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The ef fect  of  z inc  d e f i c i e n c y  on  the  l e v e l s  of  n-6 and  n-3 
p o l y u n s a t u r a t e d  fa t ty  a c i d s  (PUFA) in l i p i d s  f r o m  tis-  
sues  of  rats  fed a d ie t  c o n t a i n i n g  l i n s e e d  oi l  w a s  invest i -  
gated .  Rats  w e r e  fed e i t h e r  a contro l  d ie t  (25 m g  Zn/kg) 
or  a z i n c - d e f i c i e n t  d ie t  (0.8 m g  Zn/kg) for 10 d. To a v o i d  
e n e r g y  and n u t r i e n t  def ic iency ,  11.6 g of  d ie t  per  day w a s  
a d m i n i s t e r e d  by  gas t r i c  tube .  At the  e n d  of  the  exper i -  
m e n t ,  rats  fed the  z i n c - d e f i c i e n t  d ie t  had  dras t i ca l ly  re- 
d u c e d  p l a s m a  z i n c  c o n c e n t r a t i o n  a n d  a l k a l i n e  phos -  
p h a t a s e  a c t i v i t y  c o n s i s t e n t  w i t h  s e v e r e  z inc  d e f i c i e n c y  
in t h e s e  rats .  Z inc-def ic ient  rats  had  h i g h e r  l eve l s  o f  n-3 
PUFA,  in  p a r t i c u l a r  e i c o s a p e n t a e n o i c  ac id  (EPA), and  
l o w e r  l e v e l s  of  n-6 PUFA,  in  p a r t i c u l a r  l i n o l e i c  acid,  in 
l i v e r  and p l a s m a  p h o s p h a t i d y l c h o l i n e  (PC) and in  ery-  
t h r o c y t e  m e m b r a n e  tota l  l ip ids  than  d id  contro l  rats .  By  
c o n t r a s t ,  t h e  l e v e l s  o f  n-3 PUFA in  PC f r o m  t e s t e s  a n d  
h e a r t ,  and  in  p h o s p h a t i d y l e t h a n o l a m i n e  (PE) f r o m  
l iver ,  t e s t e s  and  hear t ,  w e r e  o n l y  s l i g h t l y  d i f f e r e n t  be-  
t w e e n  z i n c - d e f i c i e n t  a n d  c o n t r o l  rats .  T h e  s t u d y  sug- 
g e s t s  that  d e s a t u r a t i o n  o f  a - l i n o l e n i c  ac id  is no t  inhib-  
i t e d  by  z i n c  d e f i c i e n c y ,  a n d  that  in  z i n c - d e f i c i e n t  rats ,  
n-3 PUFA p r e f e r e n t i a l l y  i n c o r p o r a t e d  i n t o  p h o s p h o -  
l i p i d s  at the  e x p e n s e  o f  n-6 PUFA, e s p e c i a l l y  EPA in to  
PC.  The  s t u d y  a l so  s h o w s  tha t  the  e f f ec t  of  z i n c  defi-  
c i e n c y  on  PUFA l e v e l s  is  d i f f erent  for PC and PE in rat  
t i s sues .  
Lipids 29, 839-844 (1994). 

Zinc deficiency has  been shown to accentua te  essent ia l  
f a t ty  acid (EFA) deficiency in ra ts ,  and  an  in te rac t ion  
be tween  zinc and  EFA me tabo l i sm  has  been  proposed 
(1). A n u m b e r  of s tudies  on the role of zinc in EFA me-  
tabol i sm have  been u n d e r t a k e n  to examine  the  effects 
of zinc deficiency on the fa t ty  acid composit ion of phos- 
pholipids, neu t r a l  lipids and total  lipids in var ious  tis- 
sues (2-10). In some of these studies, zinc deficiency was 
shown to elevate linoleic acid levels and to lower arachi- 
donic acid levels in ra t  t i ssue lipids (3-5,9), and  it  was  
thus  concluded tha t  zinc plays a role in the desa tura t ion  
of linoleic acid. This  would also be cons is tent  wi th  re- 
por ts  on lowered in vitro A5 and A6 desa tu r a se  activi- 
t ies in severa l  t i ssues  of zinc-deficient ra t s  (3,4,11). By 
contrast ,  other  invest igators  have  repor ted tha t  arachi-  
donic acid levels were not lowered (6,7), or even elevated 
(8), in t i ssues  of zinc-deficient  rats .  The  l a t t e r  s tudies  
suggested t ha t  zinc would not play a significant role in 
fa t ty  acid desaturat ion.  

In previous studies in teres t  main ly  focused in the ef- 
fects of zinc on the desa tura t ion  of linoleic acid, and thus  
in most  of these exper iments  ra ts  were fed diets contain- 
ing oils r ich in linoleic acid, such as corn oil (2-6,9) or 

*To whom correspondence should be addressed. 
Abbreviations: DHA, docosahexaenoic acid; DPA, docosapentaenoic 
acid; EFA, essential fatty acids; EPA, eicosapentaenoic acid; HPLC, 
high-performance liquid chromatography; MUFA, monounsatu- 
rated fatty acids; PC, phosphatidylcholine; PE, phosphatidyl- 
ethanolamine; PUFA polyunsaturated fatty acids; SFA, saturated 
fatty acids. 

safflower oil (7). However, fa t ty  acid desa turases  do not 
only ca ta lyze  d e s a t u r a t i o n  of f a t ty  acids of the  n-6 se- 
ries, bu t  also ca ta lyze  de sa tu r a t i on  of n-3 f a t ty  acids. 
Yet, to our knowledge, the effect of zinc deficiency on the 
desa tu ra t ion  of fa t ty  acid of the n-3 series has  not been 
invest igated.  In the present  study, ra t s  were  fed a zinc- 
deficient  diet  conta in ing  l inseed oil which conta ins  
nea r ly  60% a-l inolenic  acid, and  the  levels of n-3 very  
long chain po lyunsa tura ted  fa t ty  acids (PUFA) were ex- 
amined  in var ious  t i ssue  lipids to moni tor  the  effect of 
zinc deficiency on the  de sa tu r a t i on  of a- l inolenic  acid. 
Thus,  the  p r e sen t  s tudy  should help  in c lar i fying 
whether  zinc deficiency impairs  desa tura t ion  or not. 

