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The object ive  of  this  s tudy  w a s  to  e x a m i n e  w h e t h e r  
w h o l e  body  ox idat ion  rates  o f  d ie tary  l inole ic ,  a - l inolenic  
and o le ic  ac ids  differ w h e n  the  ac ids  are prov ided  in 
ident ica l  quant i t ies .  Male rats  w e r e  fed for 10 w k  a 15% 
fat (w/w) d ie t  c o n t a i n i n g  equal  a m o u n t s  of  l inole ic ,  
a-Hnolenic  and ole ic  ac ids  (22.7, 23.0 and 23.2% of  total  
fat ty  acids,  respect ive ly ) .  At w e e k  10, after  overn ight  fast- 
ing,  rats  w e r e  intragastr ica l ly  a d m i n i s t e r e d  20 ~tCi o f  
e i ther  [1-14C]-labelled l inole ic ,  a - l inolenic  or  o le ic  ac id  in 
a 200-pL bo lus  of  oi l  con ta in ing  equal  quant i t i e s  o f  each  
fatty acid.  The appearance  of  14CO2 in exp ired  air  w a s  
then  m o n i t o r e d  hour ly  for 12 h for each  animal .  A pre- 
l iminary  s tudy  had s h o w n  that  g r o w t h  and food con- 
s u m p t i o n  pat terns  in an imal s  c o n s u m i n g  the  oi l  contain-  
ing  equal  quant i t i e s  o f  each  of  the  fatty ac ids  paral le led  
the  pat terns  o f  an imal s  that  w e r e  se l f - se lect ing  a m o n g  
separate  diets ,  each  o f  w h i c h  c o n t a i n e d  one  of  the  com- 
p o n e n t  oils.  The  appearance  o f  14C, e x p r e s s e d  as p e r c e n t  
dose  admin i s tered ,  p e a k e d  at 2-3 h pos t -dose  for 14C-la- 
be l l ed  l ino le ic  (5.28 • 0.37%/h), a- l inolenic  (6.92 • 0.51~dh) 
and o le ic  (5.98 • 0.44%/h) acids.  Stat i s t ica l ly  these  va lues  
w e r e  not  s igni f icant ly  different.  C u m u l a t i v e  14CO2 excre-  
t ion  rates  over  12 h w e r e  a lso  s imi lar  for l ino le ic  (27.2 • 
0.9%), a- l inolenic  (26.8 • 1.2%) and o le ic  (25.9 • 1.2%) acids.  
The resu l t s  sugges t  that  the  rat's capac i ty  to  ox id ize  
18-carbon unsa tura ted  fatty ac ids  is  not  af fected  by fatty  
ac id  unsa tura t ion  w h e n  t h e s e  fatty  ac ids  are  prov ided  at 
equal  d ie tary  leve ls .  
Lipids 29, 491-495 (1994). 

A number of previous studies have indicated that disposal 
of dietary fat for energy rather than storage depends on 
the long-chain fatty acid composition of the fat (1-11). Res- 
piratory gas exchange data obtained in animal experi- 
ments suggested that greater peroxisomal oxidation (1) 
and oxygen consumption (2) occurs with consumption of 
fats rich in polyunsaturated fatty acids (PUFA) compared 
with fats containing monounsaturated (MUFA) or satu- 
rated fatty acids (SAFA). Similarly, energy intake/balance 
experiments have generally shown that consumption of 
n-3 PUFA results in lesser weight and energy gains when 
compared with fats containing other fatty acids (3-5). 

Discrimination between various fatty acids in the oxi- 
dation process has also been suggested from animal and 
human experiments with tracer-labelled fatty acids 
(6-11). In rats fed normal chow diets and given 14C-la- 
belled long-chain fatty acids orally, differences between 
oxidation rates for a-linolenic acid, oleic acid and linoleic 
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acid were seen over the first 8 h of a 24 h study, with 
a-linolenic acid being converted to carbon dioxide most 
rapidly, followed by oleic acid and linoleic acid (6). Arachi- 
donic and 7-1inolenic acid exhibited the lowest rates of ox- 
idation. Other studies with labelled fatty acids suggested 
a similar trend of PUFA toward oxidation rather than re- 
tention within body pools (7-10). In humans, expired 
13CO2 from labelled oleic acid after oral administration 
appeared more rapidly than from labelled linoleic or 
stearic acids (11). The general consensus that emerged 
from these studies is that the blend of fatty acids con- 
sumed, which depends on the type of dietary fat or oil se- 
lected, can modify an individual's susceptibility to long- 
term body weight gain. 

