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Abstract

The levels of oxidized serum lipoproteins are increased in hu-
mans and animals with diabetes. We have examined the contri-
bution of dietary oxidized lipids on the levels of oxidized lipo-
proteins. In both control and streptozocin induced diabetic rats,
the oxidized lipid content of mesenteric lymph chylomicrons
(CM) increased when increasing quantities of oxidized lipids
were administered intragastrically. However, at all levels of
administered oxidized lipids, the quantity of oxidized lipids in
CM was greater in the diabetic animals. These results indicate
that oxidized lipids are absorbed and packaged into CM and
suggest that there is increased absorption of oxidized lipids in
diabetic animals. In nondiabetic rats fed a fat-free diet, the
levels of oxidized lipids in their serum lipoproteins were very
low. When oxidized lipids were added to the diet, the quantity
of peroxides in serum lipoproteins increased about fivefold. In
diabetic animals fed a fat-free diet, there were also very low
levels of oxidized lipids in their serum lipoproteins, and there
was no difference between control and diabetic rats. However,
when diabetic animals were fed a diet containing oxidized lip-
ids, the quantity of oxidized lipids in their serum lipoproteins
increased 16-fold and were significantly greater than in con-
trols. Thus, in both control and diabetic rats the quantity of
oxidized lipids in the diet largely determines the levels of oxi-
dized lipids in circulating lipoproteins. However, in diabetic
animals the effect of diet is more pronounced. Together with
theCM studies, these results demonstrate that dietary oxidized
lipids make a major contribution to the levels of oxidized lipids
in circulating lipoproteins and indicate that increased absorp-
tion of oxidized lipids in diabetic animals may play a role in the
elevation of oxidized lipoproteins observed in this disorder. (J.
Clin. Invest. 1993. 92:638-643.) Key words: lipid peroxides*
oxidized dietary fat * serum lipoproteins * chylomicron

Introduction

Atherosclerosis is a major cause ofthe morbidity and mortality
associated with diabetes. The Framingham and other studies
have shown that the incidence of cardiovascular disease is sig-
nificantly increased in diabetes even when adjusted for the
other known risk factors for atherosclerosis ( 1, 2). This indi-
cates that diabetic patients have an increased risk of vascular
disease that is not simply the result of an increased prevalence
of risk factors, but rather that diabetes is an independent risk
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factor for vascular disease. The mechanism by which diabetes
increases the risk ofatherosclerosis remains speculative despite
intensive investigative efforts.

Recent studies have shown that the oxidation of lipopro-
teins may play a key role in atherogenesis (3-5). Lipid peroxi-
dation converts lipoproteins to a more atherogenic form (3-5).
Oxidized LDL and other lipoproteins, including oxidized f-
VLDL (6), are taken up more rapidly by macrophages, leading
to foam cell formation. In addition, these oxidized lipoproteins
cause increased cytotoxicity to endothelial cells in culture,
which could result in endothelial injury (7). Moreover, oxi-
dized LDL has been shown to stimulate the release of chemo-
tactic proteins, cytokines, and growth factors from endothelial
and other cells (3-5, 8-10), resulting in migration of mono-
cytes, maturation of monocyte/macrophages, foam cell for-
mation, and proliferation of smooth muscle cells.

Several studies have demonstrated that the lipoproteins iso-
lated from both humans (1 1, 12) and experimental animals
with diabetes (13-15) are oxidized to a greater extent than
lipoproteins from controls. In rats, oxidized lipoproteins were
found in VLDL + LDL fraction ( 15 ). Thus, diabetes is asso-
ciated with the increased presence of oxidized serum lipopro-
teins, and these lipoproteins have the potential for causing tis-
sue damage and lipid accumulation in the arterial wall. The
mechanism by which diabetes results in increased levels oflipid
peroxides in serum lipoproteins is unknown. Leading hypothe-
ses that could account for the increased oxidation of lipopro-
teins include (a) diabetes stimulates peroxide-producing sys-
tems such as lipoxygenase ( 16), (b) in diabetes there is a de-
crease in the antioxidant content of certain tissues, resulting in
a decreased protection against oxidation ( 17-19), (c) second-
ary to diabetes there is an increase in tissue damage, resulting in
increased oxidation (20, 21 ), and (d) in diabetes modification
of lipoproteins by glucose enhances the oxidation of lipopro-
teins (22).

