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ABSTRACT. Published reports indicate that Cu deficiency reduces antioxidant 
defenses and may result in tissue peroxidation. Dimethyl sulfoxide (DMSO), a 
highly penetrant antiinflammatory agent and purported hydroxyl radical scavenger, 
was chronically fed to male, weanling Sprague-Dawley rats which were either 
supplemented with or deficient in Cu. DMSO was found to inhibit the cardiac 
hypertrophy, anemia and depression of heart Cu concentration which occurs with Cu 
deficiency. This suggests that the hydroxyl free radical may contribute to the 
cardiovascular defects caused by dietary Cu deficiency. 

INTRODUCTION. Dietary Cu deficiency produces a 
variety of cardiovascular defects, including 
structural and functional deficits of the heart 
and blood vessels, anemia and hypercholesterol- 
emia (1-5). That some of the cardiovascular 
defects may be the result of oxidative damage 
is supported by the fact that endogenous 
antioxidant enzymes, including superoxide 
dismutase, ceruloplasmin and catalase are 
reduced (6,7) and that enhanced tissue 
peroxidation occurs in Cu deficiency (8-10). 

Dimethyl sulfoxide (DMSO) has long been 
known for its antiinflammatory and analgesic 
properties ( 1 1 )  as well as for a variety of 
other effects (see 12 for review). It also has 
high water and lipid solubility, penetrates 
tissues rapidly (13) and has a relatively low 
toxicity (14). More recently it has been 
utilized to scavenge hydroxyl free radicals and 
has been successfully used to counteract the 
deleterious effects of ischemia and subsequent 
reperfusion in various organs (15,16). DMSO 
was used I n  the present study to determine 
whether chronic application of a known 
antioxidant with a defined substrate 
specificity and high penetrant properties could 
prevent any of the more obvious symptoms of 
dietary Cu deficiency. 

MATERIALS and METHODS. Forty, male weanling 
Sprague-Dawley rats' (Harlan Sprague-Dawley, 
Madison, WI) were fed, for four weeks, a 
purified diet (ad lib) which without 
supplementation was deficient in both Cu and 
Zn. The diet was based on 62% sucrose, 20% egg 
white and 10% corn oil (by weight) and 
contained all other nutrients known to be 
essential for rats (5). The animals1 water (ad 
lib) was supplemented with 10 pg/ml Zn (as 

acetate) and either 2 pg/ml Cu (as sulfate, 
n=20) or no Cu (n=20). Ten of the 
Cu-supplemented rats and ten of the 
Cu-deficient rats received DMSO (4.75% by 
volume) in their water. 

Final body weights were recorded just prior 
to sacrifice. The rats were anesthetized with 
Na pentobarbital (65 mg/kg, i.p.). Their 
chests were opened and blood was drawn by 
cardiac puncture. The heart and one lobe of 
the liver were dissected free, blotted, weighed 
and frozen for subsequent analysis. 

Freeze dried tissues were acid digested and 
assayed for Cu, Fe and Zn by atomic absorption 
spectroscopy (17). 

Statistical analysis employed one and 
two-way analysis of variance (See Table I) and 
Scheffels test for comparison of means (18), 
with significance set at p<.05. 

RESULTS. The results of this study are 
summarized in Table I. 

There was a pronounced treatment effect of 
DMSO on several of the measured variables 
(CuS-DMSO), when compared to control values 
(CuS). These include lower body weights and 
heart weights, higher liver Cu and Zn 
concentrations and higher heart Cu 
concentrations. 

Cu-deficient animals (CUD), when compared 
to controls (CuS), had lower body weights, 
higher heart weights and heart weight/body 
weight ratios (HW/BW), reduced hematocrits and 
reduced liver and heart Cu concentrations. 

Cu-deficient rats treated with DMSO 
(CUD-DMSO), when compared to their CUD 
counterparts, showed further depressed body 
weights, a reduction in their heart size, as 
indicated by both heart weight and HW/BW, a 
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TABLE I .  Compar i son  of  v a r i a b l e s a  a f f e c t e d  by Cu d e f i c i e n c y  i n  t h e  p r e s e n c e  a n d  a b s e n c e  of  DMSO. 