However, limitations exist in the interpretation of the 
results from previous experiments when one compares 
tracer appearance rates in expired CO 2 derived from la- 
belled dietary fatty acids. A major difficulty has often been 
the vastly different quantity of specific fatty acids con- 
sumed. For instance, tracer fatty acids were typically 
added directly to dietary olive oil (6), or lard and corn oil 
followed by fasting (7), or were transesterified directly 
with soybean (8), olive (9) or corn oil (10). Also, tracer fatty 
acids were added directly to chow diets. Such diets con- 
tain, of course, widely varying pools of specific fatty acids. 
Thus, the quantities of tracee (i.e., the unlabelled fatty 
acid pool with which the tracer fatty acid became associ- 
ated varied between experiments and fatty acids tested. 
Differences in the tracer/tracee ratio imply that it may be 
erroneous to conclude preferential fatty acid oxidation on 
the basis of a greater proportion of label excreted, if the 
tracer was mixed with a fatty acid pool of different size. 
Moreover, endogenous pools of specific fa t ty  acids which 
are targeted for oxidation will likely be depleted or ex- 
panded in response to the exogenous fatty acid blend de- 
livered by feeding the diet. For these reasons, interpreta- 
tion of results from many of the earlier tracer studies has 
remained difficult. Various approaches aimed at control- 
ling the tracer/tracee ratio for specific fatty acids at the 
time of label administration have previously been used 
(12); however, animals previously have not been prefed a 
diet with which internal body pool sizes could be stan- 
dardized. 

To permit the study of the oxidation capacity for specific 
dietary fatty acids under identical conditions, an approach 
was chosen here in which equivalent quantities of three 
important dietary fatty acids, differing in unsaturation, 
were provided during both the precedent dietary and the 
comparison phases. The objective was to test the hypoth- 
esis that when provided in equal amounts, the capacity of 
the rat to oxidize dietary linoleic (18:2n-6), a-linolenic 
(18:3n-3) and oleic acids (18:1n-9) is similar and indepen- 
dent of the degree of unsaturation. 
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MATERIALS AND METHODS 

Animals and diets. Thirty male Sprague Dawley rats  
(80-100 g; Har lan  Sprague Dawley, Indianapolis, IN) 
were initially fed rodent Pur ina  Laboratory Chow (Purina 
Mills, St. Louis, MO) and water  ad libitum. Animals were 
housed at  constant tempera ture  (20~ and humidity 
(54-56%) at  a 12-h l igh t -dark  cycle throughout the exper- 
iment. After one week, ra ts  were individually housed in 
steel cages and switched to an elemental  diet containing 
15% fat blended to contain equal proportions of linoleic, 
a-linolenic and oleic acids as triglycerides for ten weeks 
(Table 1). All oils were obtained from local sources. The 
equal proportion oil diet was prepared by blending sun- 
flower, flax and olive oil, high in linoleic, a-linolenic and 
oleic acids, respectively, a t  a ratio of 1.11:3.00:0.92 
(w/w/w). Within individual oils, weight ratios of lino- 
leic, a-linoleic and oleic acids for sunflower, flax and 
olive oil were 0.456:0.007:0.153, 0.179:0.379:0.180, and 
0.116:0.008:0.479, respectively. Overall fat ty acid composi- 
tion of the oil provided was 18:2n-6, 22.69%; 18:3n-3, 
23.24%; 18:1n-9, 23.16%; 18:0, 2.48%; and 16:0, 5.88%. 
Butylated hydroxytoluene was added at  a level of 0.02%, 
and diets were prepared every two to three days. Oils were 
stored at  -5~ The fat ty acid ratio in the final diet was de- 
termined by gas-l iquid chromatography (GLC). All proce- 
dures were approved by the Animal Care Experimenta-  
tion Committee of the University of British Columbia 
(Vancouver, British Columbia, Canada). 