Another possibility is that oxidized lipids in the diet could
be a contributing factor to the increase ofoxidized lipoproteins
found in diabetes. Numerous studies have shown that diabetes
alters the structure and function of the small intestine and that
these changes result in increased absorption ofa variety ofsub-
stances including lipids (23-25). We have therefore investi-
gated the effect of oxidized dietary lipids on the levels of oxi-
dized lipoproteins in both the lymph and serum of control and
diabetic rats.

Methods

Materials. Streptozocin, 2-thiobarbituric acid, 1,1,3,3-tetramethoxy-
propane, vitamin E, linoleic acid, and D20 were obtained from Sigma
Chemical Co., St. Louis, MO. Ketodiastix were obtained from Ames
Division, Miles Laboratory, Elkhart, IN. Vitamin E-depleted and natu-

ral corn oil were purchased from ICN Pharmaceuticals, Costa Mesa,
CA. Lipid peroxide kit (LPO) was obtained from Kamiya Biomedical
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Co., Thousand Oaks, CA. 1-'4C-linoleic acid and glycerol tri(9-3H)
oleate were purchased from New England Nuclear, Boston, MA.

Animals. Female Sprague-Dawley rats ( 180-200 g) were purchased
from Bantin and Kingman Inc. (Fremont, CA) and were maintained
on reverse 12-h light cycle (0300-1500 dark, 1500-0300 light). Dia-
betes was induced in rats by injecting, after an overnight fast, 40 mg/kg
streptozocin i.p. in 1 M sodium citrate buffer, pH 4.5. The urine of
these animals was analyzed with Ketodiastix, and animals that did not
have at least 1% glycosuria at all times were eliminated from the study.
Control animals were injected with 1 M sodium citrate and were main-
tained under similar conditions. Animals were studied 14 d after strep-
tozocin treatment and were fasted for 6 h before all experiments. All
animal studies were performed in accordance with institutional poli-
cies, and all procedures were approved by the Subcommittee on Ani-
mal Studies.

Diets. Control and diabetic rats were maintained on regular rat
chow supplied by Simonsen Laboratories, Gilroy, CA. Alternatively,
10 d after streptozocin injection, diabetic rats and their controls were
fed for 4-5 d either a lipid-free diet consisting of 65% sucrose, 20%
casein, 4% salt, 1 1% alpha cell mix and vitamins or the same diet to
which either natural corn oil (low peroxide; 4.7 nmol peroxide/mg oil)
or vitamin E-depleted corn oil (high peroxide; 82.5 nmol peroxide/mg
oil) was added.

Isolation of serum lipoprotein fractions. Previously it has been
shown that in diabetic rat serum, lipid peroxides are in VLDL and
LDL, but not in the HDL fractions ( 15 ). Since rats contain very low
amounts ofLDL, all serum lipoprotein oxidation measurements in our
studies were done on combined fractions containing VLDL + LDL.
For each measurement, lipoproteins were obtained from 9 ml serum
(pooled from two rats) after adjusting the density to 1.063 with KBr
and centrifuging at 5 X 106 g for 18 h at 14'C. The lipid layer was
removed, dialyzed against 0.15 M NaCl containing 0.5 mM EDTA and
0.5 gM butylatedhydrohytoluene (BHT),' and analyzed for oxidation
immediately. When serum samples were examined for chylomicrons
by centrifuging for 20 min at 5 X 196 g min before KBr addition, no
significant amounts of chylomicrons were isolated.