V a r i a b l e  CuS CuS-DMSO CUD CUD-DMSO 

Body w e i g h t  ( g )  233  k 5  179 + 5 b  189 t 7' 161 t 3 ' ~ ~  

H e a r t  w e i g h t  (mg) 967 + 26 745  + l g b  1405  + 79' 877  t 28d 

HW/BW (mg/g)  4.16 + 0 . 0 4  4.17 + 0 . 0 8  7.49 + 0.58' 5 . 4 5  + 0 . 1 7 ~ ~ ~  

H e m a t o c r i t  ( $ )  41.8 + 0 . 6  44.5 + 0 . 6  23.4 t 3.0' 32 .4  t 2 . 2 ~ ~ ~  

L i v e r  Cu ( p g / g )  6 . 3  + 0 . 7  12 .0  t 0 . 5 ~  0 . 8 5  + 0.13' 0 . 9 3  + 0.27' 

L i v e r  Fe  ( p g / g )  664 k 56  837 k 5 2  6 5 3  k 45 689 + 36 

L i v e r  Zn ( p g / g )  8 0  t 3 90 i qb  67 t 3' 79 2 3d 

H e a r t  Cu ( p g / g )  7 . 4  k 0 . 7  1 8 . 0  + 1 . 6 b  4 .1  + 0.2' 6 . 1  t 0 . 4 ~  

H e a r t  Fe  ( p g / g )  276 + 20 312 + 21 

H e a r t  Zn ( ~ g / g )  70  t 5  7 5  + 3 

a ~ a l u e s  a r e  means + SEM. 
b ~ n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  f rom c o n t r o l  (CuS) v a l u e s  by 2-way ANOVA a n d  ~ c h e f f e  c o n t r a s t .  

The h i g h  l i v e r  a n d  h e a r t  Cu v a l u e s  i n d i c a t e  a  s e v e r e  p o l y d i p s i a  l e a d i n g  t o  i n c r e a s e d  Cu i n t a k e .  T h i s  
t r e a t m e n t  is t h e r e f o r e  of  l i m i t e d  v a l u e  a s  a  c o n t r o l  and  t h e r e f o r e  s u b s e q u e n t  ANOVA i n d i c a t e d  be low 
i s  a  I-way a n a l y s i s  c o m p a r i n g  CuS, CUD and  CUD-DMSO v a l u e s  o n l y .  

' ~ n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  f rom c o n t r o l  (CuS) v a l u e s  by 1 -way A N O V A  a n d  ~ c h e f f b  c o n t r a s t . ,  
d ~ n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  f rom C u - d e f i c i e n t  g r c u p  (CUD) v a l u e s  by I-way ANOVA a n d  S c h e f f e  

c o n t r a s t .  

r i s e  i n  h e m a t o c r i t  a n d  a  r i s e  i n  l i v e r  Zn a n d  
h e a r t  Cu c o n c e n t r a t i o n s .  L i v e r  Cu a n d  Fe  were  
unchanged  by t r e a t m e n t  o f  C U D  a n i m a l s  w i t h  
DMSO. From a  p u r e l y  s u b j e c t i v e  s t a n d p o i n t ,  t h e  
CUD-DMSO a n i m a l s  l o o k e d  h e a l t h i e r  and  l a c k e d  
t h e  h a i r  c o l o r  c h a n g e  ( red-brown t i n g e  o n  t h e  
b a c k )  o f  CUD a n i m a l s .  

A c o m p a r i s o n  of  CUD-DMSO t r e a t e d  r a t s  t o  
CuS r a t s  i n d i c a t e d  t h a t  DMSO moved HW/BW a n d  
h e m a t o c r i  t t o w a r d  c o n t r o l  v a l u e s ,  a n d  t h a t  
l i v e r  Zn and  h e a r t  Cu c o n c e n t r a t i o n s  r e t u r n e d  
t o  c o n t r o l  v a l u e s .  

