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Digestibility of Fatty Acid Monomers, Dimers and Polymers in the Rat
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This study was designed to determine digestibilities of
fatty acid monomers, dimers and polymers as components
of diets containing thermally oxidized oils. Male Wistar
rats were fed semipurified diets supplemented with
unheated, heated and a 1:1 mixture of unheated/heated
olive oils at 6, 12 and 20% wiw of diet. In a 14-d experimen-
tal period, fecal lipids were extracted and analyzed by a
combination of adsorption and high-performance size-
exclusion chromatographies. Thus, it was possible to sepa-
rate and quantitate five groups of fatty acids—nonpolar
monomers, oxidized monomers, nonpolar dimers, oxidized
dimers and polymers. Nonpolar fatty acid monomers
showed high digestibilities, although significantly in-
fluenced by the alteration level of the dietary oil. The ap-
parent absorption of oxidized fatty acid monomers aver-
aged 76.6%. Among polymeric fatty acids, the lowest
digestibilities were found for nonpolar dimers (10.9% on
average), whereas oxidized dimers and polymers possessed
higher apparent absorbability than expected, ranging
from 22.7% to 49.6%. Chemical modifications prior to ab-
sorption, leading to less complex products, may have con-
tributed to enhanced digestibility of polymers.

KEY WORDS: Digestibility, fatty acid polymers, fecal lipids, high-
performance size-exclusion chromatography, nonpolar fatty acids,
nonpolar fatty acid dimers, oxidized fatty acid dimers, oxidized fatty
acid monomers, rat, thermoxidized oil.

The biological effects that consumption of heated and/or
oxidized fats may exert on human health have stimulated
extensive research in the past years (1-6). However, there
is considerable controversy regarding the nutritional
significance of the degradation compounds formed be-
cause experimental conditions vary widely—different oils
and heating conditions (time, temperature, aeration, time
periods), with or without the presence of food. Animal
studies associated with the feeding of frying oils, which
are probably the main dietary source of thermally oxidized
fats, have not generally revealed detrimental effects (7-10),
with the exception of those studies conducted on concen-
trated fractions of altered compounds (11-14).

TABLE 1

Overall, reports on digestibility have indicated signifi-
cantly lower values for thermally oxidized oils compared
to fresh oils, and this fact generally has been attributed
to the presence of the nondistillable urea-nonadductable
fraction (15,16), which essentially contains polymeric prod-
ucts. In addition, experiments carried out on purified com-
pounds derived from thermally oxidized oils have reported
digestibilities ranging from 30-70% for dimers (17-19),
although such high values have been questioned {20). No
data have been found for cyclic monomer digestibility;,
presumably because these compounds are readily ab-
sorbed and, hence, difficult to detect in feces (3,21).

Nevertheless, it must be realized that complex mixtures
of lipid degradation products occur in our daily diet, and
further investigation is needed in this regard. Unfor-
tunately, because of the complex mixture of such altera-
tion products and the lack of specificity of the analytical
methods used, the determination of specific compounds
has been difficult to date.

In this context, the aim of the present study was to
determine the digestibilities of fatty acid monomers, non-
polar and oxidized fatty acid dimers and polymers in rats
fed thermally oxidized olive oils. For this purpose, we used
an analytical procedure based on adsorption and size-
exclusion chromatographies, which allowed separation and
quantitation of five groups of compounds in dietary oils
and fecal lipids (22).

MATERIALS AND METHODS

Animals and diets. Sixty male Wistar rats, weighing
about 120 g, were randomly assigned to 10 groups and
fed diets containing pure commercial olive oil, oil heated
at 180°C for 150 h and 1:1 unheated/heated mixture, each
provided at three levels of 6, 12 and 20% w/w on diet. One
group of animals received a fat-free diet for the determina-
tion of endogenous fat. The composition of the basal fat-
free semipurified diet was 10% water, 19.8% protein,
57.6% carbohydrates (nitrogen free extract), 5.4% cellu-
lose, 6.2% mineral mixture and 1.0% vitamin mixture
(Panlab, Barcelona, Spain). The chemical analysis of the
olive oils added to the basal diet is summarized in Table 1.