I t  is a common difficulty when s tudying tha t  ra t s  af ter  
a few days  on a zinc-deficient  diet  reduce food in take  
(12,13). Thus,  the effect of zinc deficiency is confounded 
by unde rnou r i shmen t  in exper iments  in which ra t s  are 
expected  to vo lun ta r i ly  consume zinc-deficient  diets  
(14-17). Reduced food intake is also known to affect de- 
sa tu ra t ion  of PUFA (7). In the  p resen t  study, ra t s  were 
therefore force-fed by gastric tube to control food intake.  
Force-feeding has  been shown to be a practical approach 
when  s tudy ing  the  effect of sho r t - t e rm  zinc deficiency 
without  having resul ts  confounded by insufficient nutri-  
ent  i n t ake  (14-18).  In a previous  s tudy  (19) r a t s  were  
force-fed e i ther  a zinc-deficient diet with coconut oil, or 
a zinc-deficient diet with fish oil. In tha t  study, zinc-de- 
ficient ra ts  fed the coconut oil diet developed a fa t ty  liver 
whereas  those fed the fish oil diet did not. This  finding 
suggested tha t  the effect of zinc deficiency on liver lipid 
levels depends on the dietary fat. Thus, the effect of zinc 
deficiency on l iver lipid levels in ra ts  which were force- 
fed a diet containing linseed oil was also investigated. 

MATERIALS AND METHODS 

Animals, diets and tube feeding. Twenty-five male  SPF 
Sprague-Dawley  ra t s  weighing 123 _+ 6 g (Savo GmbH,  
Kisslegg, Ge rmany)  were divided into two groups.  The 
control group consis ted of 12 ra ts ;  the deplet ion group 
consisted of 15 ra ts  because of the higher r isk of mortal-  
ity. The ra t s  were  housed indiv idual ly  in Macrolon 
cages. A daily 12-h l igh t /dark  cycle and a t e m p e r a t u r e  
of 23~ and 60% relative humidi ty  were maintained.  

All ra t s  were force-fed a semisynthet ic  diet by gastr ic 
tube four t imes a day (0800, 1300, 1800, 2300) as earl ier  
described in detail  (17). The composition of the basic ex- 
pe r imenta l  diet is shown in Table 1. The depletion diet 
conta ined  0.8 mg Zn/kg, the control diet  was  sup- 
p lemented with zinc sulfate to give a zinc concentrat ion 
of 25 mg/kg.  The composi t ion of the l inseed oil was  
as follows (in g/100 g fa t ty  acids): pa lmi t ic  acid (16:0), 
5.3; stearic acid (18:0), 3.7; oleic acid (18:1), 19.7; linoleic 
acid (18:2n-6), 14.5; and  a-l inolenic acid (18:3n-3), 
56.8; o ther  f a t ty  acids were  p resen t  only in t races  
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TABLE 1 

Composi t ion of  the Exper imental  Diet  

Ingredient Amount (g/kg) 

Casein 200 
Corn starch 328 
Sugar 300 
Fiber (cellulose) 30 
Linseed oil 80 
Mineral mixture a 40 
Vitamin mixture b 20 
DL-Methionine 2 
aMinerals per kg diet: Na2HPO 4 �9 2 H20, 8.80 g; KH2PO 4, 8.20 g; 
KC1, 6.00 g; MgC12 ~ 6 H20, 3.40 g; CaCO3, 13.6 g; FeSO 4 �9 7 H20 
248.8 mg; CuSO 4 �9 7 H20  , 47.2 mg; MnSO 4 �9 5 H20 , 123.1 mg; KI, 
9.0 mg; NiSO 4 �9 6 H 2 0  , 4.48 mg; NaMoO 4 �9 2 H20,  0.50 mg; 
SnC12 �9 2H20, 0.57 mg; Na2SeO 3 �9 5 H20, 0.67 mg; CrC13 ~ 6 H20, 
0.51 mg; NH4VO 3, 0.23 rag; Na2SiO 3 ~ 5 H20, 1.51 mg. 
bVitamins per kg diet: 1.7 mg all-trans retinol; 7.5 pg cholecalcif- 
erol; 150 mg all-rac-a-tocopherol; 5 mg menadione sodium bisul- 
rite; 5 mg thiamin �9 HC1; 10 mg riboflavine; 6 mg pyridoxine �9 HCl; 
50 mg Ca pantothenate; 20 mg nicotinic acid; 1000 mg choline chlo- 
ride; 0.2 mg folic acid; 0.025 mg cyanocobalamin; sugar to 20 g. 