Chylomicron preparation. Chylomicrons were isolated from rat
mesenteric lymph using the procedure described previously (26). Rats
were intragastrically administered a single bolus of a lipid emulsion
consisting of 3 ml ofoil and nonlipid milk ( 1:2, vol/vol) dispersed with
a Polytron homogenizer (Brinkmann Instruments, Westbury, NY).
The following oils were used for gastric intubation: natural corn oil
with low peroxide content (4.7 nmol peroxide/mg oil); commercially
obtained vitamin E-depleted corn oil with medium peroxide content
(82.5 nmol peroxide/mg oil); and vitamin E-depleted corn oil that
had been heated for 1 h at 100°C (high peroxide content, 120.0 nmol
peroxide/mg oil). The rats were restrained, and chyle was collected on
ice for 8 h. During this period rats were allowed to drink water and were
periodically injected subcutaneously with 0.15 M saline to maintain
hydration. Chylomicrons were isolated from lymph by flotation in an
SW-40 rotor (Beckman Instr. Inc., Fullerton, CA) for S X 106 g for 1 h
at 12°C. All samples were stored in 1 mM EDTA under nitrogen. In
some experiments, 0.1 mCi glycerol tri(9-3H) oleate and oxidized or
nonoxidized ['4C]linoleic acid (0.02 mCi) was added to the vitamin
E-depleted corn oil. Oxidation of linoleic acid was carried out as de-
scribed by Boeynaems et al. for preparation of oxidized arachidonic
acid (27). ['4C]Linoleic acid was oxidized for 2 h in methanol in the
presence of 5 AM Cu2SO4 and 5-10 mg linoleic acid carrier. Measure-
ment by GLC (28) indicated that more than 95% of the linoleic acid
was oxidized. For partial purification, the oxidized linoleic acid was
subjected to thin layer chromatography, reisolated, and then used im-
mediately in the intubation mixture (28).

Analytic methods. Triglycerides in chylomicrons and the LDL
+ VLDL lipoprotein fraction were determined by the method of

1. Abbreviations used in this paper: BHT, butylatedhydrohytoluene;
CM, chylomicrons; TBARS, thiobarbituric acid reactive substances.

Fletcher (29). Cholesterol levels were determined using Sigma diag-
nostic kit (procedure 351). Protein was determined by the method of
Lowry et al. (30). Lipid oxidation was estimated by measuring both
lipid peroxides and lipid peroxide decomposition products. Lipid per-
oxides were estimated by a colorimetric method as specified by the
manufacturer using a commercially available kit (LPO) from Kamiya
Biomedical Co. The method is based on a hemoglobin catalyzed reac-
tion of peroxides with a methylene blue derivative that specifically
quantitates lipid peroxides by forming an equal molar concentration of
methylene blue (31 ). Cumene hydroperoxide was used as a standard.
Lipid peroxide decomposition products, which consist of a variety of
aldehydes, were measured as thiobarbituric acid reactive substances
(TBARS) (32).

Student's t test was used to test for the significance between means.
Results are reported as means±SE.

Results

Effect of diabetes on oxidized serum lipoproteins. When fed
standard rat chow, serum lipoproteins (LDL + VLDL) from
diabetic rats had a greater quantity of TBARS than lipopro-
teins from control rats (1.04±0.13 nmol/mg cholesterol in
controls vs. 1.75±0.31 nmol/mg cholesterol in diabetic rats; P
< 0.05) (Fig. 1 A). This observation is in agreement with the
published results of Morel et al. ( 15) that demonstrated in-
creased TBARS in rats with streptozocin-induced diabetes.
The measurement ofTBARS is the most widely used method
for estimating lipid oxidation; however, it may not be specific
or quantitative since the generated aldehydes may be water
soluble and not remain with the lipoproteins during the isola-
tion procedure. To confirm that lipoproteins isolated from dia-
betic rats are oxidized to a greater extent than those from con-
trol rats, we estimated lipoprotein oxidation by directly mea-
suring lipid peroxides in serum lipoproteins using a
quantitative and stoichiometric colorimetric method (31 ). As
shown in Fig. 1 B, with this method the lipoproteins from dia-
betic rats contained 10-fold more lipid peroxides than did those
from control rats ( 1.97±1.57 nmol/mg cholesterol in controls
vs. 19.62±6.82 nmol/mg cholesterol in diabetic rats; P
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< 0.05). Thus, using two different methods for estimating lipo-
protein oxidation the lipoproteins isolated from diabetic rats
were more oxidized than lipoproteins isolated from control
rats.