Fatty acid oxidation. A l ~ r  ten weeks on the blended-oil 
diet, ra ts  were randomized into three groups on the basis 
of weight. Food was removed eight hours prior to the ex- 
periment. Animals in each group were administered 
20 ~tCi each of ei ther [1-14C]linoleic, ct-[1-14C]linolenic or 
[1J4C]oleic acid (50-60 mCi/mmol; Amersham,  Oakville, 
Ontario, Canada) mixed with 200 ~L of the blended oil 

and given intragastrically via an oral catheter. Immedi-  
ately thereafter  animals  were placed in a metabolic cham- 
ber, and 14CO2 was collected for 10 min every hour for 
12 h. Carbon dioxide from the metabolic chamber was col- 
lected by passing the air  from the chamber  through a sul- 
furic acid t rap for drying, followed by two collection 
columns containing a mixture of methoxyethanolamine 
and ethanolamine (2:1, vol/vol) (6). Samples from the mix- 
ture  were removed after  each collection period and added 
to scintillation fluid. Radioactivity was assayed using a 
scinti l lation counter  (Isocap; Nuclear  Chicago, Des 
Plaines, IL). 

The trapping efficiency of the methoxyethanolamine/  
ethanolamine mixture used to collect the CO 2 exhausted 
from the metabolic chamber  was examined in a pilot 
study. I t  was determined tha t  the saturat ion point of the 
mixture occurred a t  least 3 min  after the 10-min collection 
period, thus ensuring 14CO2 collection without losses. 

Gas chromatography. The fat ty  acid composition of in- 
dividual oils and of the blended oil diet was determined 
using a gas-l iquid chromatograph (model 5890, Hewlet t  
Packard,  Palo Alto, CA) equipped with a flame-ionization 
detector and a 30 m x 0.2 gm i.d. SP-2330 (10%) capillary 
column using helium as carrier gas (1 mL/min). Fat  was 
extracted from homogenized aliquots of the blended oil 
diet using chloroform/methanol (2:1, voYvol), and the ex- 
t racts  were saponified with KOH and then transesterified 
with boron trifluoride/methanol (13). Hexane was added, 
and the mixture was shaken to parti t ion the fat ty  acid 
methyl  esters (FAME) into the hexane phase. The result- 
ing FAME were injected into the GLC column at  160~ 
After 8 rain, the column tempera ture  was increased at  
2~ for 30 min then held constant for an additional 20 
min. Chromatographic peaks  were identified by compari- 
son of retention data  with those of authentic FAME stan- 
dards (Supelco, Bellefonte, PA). 

TABLE 1 

Composit ion of Diet Containing Equal Levels of Linoleic,  
a-Linolenic and Oleic Acids 

Nutrient Content (g/100 g diet) 

Casein 18.00 
Sucrose 62.77 
Fixed ratio oil a 15.00 
DL-Methionine 0.23 
Mineral mixture b 4.00 
Vitamin mixture c ___c 

aOil contained equal proportions of linoleic, a-linolenic and oleic 
acids by combining sunflower, flax and olive oil in a ratio of 
1.11:3:0.92, respectively. 
bContained calcium carbonate, 38.14%; copper sulfate - 5H20 , 
0.048%; ferrous sulfate �9 7H20 , 2.70%; magnesium sulfate - 7H20 , 
5.73%, manganese sulfate �9 H20 , 0.45%; potassium phosphate 
monobasic (KH2PO4) , 38.90%; potassium iodide, 0.079%; sodium 
chloride, 13.93%; zinc chloride, 0.026%; and cobalt chloride �9 6H20 , 
0.002%. 
CContained (in g/kg of diet): vitamin A (50,000 IU/g), 0.040; vitamin 
D (85,000 IU/g), 0.0026; vitamin E (25,000 IU/g), 0.44; choline chlo- 
ride, 1.65; menadione, 0.049; p-aminobenzoic acid, 0.111; nicotinic 
acid, 0.10; riboflavin, 0.022; pyridoxine hydrochloride, 0.022; thi- 
amin hydrochloride, 0.022; calcium pantothenate, 0.066; biotin, 
0.0004; folic acid, 0.002; inositol, 0.111; and vitamin B12, 30 mg. 