Quantitative Determination of Nonpolar and Polar Fatty Acids? in Dietary OQils (wt% on fat)

Nonpolar fraction

Polar fraction

Nonaltered Nonpolar Oxidized Oxidized
Olive oil fatty acids dimers monomers dimers Polymers
Unheated 98.2 % 0.2 0.4 02 0.5+ 0.3 0.3 £ 0.1 nd.b
Unheated/heated
{1:1) 8156 + 0.4 1.9 + 0.2 4.4 + 0.2 4.2 + 0.1 7.0 £ 0.2
Heated 65.3 £ 0.4 3.8 + 0.2 8.6 = 0.2 8.1+ 0.1 13.5 £ 0.2
@Means + SEM of four determinations. bNon-detectable.
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The animals were placed in individual metabolic cages
to determine food intake and to collect feces. Both diets
and water were provided ad libitum and the weight of rats
recorded periodically. The control group was given a fat-
free diet for two periods of 15 days in order to determine
endogenous fecal fat excretion. Upon a 7-d orientation
period, the feces were collected during the following 14 d
and stored at —25°C until analyzed.

Extraction of fecal lipids. The combined feces of the ex-
perimental period were dried under vacuum to constant
weight, pulverized and extracted in a Soxhlet extractor
with diethyl ether for 8 h (19). The residue was dried,
mixed with 3N HCI and re-extracted with diethyl ether
to obtain the total lipids excreted. Fecal lipids thus ob-
tained were dried under vacuum at 60°C to constant
weight.

Analytical procedure. Both dietary oils and fecal lipids
were analyzed according to an analytical procedure, which
includes the following stages: (i) Separation of unsaponifi-
able matter (23)—lipid samples were saponified, and un-
saponifiable matter was removed. After acidulation with
1N HC], fatty acids were extracted from the aqueous solu-
tion by repeated diethyl ether extractions. Following
evaporation of the diethyl ether, the sample was dried
under nitrogen to constant weight. (ii) Preparation of
methyl ester derivatives according to Metcalfe et al. (24).
(iii) Separation of methyl esters by means of silica column
chromatography (22). Hexane/diethyl ether (88:12) was
used to elute the nonpolar fraction while diethyl ether was
used to obtain the polar fraction, followed by a final elu-
tion with methanol to improve recovery of the sample.
Separation of nonpolar and polar fractions was performed
by high-performance size-exclusion chromatograph;
{HPSEC). The samples were analyzed in a Konik 500
chromatograph (Konik, Barcelona, Spain) with a 10-uL
sample loop. A Hewlett-Packard 1037 A refractive index
detector (Hewlett-Packard, Pittsburgh, PA) and two 100
A and 500 A Ultrastyragel columns (Water Associates,
Milford, MA), connected in series, operated at 35°C. The
columns were 25 cm X 0.77 em i.d., packed with porous,
highly cross-linked styrenedivinylbenzene copolymer (10
um). High-performance liquid chromatography (HPLC)-
grade tetrahydrofuran served as the mobile phase with
a flow of 0.5 mL/min, and the sample concentration was
between 15 and 20 mg/mL in tetrahydrofuran.

Determination of digestibility coefficients. True digesti-
bility (TD) was calculated as follows:

TD = [(lipid ingested — lipid excreted corrected for endogenous
fecal lipid content)/lipid ingested] X 100

Corrections for endogenous contribution to fecal lipids
were made by subtracting the fecal fat recovered in the
group fed the fat-free diet at similar time periods from
those for dietary treatments.

Statistical methods. Data are expressed as the mean
and standard error of the mean. Differences between
dietary treatments were assessed by Student’s ¢-test, and
P values < 0.05 were considered to be significant.

RESULTS AND DISCUSSION

Figure 1 shows HPSEC chromatograms of nonpolar and
polar fractions of representative fecal lipids from rats fed

fat-free diet and diets supplemented with 20% of
unheated, 1:1 unheated/heated mixture and heated oil,
respectively. The possibilities of the combined chromato-
graphic analysis used in this study have been published
recently (22). It permits the determination of five groups
of compounds differing in polarity or molecular weight.
Fatty acid monomers are separated into nonpolar (NP FA)
and polar monomers, originating via oxidation (ox FA) in
the first and second fractions, respectively. Otherwise,
both fatty acid monomer peaks would overlap due to
similar molecular weight. Likewise, nonpolar dimers (NP
FAD), representative of thermal alteration as there is no
oxygen involved in their formation, are quantitated in the
first fraction, independently of oxidative dimers (ox FAD),
which are determined in the polar fraction. Finally,
polymeric compounds (FAP) are included and analyzed
in the latter fraction. As can be observed, endogenous
lipids are comprised of compounds with molecular weight
lower than that of fatty acid dimers. Hence, interference
due to endogenous contribution only affects fatty acid
monomer determinations. Although endogenous fatty
acids are predominantly nonpolar, polar fatty acids make
up approximately 8-9% of fecal lipids, and they are largely
due to colonic bacterial action and biliary sources (25-27).
HPSEC chromatograms show notable differences in com-
pound distribution when fat-free and oil-supplemented
dietary groups are compared. As for the unheated oil diet,
the presence of nonpolar and oxidized dimers in the first
and second fractions of fecal lipids, respectively, indicates
poor digestibility for both types of dimers, given the small
amounts of these compounds ingested in such a diet. On
the other hand, proportions of dimers and polymers
substantially increase as the alteration level of the dietary
oil increases.

