficient 

0.36_+0.12(3) 0.60_+0.12(3) 0.75+0.11(3) a 1.67_+0.08(3) 1.87_+0.22(6)b 4.27_+0.18(6) 106 _+ 7.3(6)a 72.7_+8.7(6) 
0.41-+0.07(3) b 1.48_+0.02(3) 0.62+0.04(3) b 2.40_+0.11(3) 0.62_+0.04(3) b 4.29_+0.10(3) 95.6_+ 1.0(3) c 73.6_+2.4(3) 
0.03-+0.001(3) h 0.93--+0.01(3) 1.06-+0.05(3)b 2.29-+0.06(3) 1.28+0.57(3) c 5.05_+0.45(3) 165 +10.6(3) a 118 5:9.0(3) 
0.01-+0.001(3) b 1.06_+0.03(4) 0.64_+0.07(3) b 2.02_+0.14(4) 0.62_+0.23(4) b 4.97_+0.41(4) 168 _+19.0(4) a 107 _+4.0(4) 

Significance of the difference between deficient and control data: 
a P < 0.05. 
b P < 0.001. 
c P < 0.01. 
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TABLE 11 

MITOCHONDRIAL COPPER AND IRON CONCENTRATIONS 

Results are mean -+ S.E. Each value is the mean of 4-6 mitochondrial preparations. 

Weeks Cu 
on (ng/mg protein) 
diet 

Fe 

(ng/mg protein) 

copper control copper control 
deficient deficient 

2 29.1 +3.12 " 49.4_+1.89 286-+15.5 297-+16.4 
4 8.3 -+ | .03 a 18.3 + 0.79 185 -+ 15.4 166 _+ 11.4 
6 7.68-+1.50 b 16.8-+1.31 161 -+15.0 148+19.8 
8 6.18+0.65 a 16.2+0.85 147+ 12.7 160+_ 14.3 

Significance of the difference between deficient and control data: 
a p < 0.001. 
b P < 0.01. 

strated from haematological examination which 
showed that, after only 2 weeks of treatment, rats 
receiving the Cu-deficient diet had significantly 
lower blood haemoglobin concentrations than con- 
trol animals (P  < 0.001), which declined further as 
the experiment progressed. After 8 weeks the Cu- 
deficient rats were frankly anaemic, with blood 
haemoglobin concentrations and haematocrits 53% 
and 59%, respectively, of that of the controls. 

Mitochondrial Cu, Fe, cytochrome and flavin con- 
tents and cytochrome c oxidase activity 

Liver mitochondrial Cu and Fe contents of 
Cu-deficient and control rats are shown in Table 
II. Between 2 and 4 weeks of dietary treatment, 
mitochondrial Cu contents of both groups de- 
clined markedly, although, as early as 2 weeks, the 
Cu content of the Cu-deficient group was 41% 
lower (P  < 0.001) than that of controls. After 4 
weeks the mitochondrial Cu contents of both 
groups remained relatively constant, with the 
mitochondria from the deficient group having a 
content 40-45% of copper adequate controls. Liver 
mitochondrial Fe contents of both groups declined 
significantly between week ]2 and 4 of the experi- 
ment and thereafter remained at relatively con- 
stant levels. However, at no time during the ex- 
periment was there eVidence that the increased Fe 
stored in the livers of the Cu-deficient animals 
(Table I) had accumulated in the mitochondrial 
fraction. 

There were no significant effects due to Cu-de- 
ficiency on mitochondrial contents of total flavins, 

or cytochromes b, c and c 1 (Table III). However, 
cytochrome a and a 3 contents of mitochondria 
from Cu-deficient rats were significantly lower than 
those of Cu-adequate animals after 2 weeks of 
dietary treatment, and thereafter they declined to 
relatively constant levels of approx. 30-40% of the 
controls. These changes induced by Cu-deficiency 
were reflected in a parallel decline in activity of 
mitochondrial cytochrome c oxidase activity (Ta- 
ble III). 