Effect ofdietary oxidized lipids on the peroxide content of
serum lipoproteins. To determine the contribution of oxidized
lipids in the diet to the content of oxidized lipids in serum
lipoproteins, control and diabetic rats were fed diets containing
different quantities of oxidized lipid. Since the oxidized lipid
content of commercially available standard rat chow is not
controlled, we used synthetic diets prepared in our laboratory.
Fig. 2 shows serum peroxide concentrations in control rats.
When rats were fed a lipid-free diet (sucrose diet), the levels of
peroxides in serum lipoproteins were low (1.00±0.09 nmol/
mg cholesterol). Similarly, when control rats were fed a diet
containing 5% corn oil containing low peroxides (4.7 nmol
peroxide/g oil), the quantity of peroxides in the serum lipo-
proteins were also low (0.87±0.11 nmol/mg cholesterol).
However, when the lipid-containing diet had high quantities of
peroxide (5% oil, 82.5 nmol peroxide/g oil), the quantity of
peroxides in the lipoproteins increased almost fivefold
( 1.00±0.09 nmol/mg cholesterol vs. 5.34±0.50 nmol/mg cho-
lesterol; P < 0.001 ). Measurements ofTBARS confirmed these
results. TBARS increased twofold when oxidized lipid-con-
taining diet was fed to the animals instead ofa lipid-free sucrose
diet. Thus, in control animals the quantity of oxidized lipids in
the diet influences the concentration of peroxides in the serum
lipoproteins.

In diabetic animals (Fig. 3) fed a lipid-free diet (sucrose
diet), which of course contained no oxidized lipid, there were
also very low levels ofperoxides in the lipoproteins. In fact, the
concentration of peroxides in the lipoproteins of diabetic ani-
mals fed the lipid-free diet was not different from the serum
peroxide concentration observed in controls (Fig. 2). Thus, the
increase in the quantity ofoxidized lipids in serum lipoproteins
ofchow-fed diabetic animals (Fig. 1 ) disappears when animals
are fed a diet containing no oxidized lipid.

When diabetic rats were fed a diet containing oxidized lip-
ids, the quantity of peroxides in serum lipoproteins increased
approximately 16-fold (0.70±0.10 nmol/mg cholesterol vs.
11.08±2.01 nmol/mg cholesterol; P < 0.005) (Fig. 3). As
noted above (Fig. 2), in control animals fed oxidized lipid at
the same concentration, the quantity ofperoxides in the serum
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lipoproteins increased only by fivefold. Moreover, the quantity
of lipid peroxides in the serum ofdiabetic animals was twofold
higher than in controls fed the same diet (P < 0.05). Similarly,
TBARS increased threefold when rats were fed oxidized-lipid-
containing diet instead of a sucrose diet.

In diabetic rats, the serum peroxide content was low when
fed a fat-free sucrose diet and slightly increased when oil con-
taining small amounts of peroxides was added to the sucrose
diet (Fig. 3). However, this increase (2.1±0.6 nmol peroxide/
mg cholesterol) did not achieve statistical significance. Addi-
tionally, the increase was much less than that observed with a
diet containing high quantities of peroxides in the oil
(11.08±2.01 nmol peroxide/mg cholesterol). Since the lipid
content in the diet was similar, these results indicate that the
increased peroxides in serum lipoproteins of diabetics result
from the ingested oxidized lipids and not from the total quan-
tity of lipid in the diet.

Additionally, it can be seen that while both control and
diabetic animals demonstrate an increase in the concentration
of peroxides in lipoproteins in response to dietary oxidized lip-
ids, the extent of the increase is significantly greater in diabetic
animals, suggesting that they are more susceptible to dietary
oxidized lipids.

Fig. 4 shows a dose-response curve of the effect of adding
increasing quantities of oxidized lipids to the diet on the con-
centration of peroxides in circulating lipoproteins. There is a
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strong correlation between the quantity ofperoxides in the diet
and the concentration of peroxides in the circulating lipopro-
teins (r = 0.953, P < 0.001), further suggesting that dietary
peroxides are an important source of oxidized lipid in serum
lipoproteins. Interestingly, there was no increase in serum lipo-
protein peroxides when the oil content in the diet was increased
from 0.0% to 2.5%, raising the possibility that there is a thresh-
old of oxidized lipid intake below which the peroxide content
of serum lipoproteins is not altered. However it is also possible
that with a more sensitive assay procedure low quantities of
dietary oxidized lipid might be shown to affect the quantity of
oxidized lipoproteins.