DISCUSSION. T h i s  s t u d y  i n d i c a t e s  t h a t  DMSO 
s i g n i f i c a n t l y  i n h i b i t s  t h e  a p p e a r a n c e  o f  t h r e e  
c a r d i o v a s c u l a r  d e f e c t s ,  c a r d i a c  h y p e r t r o p h y ,  
a n e m i a  a n d  r e d u c e d  h e a r t  Cu s t o r e s ,  w h i c h  
r e s u l t  f rom d i e t a r y  c o p p e r  d e f i c i e n c y .  

I n  e v a l u a t i n g  t h e  r e s u l t s ,  t h e  s i g n i f i c a n t  
t r e a t m e n t  e f f e c t s  o f  DMSO o n  s e v e r a l  v a r i a b l e s  
h a d  t o  b e  d e a l t  w i t h .  The s e v e r e  g r o w t h  
r e t a r d a t i o n  c a u s e d  by DMSO h a s  b e e n  o b s e r v e d  
p r e v i o u s l y  a n d  is mos t  l i k e l y  a t t r i b u t a b l e  t o  
r e d u c e d  f o o d  i n t a k e  ( 1 2 ) .  The e n h a n c e d  Cu 
c o n c e n t r a t i o n s  i n  l i v e r s  and h e a r t s  o f  CuS-DMSO 
a n i m a l s  a r e  p r o b a b l y  c a u s e d  by p o l y d i p s i a ,  
o b s e r v e d  q u a l i t a t i v e l y  i n  t h i s  s t u d y  and  
s u p p o r t e d  q u a n t i t a t i v e l y  by p r i o r  work ( 1 2 ) .  
T h i s  e f f e c t  makes t h e  CuS-DMSO a n i m a l s  o f  
l i m i t e d  v a l u e  a s  c o n t r o l s  f o r  Cu s t a t u s .  

I t  is i m p o r t a n t  t o  r e c o g n i z e ,  h o w e v e r ,  t h a t  
t h e  t e n d e n c y  of  DMSO t o  i n c r e a s e  Cu i n t a k e  by 
p o l y d i p i s i a  i n  CuS a n i m a l s  c o u l d  n o t  o c c u r  i n  
C U D  a n i m a l s ,  which  had n o  Cu i n  t h e i r  w a t e r .  
F o r  t h i s  r e a s o n  i t  is r e a s o n a b l e  t h a t  l i v e r  Cu 
i n  CUD a n i m a l s  was n o t  a l t e r e d  by DMSO, 

i n d i c a t i n g  t h a t  t h e  e f f e c t s  o f  DMSO a r e  n o t  d u e  
t o  a  g e n e r a l  a l t e r a t i o n  of  Cu s t a t u s .  

Two c o n t r o l  v a r i a b l e s  upon w h i c h  DMSO had  
n o  t r e a t m e n t  e f f e c t  and  which  were  t h e r e f o r e  
v a l i d  a s  c o n t r o l s  a r e  HW/BW and  h e m a t o c r i t .  The 
c o n s t a n t  HW/BW r a t i o  w i t h  DMSO i n  CuS a n i m a l s  
i n d i c a t e s  t h a t  t h e  r e d u c e d  h e a r t  w e i g h t  was 
s i m p l y  a  f u n c t i o n  of  t h e  r e d u c e d  g r o w t h  known 
t o  o c c u r  w i t h  DMSO ( 1 2 ) .  C a r d i a c  e n l a r g e m e n t  
w i t h  Cu d e f i c i e n c y  is q u i t e  e v i d e n t  f r o m  b o t h  
h e a r t  w e i g h t  a n d  HW/W v a l u e s .  The l o w e r  h e a r t  
w e i g h t s  c a u s e d  by DMSO t r e a t m e n t  o f  CUD a n i m a l s  
is a l s o  c l e a r ,  t h e  l o w e r  HW/BW s h o w i n g  t h a t  
h e a r t  w e i g h t  r e d u c t i o n  by DMSO was n o t  j u s t  a  
c o n s e q u e n c e  o f  r e d u c e d  body w e i g h t .  L i k e w i s e ,  
f o r  h e m a t o c r i t ,  t h e  l a c k  of  a  DMSO t r e a t m e n t  
e f f e c t  i n  c o n t r o l  a n i m a l s  may b e  c o n t r a s t e d  
a g a i n s t  t h e  s i g n i f i c a n t  i n h i b i t i o n  by DMSO of  
t h e  a n e m i a  i n d u c e d  by Cu d e f i c i e n c y .  