Mitochondrial ageing, swelling and fatty acid com- 
position 

Gallagher and Reeve [20] reported that Cu-de- 
ficiency results in changes in fatty acid composi- 
tion of rat liver mitochondria. Since changes in 
fatty acid composition may be reflected in ageing 
[21] and swelling [15] properties of liver 
mitochondria, these phenomena were investigated 
in this study. The effects of ageing of mitochondrial 
preparations on state 3 respiration using succinate 
and fl-hydroxybutyrate as substrates are shown in 
Fig. 1. State 3 respiration of preparations from 
8-week-Cu-deficient rats tended to be lower with 
both substrates. Although state 3 respiration of 
mitochondria, from Cu-deficient rats aged for 30 
min, was significantly lower than controls when 
either succinate or fl-hydroxy-butyrate was used, 
the relative rates of decline, with time of ageing, 
were unaffected by dietary treatment. 

A similar lack of effect of Cu-deficiency was 
observed on the swelling properties of liver 
mitochondria in response to a challenge with either 
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Fig. 1. The effects of mitochondrial ageing. (a) The effects of ageing liver mitochondria at 30°C for 15 and 30 min on state 3 
respiration using succinate as substrate. © O, Preparations from 8-week-Cu-deficient animals; • •,  preparations from 
Cu-adequate controls. (b) As in (a) except that /3-hydroxybutyrate was used as substrate. 

Cu 2+ or  Ag  + (Fig.  2). Thus the changes,  with time, 
in abso rbance  at 520 nm, of  mi tochondr i a l  suspen- 
sions p repared  from livers of 9-week-Cu-def ic ient  
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Fig. 2. The swelling properties of mitochondria. The change in 
absorption at 520 nm with time (swelling) of mitochondrial 
preparations (7 mg protein) after a challenge with (a) Cu 2+ 
3.10 -5 M, (b) Ag + 1.10 -6 M. O O, preparations from 
9-week-Cu-deficient animals, • • ,  control preparations. 

rats  were the same as their respective controls  
when swelling was p rovoked  with ei ther  metal  ion. 

The  fat ty  acid profi le  of liver mi tochondr i a  
f rom rats dep le ted  of Cu for 8 weeks showed only 
minor  differences from that of  control  an imals  
(Table  IV). F o r  compar i son ,  the fat ty acid com- 
pos i t ion  of liver mi tochondr i a  from studies by 
o ther  workers  are also shown. There  was a slight, 
bu t  s ignif icant  reduct ion  in the p ropor t ion  of 
a rach idon ic  acid ( 2 0 : 4 )  and  a s ignif icant  increase 
in docosapen teno ic  acid (22 :5) .  However ,  in two 
fur ther  exper iments  (results not  shown),  no effects 
due  to Cu-def ic iency were found on mi tochondr ia l  
a rach idonic  acid content ,  a l though signif icant  in- 
creases in docosapen taeno ic  were again observed.  

D i s c u s s i o n  

The d imin i shed  rate  of l iveweight gain and low 
p l a s m a  and hepat ic  Cu concent ra t ion  in ra ts  re- 
ceiving the Cu-def ic ient  diet  demons t r a t e  that  these 
animals  were of low Cu status. In addi t ion ,  re- 
duced  p l a sma  Fe  concent ra t ion ,  marked  hepat ic  
Fe  accumula t ion  and  the deve lopment  of anaemia  
associa ted  with Cu-def ic iency conf i rm the f indings 
of many  other  groups  of works [22,23]. However ,  
the recent f indings of Weisenberg  et al. [24] are  at 



variance with the present study and others in that 
they observed a decreased liver Fe content in 
Cu-deficient rats. No satisfactory explanation can 
be offered to account for these disparate findings. 