RESULTS 

An initial s tudy was carried out to test  the palatabili ty of 
the blended oil diet compared to diets containing the indi- 
vidual composite oils. Groups of ra ts  (n = 5) consumed 
either the 15% (w/w) blended oil diet (Table 1) or chose be- 
tween three food cups containing diets identical in 
macronutr ient  content with fats added either as sun- 
flower, flax or olive oil. Figure 1 depicts the growth curves 
of groups fed both the blended oil and the three optional 
diets over a 22-d period. Body weight gains were similar 
across the groups, indicating good acceptability of the 
blended oil diet by the rat.  Food consumption of animals  
on diets containing the blended oil was also similar to 
tha t  of animals  on diets containing the individual com- 
posite oils. 

The body weights of the groups given i4C-labelled 
linoleic (508 • 22 g, mean  +_ SEM), a-linolenic (528 _+ 23 g) 
and oleic (518 • 26 g) acids were similar. Recovery of 
14C02 over the 12-h interval post-dose is shown in Fig- 
ure 2.14C appeared in expired air within in the first hour 
of collection with a rapid increase reaching a peak at  two 
to three hours for all three 14C-labelled fat ty acids exam- 
ined. Peak excretion rates  for [1J4C]linoleic (5.28 • 
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FIG. 1. B o d y  w e i g h t s  o f  rats  g i v e n  e i t h e r  (ad  l i b i t u m )  a 
c h o i c e  b e t w e e n  t h r e e  food  c u p s  c o n t a i n i n g  i d e n t i c a l  d i e t s  
w i t h  fat  a d d e d  e i t h e r  as  sunf lower ,  f lax  or  o l ive  o i l  ( so l id  
squares )  or t h e  b l e n d e d  oi l  15% (w/w)  fat  d ie t  (open  s quar e s )  
over  22 d; d a t a  are  m e a n s  • SEM. 
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FIG. 3. C u m u l a t i v e  Z4C r e c o v e r y  as  z4CO 2 over  t h e  12-h in- 
t e r v a l  p o s t - d o s e  a f t e r  a d m i n i s t r a t i o n  o f  1-Z4C-labelled 
l ino l e i c  ( so l id  squares ) ,  a - l ino l en i c  (open  s quar e s )  a n d  o le ic  
( so l id  t r iang les )  acids;  d a t a  are  m e a n s  • SEM. 

0.37%/h), a-[1J4C]linolenic (6.92 _ 0.51%/h) and [1-14C] - 
oleic (5.98 _+ 0.44%/h) acids were not significantly differ- 
ent. There were no statistically significant differences in 
the oxidation rate at two or three hours. Each peak was 
followed by a gradual decline in excretion rate of label 
until 12 h; then a levelling off occurred at an excretion 
rate of about 1%/h. 

Cumulative elimination rates for 14C from rats given 
the labelled fatty acids are shown in Figure 3. There were 
no differences in cumulative excretion of label among [1- 
14C]linoleic (27.2 _+ 0.9%), a-[1-14C]linolenic (26.8 _+ 1.2%) 
and [1J4C]oleic (25.9 +_ 1.2%) acids over the 12-h duration, 
nor did any differences become significant when data were 
corrected for body weight. 

D I S C U S S I O N  

The purpose of this study was to examine whether fatty 
acid oxidation rates would differ when both dietary and 
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FIG. 2. Z4C r e c o v e r y  a s  14C02 over  t h e  12-h in t erv a l  post-  
d o s e  a f ter  a d m i n i s t r a t i o n  o f  1-14C-labelled l ino l e i c  ( so l id  
squares ) ,  a - l ino l en i c  ( o p e n  squares ) ,  or  o le ic  ( so l id  tr ian-  
gles)  acid; d a t a  are  m e a n s  • SEM. 

endogenous pool sizes were controlled. In previous stud- 
ies, pool size olden varied when fat oxidation was com- 
pared (6-10). The present work demonstrates tha t  when 
the dietary pool size of the fatty acid examined is main- 
tained at a consistent ratio prior to and during the oxida- 
tion period, 14C elimination representative of oxidation 
rates is virtually identical for the fatty acids tested. These 
findings contrast results of a number of earher  studies 
with animals and humans that  suggested that  differences 
exist in whole body excretion of labelled fatty acids, but  in 
these previous studies the labelled fatty acids were ei ther 
provided in tracee pools of varying size, or the pretreat- 
ment  diet was not standardized. 