The effect ofdietary oxidized lipids on the peroxide content
of chylomicrons from continuously collected intestinal lymph.
To determine directly whether diabetic rats absorb a greater
quantity of oxidized lipid than do the controls, intestinal
lymph was continuously collected from control and diabetic
rats for 8 h after the intragastric administration of varying
amounts oflipid peroxides. During the 8-h period ofcollection,
the quantity of triglycerides secreted in the lymph of diabetic
and control rats was similar (506±67 mg in diabetics vs.
456±26 mg triglyceride in controls). Fig. S illustrates that in
control rats the quantity of lipid peroxides in chylomicrons
isolated from the collected lymph increases with increasing per-
oxide content of the intragastrically administered oil. When
expressed as nmol peroxide/mg triglyceride, the peroxides in
lymph chylomicrons was 0.380±0.06 nmol/mg triglyceride in
the low peroxide group vs. 0.580±0.01 nmol/mg triglyceride
in the high peroxide group (P < 0.01 ). The results indicate that
dietary peroxides are absorbed and packaged into chylomi-
crons.

In diabetic animals, a similar increase in the quantity of
peroxides in chylomicrons in response to increasing amounts
ofperoxide administration was observed (Fig. 5). When chylo-
microns isolated from diabetic animals were compared with
chylomicrons from controls, lipid peroxides were significantly
increased in the medium and high peroxide groups:
0.640±0.04 vs. 0.490±0.03 nmol (P < 0.005) in the medium
peroxide group and 0.830±0.02 vs. 0.580±0.01 nmol (P

Peroxides in CM
CD 1.0
I-

E0.8-
"I,

V
* 0.6 -

CL

(n

!!0.2
E
C 0.0

low medium high

peroxide content In oil

Figure 5. Lipid peroxide
content of chylomicrons
(CM) from control and
diabetic rats. Rats were
administered oil contain-
ing increasing amounts
of lipid peroxides. Low,
medium, and high per-
oxide oil contained 4.7,
82.5, and 120.0 nmol
peroxide/mg oil, respec-
tively. Lymph was col-
lected for 8 h for chy-

lomicron isolation. All data are expressed as nmol peroxide/mg chylo-
micron triglyceride and are represented as means±SE. There were five
rats in each group. P < 0.005 when control group fed a medium perox-
ide oil diet was compared with the diabetic group fed the same diet; P
< 0.001 when control group fed a high peroxide diet was compared
with the diabetic group fed the same diet; P < 0.01 when control group
fed high peroxide diet was compared with the control group fed low
peroxide diet; P < 0.005 when diabetic group fed a high peroxide diet
was compared with the diabetic group fed the low peroxide diet.
z control; u diabetic.

< 0.001 ) in the high peroxide group. Similar results were ob-
tained when TBARS in chylomicrons were measured: high per-
oxide controls, 0.59±0.04 nmol/mg triglyceride; high peroxide
diabetics, 0.81±0.02 nmol/mg triglyceride; P < 0.001. Because
the difference between the quantity of oxidized lipid in chylo-
microns isolated from control and diabetic rats is greatest when
the peroxide content in the oil is the highest, it is likely that the
peroxides in lymph chylomicrons are primarily derived from
the diet and not from oxidation in the small intestine.

Thus, after the intragastric administration of the same
quantity of total lipid peroxides, lymph chylomicrons from
diabetic animals contained significantly more lipid peroxides
than did chylomicrons from controls.

The effect of'4C-labeled dietary oxidized linoleic acidon the
'C-labeled linoleic acid content ofchylomicronsfrom continu-
ously collected intestinal lymph. To further demonstrate that
diabetic rats absorb greater quantities of oxidized lipid than
control rats, intestinal lymph was collected from control and
diabetic rats for 8 h after the intragastric administration of oil
containing oxidized ['4C]linoleic acid. [3H ITriolein, which is
not easily oxidized, was simultaneously added to the oil to
correct for variations in the quantity oflymph collected. When
the ratio of oxidized ['4C] linoleic acid to [3H ]triolein
('4C/3H) recovered in chylomicrons was examined in control
and diabetic rats, we found that the ratio was increased
(2.67±0.37) in diabetic rats when compared with controls
( 1.34±0.06), P < 0.01 (Table I). In contrast, the ratio was the
same in control ( 1.55±0.21 ) and diabetic animals ( 1.50±0.12)
when nonoxidized [ '4C]linoleic acid was administered. These
data further demonstrate that diabetic animals have an in-
creased absorption of oxidized dietary lipids with more oxi-
dized lipids recovered in the lymph chylomicrons of diabetic
animals.