The quantitative data of fecal lipid compound distribu-
tion is presented in Table 2, expressed as total levels ex-
creted and as percentages of fecal lipids. Total fecal lipids
were significantly higher when the alteration degree of the
dietary oil was greater. Clearly, the significant differences
found in lipid distribution among groups are related to
dietary oil compositions. Thus, excreted levels of altered
compounds—dimers plus polymers—were two-fold higher
for the heated-oil diet compared to the unheated/heated
oil diet, which is consistent with the ingested amounts.

Results for the digestibility measurements of nonpolar
and oxidized fatty acid monomers are presented in Table 3.
Digestibility values were corrected for interference due to
fatty acids from endogenous sources. As expected, digesti-
bilities of nonpolar fatty acids, i.e., nonaltered fatty acids,
were generally very high. Nevertheless, we found that
digestibility decreased significantly as the extent of altera-
tion of the dietary oil was greater, and independently of
the dietary oil content. These results may be attributed
to impaired lipolysis of altered triacylglycerols, which in-
clude, in part, nonaltered fatty acyls (28). On the other
hand, the amounts of oxidized fatty acids excreted from
rats fed unheated oil were undetectable, undoubtedly due
to their low contribution to the diet (Table 1) along with
their high digestibility. Interestingly, digestibilities of ox-
idized fatty acids were high for all the other dietary
treatments. There were no significant differences due to
oil level, whereas digestibility was lower for groups fed
heated oil as compared to those fed unheated/heated
oil diet. Oxidized fatty acid monomers include mainly

JAOCS, Vol. 69, no. 9 (September 1992)



932

G. MARQUEZ-RUIZ ET AL.
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FIG. 1. Representative HPSEC chromatograms of nonpolar and polar fractions of fecal lipids from rats on fat-free diet and diets contain-
ing unheated, unheated/heated (1:1) and heated oils (20% on diet). Abbreviations: FA, nonpolar fatty acids; oxFA, oxidized fatty acids;
NP FAD, nonpolar fatty acid dimers; ox FAD, oxidized fatty acid dimers; and FAP, fatty acid polymers.

compounds originating via oxidation at low tempera-
ture—hydroperoxy, keto and hydroxy acids, as well as
polyoxygenated monomeric compounds (29). There is in-
creasing evidence that oxidized lipids may be detrimen-
tal to health. Fatty acid hydroperoxides have been shown
to accelerate all three phases of atherosclerosis—endo-
thelial injury, accumulation of plaque and thrombosis
(30-35). In addition, it has been reported that secondary
products of fatty acid oxidation are absorbed into the cir-
culation and incorporated into the liver of rats, with
deleterious effects (36-42). Recent investigations also have
demonstrated a role of oxidized fatty acids on the promo-
tion of intestinal tumors based on the fact that hydro-
peroxy, hydroxy and enone-containing fatty acids induce
ornithine decarboxylase activity and stimulate DNA syn-
thesis in colonic mucosa in vivo (43-47).
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Table 4 shows digestibility coefficients of fatty acid non-
polar dimers, oxidized dimers and polymers. Regarding
both types of dimers, no consistent differences were found
due to either dietary oil level or alteration degree. Digesti-
bility of polymers was not significantly different among
groups. In general, digestibilities of nonpolar dimers were
quite low, and these results seem to indicate that such
compounds, originating under high temperatures, are not
easily absorbed, possibly due to their high molecular
weight. In contrast, oxidized dimers showed compara-
tively high digestibility coefficients, ranging from 22.7%
to 49.6%. Surprisingly, polymer digestibilities were similar
to those obtained for oxidized dimers, despite the differ-
ences in molecular weight and structural complexity.