In mice given 14C-labelled oleic, linoleic and stearic 
acids transesterified with linoleic acid-rich corn oil (10), 
50% of the administered label in oleic acid was recovered 
in expired CO 2 at 10-h pest-administration, compared 
with 31 and 19% for linoleic acid and stearic acid, respec- 
tively. The comparative oxidation of oleic, palmitic and 
stearic acids was studied in rats (8) intubated with 14C-la- 
belled fatty acids transesterified with soybean triglyc- 
eride. Stearic acid 14C appeared in expired air more slowly 
allowing 57% recovery after 51 h, compared to 66% from 
oleic acid. More rapid oxidation of linoleic as compared to 
stearic acid had been reported in rats fed each 14C-labelled 
fatty acid mixed with olive oil (9). Similar studies in rats 
fed diets containing 15% of calories as triolein, trilinolein 
or tripalmitin, labelled with the respective 14C-labelled 
fatty acid, had shown that  64, 52 and 51% of the dietary 
oleate, linoleate and palmitate, respectively, was oxidized 
after 72 h (14). Overall, these findings suggested differ- 
ences in oxidation between MUFA, PUFA and SAFA; how- 
ever, pool sizes of unlabelled (tracee) fatty acids likely var- 
ied widely between the fatty acids that  were compared. 

A similar oxidation pat tern had been observed in hu- 
mans (11). Subjects fed 13C-labelled fatty acids mixed with 
a breakfast meal, exhibited greater 9-h cumulative 13CO 2 
excretion in expired air from absorbed oleate (15.1%) than  
from absorbed linoleate (10.2%) or stearate (2.9%)(11). 
Data from fat malabsorption studies had shown that  
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orally ingested [13C]triolein was converted to 13C02 more 
rapidly than [13C]palmitic acid when given under  the 
same conditions (15). Six hours a f a r  administration to 
healthy subjects, of each labelled fatty acid mixed in 
0.7 g/kg oflipomul, 11.3 and 6.6% of label from triolein and 
palmitic acid, respectively, had appeared in breath. Other 
work has shown that  triolein was oxidized more rapidly 
than tripalmitin when these 14C-labelled fats were ad- 
ministered to healthy humans (16). However, when a com- 
parison was made between whole body oxidation of orally 
fed ]4C:labelled oleic, linoleic and a-linolenic acids in 
healthy individuals after 24 h, no significant differences in 
14CO2 recoveries were observed (17). As with animal stud- 
ies, the tracer/tracee ratio of specific fatty acids varied 
within the fat bolus fed. Thus, the findings of tracer stud- 
ies carried out both in animals and in humans indicate 
tha t  the shift of long-chain fatty acids toward oxidation, 
ra ther  than storage, varies depending on the degree of un- 
saturation. However, without controlling fatty acid pool 
size, interpretation of the results of these studies remains 
difficult. 

In other approaches aimed at examining whether  fatty 
acid oxidation is related to structure, the tracer was di- 
rectly introduced into the bloodstream, bypassing diges- 
tive and absorptive processes. When comparing whole 
body fatty acid oxidation, direct injection can compensate 
for potential variations in gastrointestinal absorption and 
dietary pool size between the various fatty acids tested. In 
rats maintained on formula diets and injected with 14C-la- 
belled linoleic, oleic and stearic acids, the oxidation rate as 
determined from cumulative 14CO2 production was found 
to be highest for linoleic acid and lowest for stearic acid 
(18). The same group later  reported increased oxidation of 
linoleic acid over palmitic acid (19), postulating that  pro- 
duction of a highly metabolizable gluconeogenic propionyl- 
CoA from linoleic acid during oxidation explained the ele- 
vated rate of oxidation of linoleic acid. The oxidation rates 
of infused albumin bound [14C]palmitic and [14C]oleic 
acids were similar in dogs (20). Conversely, in humans,  ox- 
idation rates of injected 14C-labelled palmitic, oleic and 
linoleic acids were 9.4, 10.0 and 6.3% of the dose adminis- 
tered, respectively, a i ~ r  one hour (7). 