Discussion

Several studies have shown that the quantity of oxidized lipids
in serum lipoproteins is increased in diabetic patients (1 1, 12)
and in animals with experimentally induced diabetes ( 13-15).
Numerous in vitro and in vivo studies suggest that oxidized
lipoproteins play an important role in atherogenesis (3-5). Ox-
idized lipoproteins lead to an increase in lipid uptake and depo-
sition in macrophages, resulting in foam cell formation (3-5).
Additionally, oxidized lipoproteins are cytotoxic to endothelial
cells in culture (7). Furthermore, oxidized lipoproteins stimu-
late the release of cytokines and growth factors that could po-
tentiate the atherogenic process (3-5, 8-10). An increase in
oxidized lipoproteins could therefore contribute through sev-

Table I. Ratio of['4C]Linoleic Acid ['HiOleic Acid Label
Recovered in Chylomicrons

Nonoxidized linoleic acid Oxidized linoleic acid

Control rat* 1.55±0.21 Control ratt 1.34±0.06
Diabetic rat* 1.50±0.12 (NS) Diabetic ratt 2.67±0.33§

Control and diabetic rats were administered nonoxidized [3H]oleic
acid simultaneously with either oxidized or nonoxidized ['4C]linoleic
acid. Lymph was collected for 8 h and the '4C/3H in the lymph was
determined. * Values represent an average from four preparations.
* Values represent an average from five preparations. § P < 0.01.
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eral mechanisms to the increased risk of atherosclerosis that is
associated with diabetes.

The origin of the increase in oxidized lipoproteins in dia-
betes is unknown. In the present study we have examined the
effect of oxidized lipids in the diet on the levels of serum oxi-
dized lipoproteins and the possibility that an increased absorp-
tion of lipid peroxides in the diabetic is responsible for the
elevated levels of lipid peroxides in the serum of diabetics.

In control animals, the quantity ofoxidized lipid in the diet
directly correlated with the concentration of oxidized lipid in
the serum lipoproteins (r = 0.953, P < 0.001). Animals that
were fed a diet containing no oxidized lipid had very little oxi-
dized lipid in serum lipoproteins, while animals fed a diet con-
taining increasing quantities of oxidized lipid had increasing
concentrations of oxidized lipid in their serum lipoproteins.
These results indicate that dietary oxidized lipids play an im-
portant role in determining the concentration of oxidized lipid
in serum lipoproteins. Moreover, the quantity ofoxidized lipid
in chylomicrons isolated from the mesenteric lymph drainage
ofthe small intestine also closely correlated with the amount of
oxidized lipid administered to the animals (r = 0.989, P
< 0.01 ). These results indicate that oxidized lipids in the diet
are absorbed by the small intestine and are transported in chy-
lomicrons to the circulation, where they contribute to the total
body pool of oxidized lipids. Given that our studies demon-
strate that oxidized lipids in the diet affect not only the concen-
tration of oxidized lipid in chylomicrons but also the serum
VLDL + LDL lipoprotein fraction, one can speculate that the
oxidized lipid in chylomicrons is either delivered to the liver.
where it is repackaged and secreted in endogenous lipoproteins
or transferred in the circulation to other lipoprotein particles.

The presence of oxidized lipid in rat lymph has been inves-
tigated previously with contradictory results. Several investiga-
tors have not found any oxidized lipids in the lymph and have
concluded that deperoxidation takes place in the intestinal mu-
cosa (33-35). Recently, however, Aw et al. (36), by measuring
TBARS, have demonstrated lipid peroxidation in the rat
lymph. The degree of lipid peroxidation correlated with the
GSH content of the intestinal mucosa cells. Decreasing intes-
tinal GSH levels by feeding inhibitors of GSH transferase re-
sulted in an increase in absorption and transport into the
lymph ofoxidized lipids. These results indicate that the absorp-
tion and transport of oxidized lipids by the small intestine can
vary depending upon GSH levels in the small intestine, and
such differences might account for the conflicting observations
regarding the presence of oxidized lipids in the lymph. Re-
cently we have demonstrated that dietary lipid peroxides are
incorporated into rat lymph chylomicrons and these lipid per-
oxides have a significant influence on the metabolism of
plasma chylomicrons in rats (37).