(<0.1 g/100 g fa t ty  acids). Diet slurries were freshly pre- 
pa r ed  before each feeding by mix ing  the  dry  d ie ta ry  
componen t s  (92 g) wi th  l inseed oil (8 g) and  60 m L  of 
doubly distilled wa te r  (with or without  zinc sulfate). Im- 
m e d i a t e l y  before feeding, the  s lu r ry  was  hea t ed  in a 
glass bott le a t  50~ for a few minutes .  The gastr ic  tube 
consisted of a 5-mL syringe connected to a slide catheter. 
Dur ing  tube  feeding, the  r a t s  were  conscious and  held 
by hand.  The ca the te r  was inser ted  into the s tomach of 
the  ra ts ,  and  the  s lu r ry  was  slowly injected. To avoid 
con tamina t ion ,  zinc-deficient  r a t s  were  a lways  fed be- 
fore the  control ra ts .  Each  r a t  received 4 m L  of s lu r ry  
per  feeding (equal to 11.6 g of food per day). The ra ts  had  
free access to d r ink ing  w a t e r  (doubly dist i l led water ,  
s u p p l e m e n t e d  wi th  0.14 g/L sodium chloride to ad jus t  
osmolari ty to tha t  of tap water).  

After 8 d, the ra ts  fed the depletion diet showed symp- 
toms  of zinc deficiency such as spa r se  and  coarse hair ,  
skin  lesions a round  the  mouth ,  eyes  and  paws,  ataxy,  
and  le thargy;  the  r a t s  appea red  severe ly  ill. At days  9 
and 10 of the experiment ,  two ra ts  fed the zinc-deficient 
diet  died. Therefore ,  the  e x p e r i m e n t  had  to be te rmi-  
nated.  At day  11 of the  e x p e r i m e n t  12 h a f t e r  the  las t  
' feeding, all r a t s  were  killed by decapi ta t ion  a f t e r  l ight  
d ie thyl  e the r  anes thes ia .  Blood was  collected f rom the 
neck into heparinized tubes, and liver, hear t ,  tes tes  and 
the  m e s e n t e r y  of the  smal l  in tes t ine  were  excised. 
P l a s m a  and  t i ssue  samples  were  s tored a t  -80~ unt i l  
analyzed. 

Lipid analyses. Lipids of liver, hear t ,  testes,  e ry thro-  
cyte m e m b r a n e s ,  m e s e n t e r y  of smal l  in tes t ine ,  and  
p l a sma  were  ext rac ted  with  n-hexane/ isopropanol  (3:2, 
vol/vol; containing buty la ted  hydroxytoluene as antioxi- 
dant) according to H a r a  and Radin (20). Pr ior  to extrac- 
tion, erythrocytes were washed three  t imes with sodium 
chloride solut ion (9 g/L), and  hemolyzed.  E ry th rocy t e  
membrane  f ragments  were washed  three  t imes with hy- 
potonic Tris buffer, pH 7.4 (21). 

Phosphol ipids  of the ex t rac t  were  sepa ra ted  by high- 
performance liquid chromatography (HPLC) (22) using a 

Merck-Hitachi  (Darmstadt ,  Germany)  sys tem consisting 
of a gradient  pump (L-6200), a diode a r ray  (L-3000), a 25 
cm x 0.4 cm ( in ternal  d iamete r )  Si 60 (5 pan) car t r idge  
(LiChroCART, Merck), an  in t eg ra to r  (D-2000), and  a 
f ract ion collector (Model 201; Gilson, Villiers-le-Bel, 
France).  The g rad ien t  sys t em consis ted of the  mobile 
phases  (i) acetonitr i le ,  (ii) acetonitr i le/85% phosphoric  
acid (99.8:0.2, vol/vol), and (iii) methanol/85% phosphoric 
acid (99.8:0.2, vol/vol). This  method  allowed base  line 
separa t ion  of all major  phospholipid classes. In  the pre- 
sent  study, phosphat idylchol ine  (PC) includes all sub- 
classes of choline glycerophosphol ipids  and  phos- 
pha t idy l e thano lamine  (PE) all e t hano l amine  glyc- 
erophospholipids. All lipids to be analyzed for their  fat ty  
acid composi t ion were  t r a n s m e t h y l a t e d  wi th  boron tri- 
f luor ide /methanol  (100 g/L) r eagen t  (23). Fa t t y  acid 
me thy l  es ters  were s epa ra t ed  by capi l la ry  gas  chro- 
m a t o g r a p h y  (S ichromat  2-8; Siemens,  Kar l s ruhe ,  Ger- 
many)  using a p rogrammed  t empera tu re  vaporizing in- 
ject ion sys tem,  a f lame-ionizat ion detector  and  a 50 m 
CP-Sil 88 WCOT capillary column (Chrompack,  Middle- 
burg,  The Nether lands) .  Frac t ions  were  identif ied by 
comparing their  retention t imes with those of individual 
pure s tandards,  and were quantified relative to heptade-  
canoic acid methyl  ester  used as internal  s tandard  (24). 

For m e a s u r e m e n t  of liver total  cholesterol and triglyc- 
er ides,  ex t rac ted  lipids were  dissolved in Tri ton X-100 
as described by De Hoffe t  al. (25). Total cholesterol and 
tr iglycerides were de te rmined  using enzymat ic  reagent  
ki ts  obta ined  f rom Boehr inger  (Mannheim,  Germany) .  
Concentrat ions of liver phospholipids were calculated by 
the  amoun t  and  the  mean  molecular  m a s s  of its bound 
f a t ty  acids a f te r  s epa ra t ion  of phosphol ip ids  by HPLC 
and gas chromatographic  fa t ty  acid analysis  (22). 