Because  DMSO is a  g e n e r a l i z e d  a n t i i n f l a m m -  
a t o r y  a g e n t  a n d  p o w e r f u l  s o l v e n t ,  t h e  mechanism 
o f  t h e  i n h i b i t o r y  e f f e c t  o f  DMSO o n  t h e  
c a r d i o v a s c u l a r  d e f e c t s  o f  Cu d e f i c i e n c y  c a n n o t  
b e  s t a t e d  w i t h  c e r t a i n t y .  DMSO was u s e d  i n  
t h i s  s t u d y  b e c a u s e  of  i t s  a b i l i t y  t o  s c a v e n g e  
h y d r o x y l  r a d i c a l s  a n d  a t  l e a s t  o n e  s t u d y  
r e l a t e s  t h i s  f u n c t i o n  t o  i t s  a n t i i n f l a m m a t o r y  
a c t i v i t y  ( 1 9 ) .  

T h a t  t h e  c a r d i a c  h y p e r t r o p h y  i n  Cu 
d e f i c i e n c y  may b e  a s s o c i a t e d  w i t h  d i r e c t  
o x i d a t i v e  damage is s u g g e s t e d  by e v i d e n c e  o f  
p e r o x i d a t i o n  i n  C u - d e f i c i e n t  h e a r t s  ( 8 , 1 0 1 .  I f  
t h a t  damage is c a u s e d  by  h y d r o x y l  r a d i c a l s ,  
DMSO c o u l d  d i r e c t l y  p r e v e n t  i t .  A l t e r n a t i v e l y ,  
t h e  r e l a t i v e  r e t e n t i o n  o f  h e a r t  Cu i n  CUD 
a n i m a l s  t r e a t e d  w i t h  DMSO may i n d i r e c t l y  
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prevent oxidation by the associated retention 
of Cu-dependent antioxidant enzyme levels in 
the heart. Yet another proposal is that the 
cardiac hypertrophy may be secondary to 
Cu-dependent anemia (3). 

Proposed mechanisms for the anemia of Cu 
deficiency include altered Fe metabolism (20) 
and oxidative damage to red cell membrane 
proteins (21). Because Fe status is not 
altered, this study supports the latter 
proposal most directly and implicates the 
hydroxyl radical as the culprit in the 
oxidative damage. However, because of the 
complex interaction among Cu, Fe, their 
dependent enzymes, as well as heme with 
production of oxygen-derived free radicals, a 
role of DMSO in the inhibition of an 
Fe-dependent component of anemia cannot be 
ruled out. 

The rise in liver Zn concentration caused 
by DMSO (presumably because of polydipsia) can 
be ruled out as correcting the heart and 
hematocrit changes of Cu deficiency because 
increased Zn is known to depress Cu levels and 
tends to exacerbate effects of Cu deficiency 
(1 1 .  

in conclusion, the significance of this 
work lies in our ability to partially inhibit 
signs of severe Cu deficiency by chronic 
application (feeding) of a rather simple 
substance (DMSO) with a high degree of tissue 
penetration and known antiinflammatory 
activity. Because DMSO also has an antioxidant 
property, these findings support, although 
indirectly, evidence in the literature of 
oxidative damage in Cu deficiency. 
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