As reported previously by Morel et al. ( 15 ), we also have
observed that the concentration of oxidized lipid in the serum
lipoprotein fraction (d < 1.063) from diabetic rats fed a stan-
dard chow was increased in comparison with controls. A main
conclusion of the present study is that an increased absorption
of dietary oxidized lipids is primarily responsible for the ele-
vated lipid peroxides in the serum of streptozocin-induced dia-
betic rats. This conclusion is supported by three separate find-
ings. First, in the absence of lipid peroxides in the diet no in-
crease in serum lipid peroxides occurs in the diabetic animals
compared with controls. Second, the level of lipid peroxides in
the serum of control and diabetic rats closely correlates with

the level of lipid peroxides in the diet. However, in the diabetic
rat there is a greater elevation of lipid peroxides in the serum
than in the control rat when fed a diet containing lipid perox-
ides. Third, the increased absorption of oxidized lipids by the
diabetic rat is directly demonstrated by experiments showing
that, following gastric administration of lipid peroxides, dia-
betic rats absorbed an increased amount of oxidized lipid into
their intestinal lymph compared with nondiabetic rats. Taken
together, these results indicate that the increased absorption of
lipid peroxides contributes to the elevated levels ofserum lipid
peroxides that characterize the diabetic state. Additionally, dia-
betic animals are hyperphagic (23, 38) and therefore will con-
sume increased quantities of dietary oxidized lipids, which
could also contribute to the elevated quantities of lipid perox-
ides in serum lipoproteins.

The increase in absorption of oxidized lipids by the small
intestine in diabetic rats could be due to a number offactors. As
discussed above, Aw et al. (36) have shown that decreased
GSH levels in the intestinal mucosa lead to an increase in ab-
sorption of oxidized lipids by the small intestine. Studies in
diabetic rats have shown that there is a decrease in GSH trans-
ferase in the small intestine ( 14) that could lead to decreased
GSH levels and thereby increase oxidized lipid absorption. Fur-
thermore, Loven et al. ( 18) have shown that the activity ofthe
superoxide dismutase, the primary enzyme in reducing hydro-
peroxide, is decreased in the small intestine ofdiabetic rats. It is
possible that this decrease could also contribute to the in-
creased absorption of oxidized lipids in diabetic rats.

In addition to alterations in the GSH system and oxidative
state of the small intestine in diabetic rats, other factors could
also contribute to the increased oxidized lipid absorption. Dia-
betes results in a variety of changes in intestinal lipid metabo-
lism. Both cholesterol and fatty acid synthesis are increased
approximately twofold in the small intestine of diabetic ani-
mals (38, 39). Moreover, the transport of newly synthesized
cholesterol from the small intestine to the circulation is in-
creased fourfold in diabetic animals (40). Furthermore, several
investigators have shown that the transport oftriglyceride from
the small intestine to the circulation in the postabsorptive state
is also increased by diabetes (41-43). These studies indicate
that the flux of lipid from the small intestine to the circulation
is enhanced by diabetes, and it is possible that the increase in
oxidized lipid transport is related to these alterations in the
lipid flux.

Last, diabetes has been shown to affect the absorption of a
variety of nutrients. The increased absorption of amino acids,
glucose, bile acids, phosphate and fatty alcohols have been dem-
onstrated in diabetic animals (24, 25). Of greater relevance is
the finding that the absorption of cholesterol is increased in
diabetes (25, 44, 45). A single study also indicates an increase
in fatty acid absorption (46). These increases in intestinal ab-
sorption have been attributed to increased maximal transport
capacity, increased passive permeability, alterations in the in-
testinal water layer, and increased mucosal mass. Regardless of
the exact etiology, it is possible that such changes in the small
intestine of diabetic animals also lead to the increased absorp-
tion of oxidized lipids.

In summary, the present study demonstrates that the quan-
tity of oxidized lipid in the diet affects the concentration of
oxidized lipid in circulating lipoproteins in both control and
diabetic rats. In diabetic animals, both food intake and the
absorption of dietary oxidized lipids are increased, which could
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account for the increase in the concentration of oxidized lipids
in serum lipoproteins. Given the widespread use of fried foods
in both commercial and domestic settings, the American diet is
rich in thermally oxidized lipid, which could lead to an in-
creased quantity of oxidized lipid in serum lipoproteins, espe-
cially in diabetics, and thereby contribute to atherosclerosis
both in nondiabetic and diabetic individuals.
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