Zinc analyses and activity of alkaline phosphatase. 
The zinc concent ra t ion  of blood p l a s m a  was m e a s u r e d  
directly by asp i ra t ing  a dilute solution (1:5, vol/vol) into 
a f lame of an  a tomic  spec t ropho tome te r  (model 5100; 
Perkin-Elmer,  Uberlingen,  Germany).  The activity of al- 
ka l ine  p h o s p h a t a s e  (E.C. 3.1.3.1) in p l a s m a  was  mea-  
su red  us ing  commerc ia l  ki t  r eagen t s  (Boehringer)  and  
an auto analyzer  (Hitachi, Model 704; Boehringer). 

Data analysis. T r e a t m e n t  effects were  eva lua t ed  by 
ana lys i s  of va r i ance  us ing  Mini tab  ( re lease  7.2) soft- 
ware  (MINITAB, Inc., Sta te  College, PA). 

RESULTS 

Growth and zinc status. The ini t ia l  body weight  was  
122.5 • 6.7 g (mean • SD) for the control ra t s  and 123.2 _+ 
5.6 g for the ra t s  fed the  zinc-deficient diet. Dur ing the  
first eight days of the experiment ,  the weight  gain of the 
r a t s  fed the  two diets  was  s imilar ;  the  body weigh t  a t  
day  8 was 154.4 _+ 7.2 g for the control ra t s  and 152.1 • 
4.7 g for the zinc-deficient rats.  Thereaf ter ,  the zinc-de- 
ficient ra t s  ceased to grow, whereas  the control ra ts  con- 
t inued  the i r  weight  gain. The final body weight  a t  day  
11 was 169.5 • 6.6 g for the control ra t s  and  152.0 • 6.6 
g for the zinc-deficient ra t s  (P < 0.05). The zinc concen- 
t r a t i on  in p l a s m a  was  15.3 -+ 2.0 pmol/L in the  control  
ra t s  and 4.4 _+ 0.6 pmol/L in the zinc-deficient rats .  The 
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TABLE 2 

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h a t i d y l c h o l i n e  f r o m  L i v e r  a n d  P l a s m a  o f  C o n tr o l  
a n d  Z i n c - D e f i c i e n t  R a t s  a 
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Liver  P l a s m a  

F a t t y  Acid Control  Zinc-def ic ient  Control  Zinc-def ic ient  
(mol/100 mol) (mol/100 mol) (mol/100 mol)  (mol/100 mol)  

S a t u r a t e d  44.44 • 1.06 45.46 • 1.93 45.58 • 0.98 b 47.97 _+ 2.14 c 
~: M o n o u n s a t u r a t e d  10.84 +_ 0.745 9.67 • 0.90 c 10.24 _+ 0.785 8.86 • 0.80 c 
18:2n-6 14.06 • 1.135 10.30 • 1.98 c 19.12 • 1.135 14.93 • 2.54 c 
Metabo l i t e s  

18:3n-6 0.16 • 0.03 0.18 • 0.03 0.10 _+ 0.03 0,13 • 0.04 
20:3n-6 0.91 • 0.105 0.62 • 0.14 c 1.05 • 0.145 0.66 • 0.11 c 
20:4n-6 10.86 • 0.53 10.40 • 0.92 10.10 -+ 0.60 9.69 • 1.13 
22:4n-6 0.09 _+ 0.04 0.09 _+ 0.03 0.10 • 0.03 0.08 • 0.02 
22:5n-6 0.15 • 0.05 0.13 • 0.03 0.21 • 0.08 0.20 • 0.06 

18:3n-3 1.81 • 0.255 2.61 • 0.36 c 1.64 • 0.305 2.66 • 0.75 c 
Metabol i tes  

20:5n-3 7.46 • 0.74 b 11.85 -+ 1.21 c 4.91 • 0.545 9.69 _ 1.13 c 
22:5n-3 2.19 • 0.465 1.82 • 0.23 c 2.07 • 0.425 1.64 • 0.25 c 
22:6n-3 5.87 • 0.73 5.90 • 0.86 4.31 • 0.46 4.09 • 0.82 

)5 (n-6) 26.52 • 1.065 21.91 • 2.66 c 31.02 -+1.045 25.92 _+ 1.97 c 
(n-3) 17.84 • 1.465 22.70 • 1.38 c 13.16 • 0.915 17.21 • 1.47 c 

3~ (n-6)/~(n-3) 1.50 _ 0.165 0.97 • 0.17 r 2.37 • 0.195 1.52 • 0.20 c 

a M e a n  • SD (n = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  c o m p a r e d  by pa i r s  (Zn § 
vs. Zn-)  w i t h i n  one t i s sue .  Values  wi th  d i f fe rent  s u p e r s c r i p t s  (b, c) a re  s ign i f ican t ly  d i f ferent  (P < 0.05). 

a c t i v i t y  o f  a l k a l i n e  p h o s p h a t a s e  i n  p l a s m a  w a s  3 9 7  • 7 1  

U n i t s / L  i n  t h e  c o n t r o l  r a t s  a n d  1 6 3  • 4 8  U n i t s / L  i n  t h e  

z i n c - d e f i c i e n t  r a t s .  

F a t t y  ac id  compos i t i on  o f  l ip ids .  T h e  f a t t y  a c i d  c o m -  

p o s i t i o n  o f  P C  f r o m  l i v e r  a n d  p l a s m a  i s  s h o w n  i n  T a b l e  2.  