The fall in Cu content of the liver mitochondria 
of Cu-adequate control animals over the first 4 
weeks of experiment was probably an age-related 
rather than diet-associated phenomenon. During 
the latter stages of pregnancy, foetal livers accu- 
mulate Cu to high concentrations, much of which 
is deposited in the mitochondria bound to a pro- 
tein 'mitochondrial hepatocuprein', which has sub- 
sequently been identified as a polymeric species of 
metallothionein [25]. Since milk has a low Cu 
content, it is likely that this protein may act as a 
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Cu reserve upon which the new-born animals may 
draw to satisfy requirements for rapid growth dur- 
ing the lactation period. It was clear however, that 
even after 2 weeks the mitochondrial Cu content 
of rats receiving the Cu-deficient diet had declined 
more markedly than the controls, and by 4 weeks, 
at which time growth was impaired, it had 
plateaued at 40-45% of the control value. No 
evidence was obtained to suggest that the 
mitochondrial Cu pool was preferentially spared, 
since the percentage decline in Cu content of the 
mitochondria from Cu-deficient animals from 2 to 
4 weeks of the experiment (71%) was little differ- 
ent from that of whole liver (67%) (Tables I and 
II). 

TABLE IV 

THE EFFECTS OF Cu-DEFICIENCY ON FATTY ACID COMPOSITION OF LIVER MITOCHONDRIA AFTER 8 WEEKS 
OF DIETARY TREATMENT 

Results: mean _+ S.E. 5-6 animals per group. 

Percentage of total fatty acid present 

Mitochondria Mitochondrial Mitochondria Mitochondria 
(week 8 on diet) 'control' FA (milk diet) (in P.U.F.A. 

data (other deficiency) 
authors) 

Dietary treatment: + Cu - Cu 
Fatty acid 

Al,a Bl,b C 1.c(+Cu) C 2 ( - C u )  A 2 B 2 

16:0 15.17+0.84 15.48+0.50 
16:1 2.59+0.17 3.49+0.49 
18:0 14.65+0.55 12.77+0.89 
18:1 10.03+0.53 9.93+0.48 
18:2 14.20+0.63 13.29+0.51 
20:4 25.48+0.63 23.37+0.45* 
unknown 3.29 _+ 0.44 4.09 + 0.45 
22:4 8.72+1.02 11.33+1.23 
22:5 2.37+0.26 3.27+0.09** 
22:6 3.50+0.14 3.10+0.14 

Unsaturation 
index (total) a 211 213 

Unsaturation 
index 
(polyunsaturated) 198 200 

23.9 14.8 17.6 17.6 29.2 15.5 
3.4 8.2 

13.6 19.1 19.2 18.8 12.6 19.6 
12.6 10.6 17.8 14.6 26.0 24.0 
20.5 20.3 8.3 11.7 11.5 1.6 
18.5 30.0 11.0 12.6 13.0 8.9 

6.9 11.6 13.7 3.5 

169 175 148 171 122 

156 161 130 156 96 

Significance of the difference between control and deficient data 
* P < 0.05 (Significant in only one experiment). 

** P < 0.01 
a A I and A 2 [37]. 
b B I and B 2 [36]. 
c C 1 and C 2 [201. 

d Mole fraction fatty acid × number of double bonds. 
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During the initial period of the experiment (2 4 
weeks), liver mitochondrial Fe content of both 
Cu-deficient and control rats declined to a similar 
extent and thereafter remained at relatively con- 
stant values. It was clear that the significantly 
elevated Fe stores in whole liver of the Cu-defi- 
cient rats (Table I) were not present in the 
mitochondrial fraction. This finding is in contrast 
to the observations of Williams et al. [26,27] who 
demonstrated increased liver mitochondrial Fe 
content induced by Cu-deficiency. These authors, 
however, make no comment concerning the purity 
of their mitochondrial preparations and it is possi- 
ble, therefore, that the apparent increase in Fe 
content may have been associated with con- 
taminating lysosomes. In the present study lyso- 
somal contamination of the mitochondrial frac- 
tions was minimal (less than 5% of liver total) as 
assessed by activity of the lysosomal marker en- 
zyme, acid phosphatase, 

Copper-deficiency was without effect on the 
mitochondrial contents of total flavin, or cytochro- 
rues b ,  c 1 and c. Although the latter observation 
conflicts with the results of a very limited study by 
Wohlrab and Jacobs [28], who found less KC1- 
water-extractable cytochrome c in liver mitochon- 
dria from two Cu-deficient rats than from two 
Cu-adequate controls, it is consistent with other 
evidence that tissue cytochrome c content is not 
affected by Cu-deficiency [3]. 