Overall, the results presented in Table 3 give evidence
of the complexity of the absorption process. Although the
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TABLE 2

Distribution of Lipid Components in Fecal Fats from Rats Fed 20% Oil on Diet During 14 Days (wt% on ingested fat)

Lipid components®

Total Unsaponifiable = Nonaltered Nonpolar Oxidized Oxidized
Diet fecal lipids? matter fatty acids dimers monomers dimers Polymers
Unheated oil 3.64 +£ 0.402 107 + 0.072  1.42 + 0.122 0.48 + 0.032 0.37 = 0.032 0.30 + 0.032 -
{100.0) (29.4) {39.0) (13.2) {10.2) {8.2)
Unheated/heated 16.91 + 0.41%  1.25 + 0.062  4.07 + 0.34b 1.63 £ 0.11> 091 + 0.06® 3.02 + 0.230 6.03 + 0.452
(1:1) oil {100.0) (7.4) (24.1) (9.6) (5.4) {17.9) (35.7)
Heated oil 29.87 + 1.84C  1.20 + 0088  6.59 + 0.41C 3.52 + 0.16C 2.30 + 0.18C 6.34 + 0.41¢ 9.83 + 0.66P
(100.0) (4.3) (22.1) {11.8) & 21.2) (32.9)
Fat-freed 0.39 + 0.02d  0.25 + 0.020 0.11 + 0.01d - 0.03¢4d - —
(100.0) (64.1) (28.2) .n

@Means *+ SEM of six rats. Values in columns without common superscript letters are significantly different, P < 0.05. Values between
brackets are expressed as wt% on fecal lipids.

bFat recovered during 14 days.
¢Calculated by difference.

TABLE 3

True Digestibility of Nonpolar and Oxidized Fatty Acid Monomers? in Rats Fed Unheated,
Unheated/Heated (1:1) and Heated Oils at 6, 12, and 20% w/w on Diet

Dietary oil True digestibility (%)
Oil on diet Nonpolar Oxidized
Alteration (%) fatty acids fatty acids
Unheated 6 99,3 + 0.28 -
12 98.6 + 0.32 —
20 98.8 + 0.32 -
Unheated/heated 6 96.3 + 0.7b 79.7 + 1.4ab
(1:1) 12 96.0 + 0.5b 80.7 + 1.58,b
20 95.2 + 0.7b 81.8 + 0.92
Heated 6 89.6 + 0.5¢ 745 + 2.5b,¢
12 89.4 + 0.7€ 68.9 + 1.9¢
20 90.2 + 0.8C 74.3 + 1.3¢

@Means + SEM of six rats. Values in columns without common superscript letters are
significantly different, P < 0.05.

TABLE 4

True Digestibility of Fatty Acid Nonpolar Dimers, Oxidized Dimers and Polymers? in Rats
Fed Unheated/Heated (1:1) and Heated Oil Diets at 6, 12 and 20% Levels (w/w on diet)

Dietary oil True digestibility (%)

Alteration Oil on diet (%) Nonpolar Oxidized Polymers
Unheated/heated 6 15.5 + 2.68 38.3 + 4.08b 33.5 + 3.7a
(1:1) 12 11.8 + 2.2ab 49.6 + 5.42 24.2 + 6.62
20 12.8 + 1.8ab 34.6 + 4.72.bc 23.6 + 4.92
Heated 6 16.3 + 2.82 27.6 + 2.9b.c 36.9 + 3.72
12 1.8 + 1.1¢ 33.3 + 2.3b 31.3 + 2,02
20 7.4 + 1.6b 22.7 + 2.9¢ 28.9 + 3.7

@Means *+ SEM of six rats. Values in columns without common superscript letters are significantly different,
P < 0.05.
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uptake of micellar lipid by the intestine is considered to
be energy-dependent, little is known of the precise mech-
anisms by which lipolytic products pass from the mixed
micelles into the mucosal cells (48,49).

Briefly, absorption depends on lipolytic enzyme ac-
tivities in the first stages (50). Then, the entry of lipid
products into the micellar phase is determined by their
solubility in the bile salt solution (51), which is influenced
to a great extent by the polarity of the molecule. Finally,
the uptake from the lumen is substantially limited by
molecular weight. Among fatty acid monomers, the reduc-
tion of nonpolar fatty acid digestibilities for heated oils
may be due partly to impaired hydrolysis of altered
triacylglycerols. Regarding fatty acid dimers, differences
found in digestibility of nonpolar and oxidized types
might be explained in terms of polarity. On the other hand,
in view of the high values obtained for polymers, we sug-
gest that chemical modifications may occur prior to ab-
sorption, possibly during digestion. This suggestion is
substantiated by in vitro studies which show polymer
breakages through ether and peroxide linkages when
using strongly acidic treatments (52-54). Thus, released
products from polymers of lower molecular weight could
be more readily absorbed.

In summary, from the results of the present study, non-
polar fatty acid dimers are poorly absorbed while oxidized
dimers and polymers show unexpectedly enhanced absorp-
tion. Finally, our observations support the view that more
investigation is needed into the nutritional implications
of oxidized fatty acid monomers in light of their high
digestibility.
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