T h e  e f f e c t  o f  z i n c  d e f i c i e n c y  o n  f a t t y  a c i d  c o m p o s i t i o n  

w a s  s i m i l a r  i n  l i v e r  a n d  p l a s m a  P C .  T o t a l  m o n o u n s a t u -  

r a t e d  f a t t y  a c i d s  ( M U F A ) ,  l i n o l e i c  a c i d  ( 1 8 : 2 n - 6 ) ,  d i -  

h o m o - ' h l i n o l e n i c  a c i d  ( 2 0 : 3 n - 6 ) ,  d o c o s a p e n t a e n o i c  a c i d  

( D P A ,  2 2 : 5 n - 3 )  a n d  t o t a l  n - 6  P U F A  w e r e  l o w e r  i n  l i v e r  

a n d  p l a s m a  P C  o f  z i n c - d e f i c i e n t  r a t s ;  c r  a c i d  

( 1 8 : 3 n - 3 ) ,  e i c o s a p e n t a e n o i c  a c i d  ( E P A ,  2 0 : 5 n - 3 )  a n d  t o t a l  

n - 3  P U F A  w e r e  e l e v a t e d  i n  l i v e r  a n d  p l a s m a  P C  o f  z i n c -  

d e f i c i e n t  r a t s .  I n  p l a s m a  P C ,  t o t a l  s a t u r a t e d  f a t t y  a c i d s  

TABLE 3 

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h a t i d y l c h o l i n e  f r o m  Tes te s  a n d  H e a r t  o f  C o n tr o l  
a n d  Z i n c - D e f i c i e n t  R a t s  a 

Tes tes  H e a r t  

Control  Zinc-def ic ient  Control  Zinc-def ic ient  
F a t t y  acid (mol/100 mol) (mol/100 mol) (mol/100 mol) (mol/100 mol) 

S a t u r a t e d  47.70 • 0.39 47.88 • 1.40 41.16 • 0.93 41.02 _+ 0.85 
?" M o n o u n s a t u r a t e d  18.32 • 0.405 19.01 _+ 0.48 c 10.14 • 0.61 10.07 _+ 0.79 
18:2n-6 4.79 • 0.27 4.60 • 0.45 11.84 • 1.565 13.61 _+ 1.74 c 

Metabol i tes  
18:3n-6 0.18 • 0.07 0.16 +- 0.06 0.05 • 0.02 0.05 _+ 0.01 
20:3n-6 1.31 • 0.11 1.34 • 0.12 0.49 • 0.07 0.45 • 0.04 
20:4n-6 12.23 • 0.335 11.80 • 0.52 c 20.56 • 0.835 18.30 • 0.91 r 
22:4n-6 0.85 • 0.05 0.82 -+ 0.06 0.43 • 0.04 0.44 _+ 0.03 
22:5n-6 10.86 • 0.40 10.47 • 0.69 0.31 • 0.07 0.35 • 0.10 

18:3n-3 0.14 _+ 0.05 0.15 • 0.04 1.36 • 0 .18  b 1.64 • 0.22 c 
Metabol i tes  

20:5n-3 0.41 • 0.055 0.56 -+ 0.10 r 1.81 • 0.20 1.93 • 0.20 
22:5n-3 0,14 • 0.015 0.16 • 0.02 c 4.22 • 0.48 4.23 -+ 0.55 
22:6n-3 1.86 • 0.15 1.82 _+ 0.26 6.61 • 0.56 6.97 _+ 0.97 
(n-6) 30,59 _+ 0.435 29.60 • 1.18 c 33.95 _~ 1.15 33.43 • 1.30 

(n-3) 2.60 _+ 0.18 2.74 • 0.29 14.22 • 0.74 15.00 _+ 1.24 
5: (n-6)/~ (n-3) 11.84 • 0.885 10.89 _+ 1.06 c 2.40 ~- 0.16 2.25 • 0.27 

a M e a n  _+ SD (n = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  c o m p a r e d  by pa i r s  (Zn + 
vs. Zn-)  w i t h i n  one t i s sue .  Values  wi th  d i f fe rent  s u p e r s c r i p t s  (b,c) a re  s ign i f ican t ly  d i f ferent  (P < 0.05). 
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T A B L E  4 

Fatty Acid Composi t ion of  Phosphat idy le thanolamine  from Liver, Testes and Heart of  Control and Zinc.Defic ient  Rats a 
Liver  Tes tes  H e a r t  

Control  Zinc-def ic ient  Control  Zinc-def ic ient  Control  Zinc-def ic ient  
F a t t y  acid (mol/100 tool) (mol/100 mol)  (mol/100 tool) (mol/100 mol)  (mol/100 mol) (mol/100 mol)  

~, S a t u r a t e d  45.27 • 0.785 46.35 • 1.16 c 32.34 +_ 0.60 32.08 • 0.76 42.70 • 1.07 42.98 • 0.82 
~', M o n o u n s a t u r a t e d  4.93 • 0.54 5.19 • 0.74 10.43 • 0.825 11.23 • 0.78 c 6.28 • 0.59 6.27 • 0.72 
18:2n-6 5.75 • 0.625 4.52 • 0.99 r 3.44 • 0.23 b 2.97 • 0.28 c 6.39 • 0.79 7.04 • 0.84 
Metabol i tes  