The most striking feature noted in this study 
was the rapid and marked decline in the 
mitochondrial contents of cytochromes a and a 3 
in the Cu-deficient rats. Thus, after only 2 weeks 
of dietary treatment, Cu-deficiency resulted in 
40-45% depletion of both cytochromes, From 4 8 
weeks of treatment the liver mitochondrial con- 
tents of both cytochrome a and a3 of the Cu-defi- 
cient animals remained at values 30-40% of their 
appropriate controls. These findings confirm and 
extend the earlier observations of Gallagher et al. 
[29] that Cu depletion in rats causes a significant 
fall in the amount of haem a (the prosthetic group 
of cytochrome a and a~) extractable from liver 
mitochondria. 

Cytochrome c oxidase, contains 1 mol each of 
cytochromes a and a 3 and 2 tool Cu per mol 
enzyme [30]. It is therefore not surprising that the 
decline in cytochrome a and a 3 content in liver 

mitochondria of the Cu-deficient rats was reflected 
in a comparable decline in mitochondrial cyto- 
chrome c oxidase activity. A decline in liver cyto- 
chrome c oxidase activity is a consistent feature of 
Cu-deficiency in all species studied [3]. However, 
there was an indication that the decline in activity 
was greater than the fall in the combined contents 
of cytochromes a and a 3. Thus, after 8 weeks of 
dietary Cu-deficiency liver mitochondrial cyto- 
chrome c oxidase activity had declined to 20% of 
control values, whereas the combined cytochrome 
a and a 3 content was reduced to only 40% of that 
of Cu-adequate controls. This apparent decrease in 
turnover number of liver mitochondrial cyto- 
chrome c oxidase (enzyme activity per mole of 
enzyme) induced by Cu-deficiency is demonstrated 
in Fig. 3, in which activities of preparations from 
Cu-deficient rats after 2 6 weeks of study are 
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plotted against their respective cytochrome a and 
a 3 contents. The cytochrome c oxidase activity of 
mitochondria from Cu-depleted rats (y )  was re- 
lated to mitochondrial cytochrome a and a 3 con- 
tent (x)  by the equation: 

y = 2.452x - 0.053 (P < 0.001) 

However, extrapolation of the regression line 
describing this relationship to preparations from 
Cu-adequate control rats revealed that only 2 out 
of 15 values were on or below this line, suggesting 
that the activity of cytochrome c oxidase per unit 
amount of enzyme was depressed in Cu-deficient 
animals compared with controls. 

At least two explanations can be offered to 
account for the decline in activity of liver 
mitochondrial cytochrome c oxidase activity and 
cytochrome a and a 3 contents of Cu-deficient 
rats. Firstly, as suggested by Gallagher et al. [29], 
Cu-deficiency may adversely affect the synthesis of 
haem a, if so, it is implicit that the synthetic step, 
sensitive to Cu-deficiency, must be involved in 
side-chain modification of the porphyrin nucleus. 
Since no such role for Cu is yet known, a further 
possibility meriting consideration is that the 
[haem]z-protein complex is destabilized by confor- 
mational changes arising either from the failure of 
Cu incorporation or from the ostensibly minor but 
consistent change in membrane fatty acid com- 
position we have observed. Indications that 
anomalies develop in the relationship between cy- 
tochrome a/a  3 content and enzyme activity dur- 
ing Cu deficiency may well support the latter 
possibility. Further evidence may be inferred from 
a brief report by Wohlrab and Jacobs [31] (cited in 
Ref. 28) which indicated that a haem-free apo-cy- 
tochrome oxidase lipoprotein accumulates in yeast 
grown on a Cu-deficient medium. 

The effect of Cu-deficiency on mitochondrial ageing, 
swelling and fatty acid composition 

Gallagher and Reeve [32] reported liver 
mitochondria from Cu-deficient rats exhibited im- 
paired phospholipid synthesis and contained sig- 
nificantly more polyunsaturated fatty acids than 
those of Cu-adequate controls [20]. They suggested 
that these phenomena may account for the per- 
meabil i ty  defects  in 'aged '  Cu deficient  
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mitochondrial preparations observed in an earlier 
study [29]. 