Although direct injection of tracer bypasses digestive 
processes, data interpretation in studies using injection 
when comparing dietary fatty acid oxidation can be diffi- 
cult as the amount  of injected label appearing in CO 2 rep- 
resents the fraction of the plasma pool oxidized, not the 
absolute amount. Net or absolute oxidation measurement  
depends on the plasma pool size as well as the fractional 
turnover rate. Markedly smaller plasma pools of linoleic 
acid in comparison with palmitic acid have been reported 
(21). Thus, whether  the appearance rate of a tracer di- 
rectly corresponds to net fatty acid oxidation remains to be 
determined. 

By contrast, other investigators have noted no differ- 
ence in fat ty acid oxidation rates. Awad et al. (22) found no 
difference in energy deposition between rats fed PUFA vs. 
MUFA/SAFA containing diets at 20% of energy for four 
weeks. Similarly, no difference was observed in humans in 
14CO 2 excretion after oral administration of 14C-labelled 
palmitic, stearic, oleic, linoleic and a-linolenic acids in 
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healthy individuals after 24 h (17). Toorop et al. (12) con- 
trolled both the specific activity and net  quanti ty of di- 
etary linoleate and palmitate given to rats and found that,  
expressed relative to fatty acid absorbed, the oxidation 
rates of each of the fatty acids were similar. In other stud- 
ies, such as those of Leyton et al. (6), enhanced conversion 
of a-[i4C]linolenic acid to 14CO2, when compared to other 
fatty acids, would be expected given the very small pool 
size of linolenic acid within the olive oil carrier. In this 
case, although the proportion of a-[14C]linolenic acid oxi- 
dized from the carrier oil was large, net  oxidation would 
have been minimal. 

During movement between gut and site of oxidation, 
labelled fatty acids must  cross several t ransport  and 
metabolite pools, the size of which will be at  least par- 
tially dependent on prior dietary intake. Given two dif- 
ferent  labelled fat ty acids entering this network of pools 
from the gut  at  equal rates, the fatty acid traversing a se- 
ries of larger pools before arriving at the site where it is 
oxidized will become more diluted when compared to a 
fat ty acid crossing smaller pools. This dilution will result  
in a diminished rate of labelled CO 2 expiration. Our find- 
ings suggest tha t  a pre t reatment  diet containing equal 
fat ty acid pools may correct for differences in oxidation 
due to variability across these internal  fat ty acid pools. 
When the labelled fatty acid is then delivered in an oil of 
equal fat ty acid pools, each fatty acid behaves in a simi- 
lar manner  from the absorptive to the oxidative stages of 
metabolism. Previous work has suggested that  absorp- 
tion efficiencies of different MUFA and PUFA are similar 
in rats (23,24) and in humans  (25), although t ransport  
from gut to liver may vary depending on chain length 
(26). Thus, it  cannot be ruled out tha t  absorption and ox- 
idation kinetics varied between the fat ty acids tested in a 
self-compensating manner. However, the similarity in the 
shape of the curves across the three fatty acids tested 
suggests similar kinetics. 

In summary, the present data suggest tha t  the capacity 
to oxidize fatty acids varying in degree of saturation is 
similar when rats are both prefed equal quantities of each 
fatty acid over a prolonged period and are administered 
the fatty acid at equivalent tracer/tracee ratios in a fat 
bolus. The results suggest tha t  differences previously ob- 
served in fat ty acid oxidation were due to the particular 
blend of fat ty acids provided in the diet and not to the ca- 
pacity of the organism to oxidize different fatty acids at 
different rates. 
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