18:3n-6 0.06 • 0.015 0.07 • 0.01 c . . . .  
20:3n-6 0.45 • 0.055 0.33 • 0.09 r 0.77 • 0 .07  b 0.70 • 0.08 r 0.26 • 0.03 0.26 • 0.04 
20:4n-6 11.41 _+ 0.775 11.55 • 0.73 c 21.63 • 0.67 21.38 • 1.12 15.84 • 0.91 15.48 • 1.23 
22:4n-6 0.09 • 0.02 0.09 • 0.01 2.58 • 0.175 2.45 • 0.06 c 0.53 • 0.17 0.56 • 0.07 
22:5n-6 0.14 • 0.07 0.18 • 0.05 21.68 • 0.63 21.57 • 0.82 1.07 +_ 0.12 1.07 • 0.10 

18:3n-3 1.18 ___ 0.205 2.63 • 0.50 c 0.15 • 0.03 0.15 • 0.02 1.30 • 0 .18  b 1.47 • 0.21 c 
Metabol i tes  

20:5n-3 10.97 • 0.68 11.53 • 1.23 0.70 • 0.085 0.85 • 0.10 c 1.24 • 0.17 1.23 • 0.17 
22:5n-3 4.29 • 0.755 3.49 • 0.48 c 0.44 • 0.06 0.46 • 0.10 4.48 • 0.51 4.61 +- 0.52 
22:6n-3 14.54 • 1.305 13.27 • 1 .5V 4.40 • 0.40 4.75 • 0.47 18.91 • 1.67 18.15 • 2.17 

~, (n-6) 18.08 • 1.155 16.85 • 1.26 r 50.37 • 1.20 b 49.35 • 1.11 c 24.30 • 1.30 24.57 • 2.01 
(n-3) 31.34 • 1.42 31.30 • 1.36 5.69 • 0.43 b 6.21 • 0.50 c 26.04 • 1.45 25.56 • 1.95 
(n-6)/~ (n-3) 0.58 +_ 0.06 0.54 • 0.05 8.90 • 0.715 8.00 • 0.70 c 0.94 _+ 0.09 0.97 • 0.15 

aMean  • SD (n  = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  compa red  by pa i r s  (Zn § vs. Zn-)  w i t h i n  one t i s sue .  Val- 
u e s  w i th  d i f fe rent  s u p e r s c r i p t s  (b, c) a re  s ign i f ican t ly  d i f fe rent  (P < 0.05). 

( S F A )  w e r e  a l s o  h i g h e r  i n  z i n c - d e f i c i e n t  r a t s  t h a n  i n  c o n -  

t r o l  r a t s ,  a n d  z i n c - d e f i c i e n t  r a t s  h a d  a d e c r e a s e d  t o t a l  

n - 6 / n - 3  P U F A  r a t i o  i n  l i v e r  a n d  p l a s m a  P C .  

T h e  f a t t y  a c i d  c o m p o s i t i o n  o f  P C  f r o m  t e s t e s  a n d  h e a r t  

i s  s h o w n  i n  T a b l e  3.  T h e  e f f e c t s  o f  z i n c  d e f i c i e n c y  o n  t h e  

f a t t y  a c i d  c o m p o s i t i o n  o f  t e s t e s  a n d  h e a r t  P C  w e r e  l e s s  

p r o n o u n c e d  t h a n  t h e  e f f e c t s  o n  t h e  f a t t y  a c i d  c o m p o s i -  

t i o n  o f  l i v e r  a n d  p l a s m a  P C .  T o t a l  M U F A ,  E P A  ( 2 0 : 5 n - 3 )  

a n d  D P A  ( 2 2 : 5 n - 3 )  w e r e  s i g n i f i c a n t l y  e l e v a t e d  i n  t e s t e s  

P C  o f  z i n c - d e f i c i e n t  r a t s ,  w h e r e a s  a r a c h i d o n i c  a c i d  

( 2 0 : 4 n - 6 )  a n d  t o t a l  n - 6  P U F A  w e r e  l o w e r .  T h e  t o t a l  

n - 6 / n - 3  P U F A  r a t i o  i n  t e s t e s  P C  w a s  l o w e r  i n  z i n c - d e f i -  

c i e n t  r a t s  t h a n  i n  c o n t r o l  r a t s .  T h e  o n l y  e f f e c t  o f  z i n c  d e -  

f i c i e n c y  o n  h e a r t  P C  s e e n  w a s  a n  e l e v a t i o n  o f  l i n o l e i c  

a c i d  ( 1 8 : 2 n - 6 )  a n d  a - l i n o l e n i c  a c i d  ( 1 8 : 3 n - 3 ) .  

T h e  f a t t y  a c i d  c o m p o s i t i o n  o f  P E  f r o m  l i v e r ,  t e s t e s  a n d  

T A B L E  5 

Fatty Acid Composi t ion of  Total Lipids  from Erythrocyte Membranes  and Mesentery 
of  Small  Intest ine of  Control and Zinc-Deficient Rats a 

Ery th rocy te  m e m b r a n e s  M e s e n t e r y  of  sma l l  i n t e s t i n e  

Control Zinc-def ic ient  Control  Zinc-def ic ient  
F a t t y  acid (mol/100 tool) (tool/100 mol)  (mol/100 tool) (mol/100 mol) 

5: S a t u r a t e d  48.79 • 0.97 48.82 • 1.32 34.12 • 1.74 34.50 • 0.91 
T. M o n o u n s a t u r a t e d  13.79 • 1.41 13.98 • 1.07 34.94 • 1.15 35.78 • 1.62 
18:2n-6 8.81 • 0.725 7.77 • 0.83 c 13.48 -+ 0.77 12.96 • 1.06 
Metabo l i t e s  