The results of this present study contrast sharply 
with these earlier findings although the discrepan- 
cies may be at least partly explained by differences 
in methodology. In the 'ageing' studies of Gal- 
lagher et al. [29] mitochondrial preparations were 
aged at 0°C for periods up to 5 h, after which time 
Cu-deficient preparations exhibited impaired re- 
spiratory activity, with all substrates tested, com- 
pared with Cu-adequate controls. The authors 
ascribed these effects to increased mitochondrial 
permeability and the resultant leakage of essential 
co-factors needed to support maximal rates of 
respiration. In the present study, mitochondria 
were aged by incubation at 30°C for considerably 
shorter periods of time (15 and 30 min). Under 
these experimental conditions, no differences were 
observed due to Cu-deficiency in the rates of de- 
cline of state 3 respiration when either ~-hydroxy- 
butyrate or succinate were used as substrates, indi- 
cating that there was  no significant loss of es- 
sential co-factors required for mitochondrial respi- 
ration. Further evidence that there was no marked 
increase in hepatic mitochondriai membrane per- 
meability in response to Cu-deficiency may be 
inferred from the observation that the cytochrome 
c content of Cu-deficient mitochondria, a soluble 
mitochondrial component readily lost when mem- 
brane permeability is compromised [33], was unaf- 
fected by the Cu status of the animals (Table III). 
In addition, our failure to demonstrate increased 
respiratory activity in response to the addition of 
NADH to mitochondrial preparations from either 
control or Cu-deficient rats again suggests that 
Cu-deficiency results in no marked effects on 
mitochondrial permeability. 

Studies by Century and Horwitt [15] indicate 
that varying the source of dietary fat results in 
a l tered fat ty  acid compos i t i on  of liver 
mitochondria ,  which may be reflected in 
mitochondrial swelling properties. The failure in 
this present study to demonstrate any significant 
effects due to Cu-deficiency on either swelling 
characteristics or ageing properties of liver 
mitochondria indicated there were no substantial 
changes in mitochondrial fatty acid composition. 

Direct fatty acid analyses of liver mitochondria 
support this suggestion. The only consistent change 
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in Cu-deficient preparations was an elevated con- 
tent of docosapentenoic acid (22 : 5). However, this 
is only a minor component of the total fatty acid 
content and thus there were no significant changes 
in the total 'unsaturation index' (tool fraction 
fatty acid x number of double bonds) or polyun- 
saturated fatty acid unsaturation index. Whether 
or not a change in content of the 22:5 acid of a 
magnitude observed in this study, at a specific site 
in the mitochondrial membranes, ' could confer 
functional changes as, for example, decreased ef- 
ficiency of cytochrome c oxidase, cannot be ascer- 
tained. 

In this study, we were clearly unable to confirm 
the findings of Gallagher et al. [29] with respect to 
mitochondrial fatty acid composition and its mod- 
ification by Cu deficiency. Possibly relevant to 
these discrepancies is the fact that Gallagher et al. 
offered rats a basal diet which, even when Cu 
supplemented, supports only slow growth [35]. This 
diet consisted primarily of whole liquid milk, nota- 
ble for its low content of essential fatty acids. Thus 
it is of interest that the fatty acid composition of 
the mitochondria even of control rats of Gallagher 
et al. resembled that of rats given essential-fatty- 
acid-deficient diets [36,37] (Table IV). The full 
implications of these differences for the integrity 
of mitochondrial membrane stability in normal 
and low-Cu rats are as yet unclear. However, since 
increased mitochondrial permeability was not de- 
monstrable in the Cu-adequate rats in the original 
study of Gallagher et al. [29], despite possible 
inadequacies in dietary supply of essential fatty 
acids, it may well be that under some cir- 
cumstances Cu exerts a hitherto unrecognized role 
in polyunsaturated fatty acid metabolism. 

In view of some apparently contradictory find- 
ings between this study and those of earlier studies 
[20,29], detailed investigations on the influence of 
Cu-deficiency on mitochondrial respiratory func- 
tions are clearly warranted. 
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