18:3n-6 0.07 • 0.025 0.09 • 0.02 c 0.06 • 0.01 0.08 • 0.03 
20:3n-6 0.46 • 0.04 0.40 • 0.10 0.10 • 0.03 0.10 • 0.02 
20:4n-6 14.64 • 1.07 14.66 • 1.11 0.24 • 0.09 0.24 • 0.04 
22:4n-6 0.80 • 0.09 0.83 • 0.08 - -  - -  
22:5n-6 0.52 • 0.04 0.53 • 0.05 - -  - -  

18:3n-3 1.66 • 0.14 b 1.92 • 0.20 c 16.00 -+ 1.19 15.14 • 1.48 

Metabol i tes  
20:5n-3 2.84 • 0.34 b 3.24 • 0.27 r 0.20 • 0.07 0.24 • 0.04 
22:5n-3 3.28 • 0.28 3.21 • 0.35 0.27 • 0.07 0.30 • 0.03 
22:6n-3 3.03 • 0.26 3.04 • 0.29 0.16 -+ 0.07 0.19 • 0.04 

5: (n-6) 25.62 • 1.23 24.63 • 1.88 14.10 • 0.83 13.62 • 1.09 
Y~ (n-3) 11.03 • 0.67 11.64 • 0.72 16.84 • 1.35 16.10 • 1.49 

(n-6)/~ (n-3) 2.33 • 0.11 b 2.12 • 0.18 c 0.84 • 0.10 0.86 • 0.13 

a M e a n  • SD (n  = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  c o m p a r e d  by pa i r s  (Zn + 
vs.  Zn-)  w i t h i n  one t i s sue .  Values  wi th  d i f fe ren t  supe r sc r i p t s  (b, c) a re  s ign i f ican t ly  d i f fe rent  (P < 0.05). 
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TABLE 6 

C o n c e n t r a t i o n s  o f  L ip ids  in  L iver  o f  Contro l  
a n d  Z inc -Def i c i en t  Rats  a 

Control Zinc-deficient 
Lipid (mg/g liver) (mg/g liver) 

Triglycerides 29.1 _+ 9.5 28.1 _+ 13.4 
Total cholesterol 2.49 _+ 0.53 b 2.01 + 0.42 c 
Phosphatidylcholine 12.1 _+ 1.2 b 13.6 _+ 1. I c 
Phosphatidylethanolamine 7.37 _+ 0.79 7.06 _+ 1.02 

aMean +_ SD (n = 12 for control group; n = 13 for zinc-deficient 
group). Values with different superscripts (b, c) are significantly 
different (P < 0.05). 

hea r t  is shown in Table 4. In  general ,  the  effects of zinc 
deficiency on PE were  less p ronounced  t h a n  those  on 
PC. Total SFA, 7-1inolenic acid (18:3n-6) and ~-linolenic 
acid (18:3n-3) were elevated in liver PE of zinc-deficient 
rats ,  whereas  linoleic (18:2n-6), dihomo-~/-linolenic acid 
(20:3n-6), docosate t raenoic  acid (22:4n-6) and tota l  n-6 
PUFA were  lower. Testes  PE from zinc-deficient  r a t s  
con ta ined  h igher  levels  of to ta l  MUFA, EPA (20:5n-3) 
and  to ta l  n-3 PUFA and lower levels of linoleic acid 
(18:2n-6), dihomo-y-linolenic acid (20:3n-6), docosate-  
t raenoic  acid (22:4n-6) and  to ta l  n-6 PUFA t h a n  t h a t  
f rom control ra ts .  Zinc-deficient  r a t s  also had  a lower  
total  n-6/n-3 PUFA rat io for tes tes  PE. In hea r t  PE, the 
only change seen due to zinc deficiency was a slight ele- 
vat ion of ~-linolenic acid. 

The fa t ty  acid composition of total  lipids from erythro- 
cyte m e m b r a n e s  and the mesen te ry  of small  intest ine is 
shown in Table 5. In ery throcyte  m e m b r a n e  total  lipids 
of zinc-deficient ra ts ,  linoleic acid (18:2n-6) was lower, 
bu t  to ta l  n-3 PUFA and, in par t icular ,  a- l inolenic acid 
(18:3n-3) and  EPA (20:5n-3) were  e levated.  Zinc-defi- 
cient ra t s  also had  a lower total  n-6/n-3 PUFA rat io for 
e ry th rocy te  m e m b r a n e  lipids. In cont ras t ,  zinc defi- 
ciency did not change the fa t ty  acid composition of total  
lipids from mesen te ry  of small  intestine. 

Liver lipids levels. Control ra t s  and zinc-deficient ra t s  
had  s imi la r  l iver  t r ig lycer ide  and  PE concen t ra t ions  
(Table 6). By cont ras t ,  to ta l  cholesterol  was lower in 
zinc-deficient  r a t s  t h a n  in control  ra ts ,  and  PC was  
higher  in zinc-deficient ra t s  t han  in control rats.  

DISCUSSION 

The present  s tudy was under taken  to invest igate  the ef- 
fect of zinc deficiency on the  fa t ty  acid pa t t e rn s  of r a t s  
fed a diet rich in ~-linolenic acid. For this purpose, a r a t  
model was used t ha t  permi t s  induction of a severe zinc 
deficiency wi thou t  hav ing  the  observed  effects due to 
zinc deficiency dis tor ted  by changes  due to energy  and  
nu t r i en t  in take.  The d i sadvan tage  of the model is t h a t  
it can only be used for shor t - t e rm s tudies  because  r a t s  
force-fed a diet containing extremely low zinc concentra- 
tions cannot  survive beyond 10 or 12 d. In zinc-deficient 
ra t s  tha t  consumed the diet ad libitum, plasma alkaline 
phospha tase  activity, which is an approximate  indicator 
of the  zinc s t a t e  (26,27), was  g rea t ly  reduced a l r eady  

af ter  2 to 4 d on a zinc-deficient diet (28,29). This means  
tha t  a zinc-deficient s ta te  existed only for approximate ly  
6 to 8 d. Although the model we used may  be physiologi- 
cally less relevant ,  it is useful to s tudy the effects of very 
severe zinc deficiency. In physiologically more re levan t  
models ,  the  effects of zinc deficiency on f a t ty  acid me-  
tabol i sm are  typical ly being inves t iga ted  us ing  moder-  
ately zinc-deficient ra t s  (9), which typically consume ad- 
equate  quant i t ies  of food. However, effects due to severe 
zinc deficiency migh t  r ema in  h idden  when  us ing  these  
models. 

In  the  p re sen t  s tudy  the effect of zinc deficiency on 
fa t ty  acid metabol ism was examined by following its ef- 
fect on the  f a t ty  acid composi t ion of PC and PE. These  
two phospholipid classes r ep resen t  approx imate ly  80% 
of the  to ta l  phosphol ip ids  in r a t  liver, h e a r t  and  tes tes  
and  a p p r o x i m a t e l y  90% of to ta l  phosphol ip ids  in r a t  
p l a s m a  (30), and  mos t  of the  PUFA is assoc ia ted  wi th  
there  phospholipid fract ions (31). In general ,  fa t ty  acid 
composi t ions can be modif ied by a va r i e ty  of processes  
(31), and changes in fa t ty  acid compositions alone do not 
allow specific conclusions to be d rawn about  any  of the 
individual processes. Nevertheless ,  the observat ion tha t  
the levels of EPA in liver phospholipids were unchanged 
or even e levated  sugges ts  t h a t  zinc deficiency does not 
affect A5 and A6 desa tura t ion  of a-linolenic acid, at  least  
not within the t ime f rame of the present  study. This dis- 
agrees  wi th  the  resu l t s  of some ear l ie r  s tudies  which 
showed tha t  zinc deficiency inhibited h5 and A6 desatu-  
ra t ion (3-5,9,11) in ra ts  fed diets containing oils rich in 
n-6 fa t ty  acids. In  the p resen t  study, the effects of zinc 
deficiency on the fa t ty  acid composition of phospholipids 
were more pronounced in liver and p lasma  than  in other 
t i s sues  inves t iga ted .  This  m igh t  be due to the  h igher  
turnover  ra tes  of phospholipids in liver t han  in other  tis- 
sues (32). 

An in te res t ing  observa t ion  in the  p resen t  s tudy  was  
tha t  zinc-deficient ra t s  had  elevated levels of EPA in PC 
but  not  in PE. This  could indica te  t h a t  zinc deficiency 
m a y  a l te r  the  incorporat ion of EPA into PC. Increased  
levels of EPA in PC were recently also observed in zinc- 
deficient  r a t s  which had  been  force-fed a fish oil diet  
(19). By cont ras t ,  the  levels of a- l inolenic  acid were  
h igher  in both  PC and PE. However,  in this and  recent  
s tudies  (18,19), independen t  of the d ie ta ry  fat, the lew 
els of linoleic acid were reduced in ra ts  which had  been 
force-fed with zinc-deficient diets. This is in contras t  to 
resul ts  obta ined on ra t s  t ha t  consumed a zinc-deficient 
diet  ad libitum (4,5,9,33). The lower levels of  linoleic 
acid we observed in the present  s tudy m a y  be due to in- 
creased oxidation.  The  increased  levels of linoleic acid 
which have  been repor ted  in the  l i t e r a tu re  were  sug- 
gested to be due to reduced desa tura t ion  (4,5,9,33). 

The level of arachidonic acid, which is often used as a 
m e a s u r e  of d e s a t u r a t i o n  (5,9,33), was  not  changed  by 
zinc deficiency in ei ther  PC or PE. However, it should be 
noted t h a t  feeding a diet  r ich in a- l inolenic  acid is 
known to suppress  the desa tura t ion  of linoleic acid (34) 
which is ref lected by lower levels of a rachidonic  acid 
compared  with  ra ts  fed diets containing fats  wi th  lower 
levels of n-3 fa t ty  acids (3-9,33). 
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I n  a p r e v i o u s  s tudy,  r a t s  w h i c h  we re  force-fed a zinc- 
def ic ien t  d i e t  b a s e d  p r e d o m i n a t e l y  on coconut  oil devel -  
oped  f a t t y  l i ve r s ,  w h e r e a s  r a t s  fed  a z i n c - d e f i c i e n t  d i e t  
b a s e d  p r e d o m i n a t e l y  on f ish  oil d id  no t  (19). I n  t h e  pre-  
s e n t  s t udy ,  t o t a l  l i p i d  a n d  t r i g l y c e r i d e  l eve l s  in  l i v e r  
w e r e  no t  d i f f e r e n t  b e t w e e n  c o n t r o l  a n d  z i n c - d e f i c i e n t  
r a t s .  Th i s  sugges t s  t h a t  l i n seed  oil, l ike  f ish  oil, c an  pre-  
v e n t  t h e  f o r m a t i o n  of  f a t t y  l i v e r  w h i c h  h a s  b e e n  ob- 
s e r v e d  in  r a t s  fo rce - fed  z i n c - d e f i c i e n t  d i e t s  b a s e d  on 
coconut  oil. 
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