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OBJECTIVE — The recommendations for dietary fats in patients with type 2 diabetes are
based largely on the impact of fatty acids on fasting serum lipid and glucose concentrations. How
fatty acids affect postprandial insulin, glucose, and triglyceride concentrations, however, re-
mains unclear. The objective of this study was to study the effect of fatty acids on postprandial
insulin, glucose, and triglyceride responses.

RESEARCH DESIGN AND METHODS — Test meals rich in palmitic acid, linoleic acid,
oleic acid, and eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) and containing
1,000 keal each were administered in a randomized crossover design to 11 type 2 diabetic
subjects. Serum insulin, glucose, and triglyceride concentrations were measured for 360 min. All
subjects received an isoenergetic diet of constant composition throughout the study.

RESULTS — According to repeated-measures ANOVA, the insulin (P = 0.0002) but not
glucose (P = 0.10) response was significantly different between meals. The insulin response was
lower to meals rich in oleic acid or EPA and DHA than to meals rich in palmitic acid or linoleic
acid (P < 0.01). The triglyceride response did not reach statistical significance (P = 0.06) but
tended to be lower with EPA and DHA than with the other fatty acids. Similar trends were seen
for area under the curve (AUC) and incremental AUC for serum insulin and triglycerides, but the
differences were not significant.

CONCLUSIONS — In comparison with palmitic acid and linoleic acid, oleic acid or EPA and
DHA may modestly lower insulin response in patients with type 2 diabetes without deteriorating

the glucose response. EPA and DHA may also reduce the triglyceride response.

Diabetes Care 30:2993-2998, 2007

he dietary recommendations for
fatty acid intakes to manage dyslip-
idemia and glycemia in patients
with type 2 diabetes are largely based on

the findings from studies on the impact of
fatty acids on fasting serum lipid and glu-
cose concentrations (1). How the differ-
ent types of fatty acids affect postprandial
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lipid, glucose, and insulin concentra-
tions, however, is not clearly understood.
This information is important because
most individuals in Western countries are
in a postprandial state for most of the day
(2,3). Postprandial triglyceride concen-
trations are associated with cardiovascu-
lar disease (CVD) (4,5), and this fact may
be even more relevant in patients with
type 2 diabetes, given that these individ-
uals have higher postprandial triglyceride
responses than individuals without type 2
diabetes (6,7), even when baseline tri-
glyceride concentrations are normal (7).
How the different types of fatty acids af-
fect postprandial glucose and insulin re-
sponse also needs to be further examined
especially because poor glycemic control
is linked to diabetes complications in-
cluding CVD, and hyperinsulinemia is a
risk factor for CVD (1).

The acute effect of different types of
fats on postprandial insulin response in
subjects with type 2 diabetes has been ex-
amined in only two studies (8,9). These
studies compared meals rich in butter and
olive oil and reported no difference in in-
sulin levels. Studies in subjects without
diabetes showed either no difference in
insulin response to meals rich in satu-
rated, monounsaturated, or polyunsatu-
rated (n-3 or n-6) fatty acids (10-18) or a
higher insulin response to meals rich in
eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) or linoleic acid
than to a meal rich in beef fat (19). A pos-
sible explanation in part for the results of
the latter study (19) may be that the meals
rich in polyunsaturated fatty acids con-
tained about 10% more carbohydrate, a
determinant of postprandial insulin re-
sponse (3), than the meal rich in beef fat.

Three studies have looked at the acute
effect of different fatty acids on postpran-
dial glucose response in subjects with
type 2 diabetes and either showed no dif-
ferences in glucose response to meals rich
in butter and olive oil (9) and to meals
rich in oleic acid and oleic acid plus EPA
and DHA (20) or showed a lower glucose
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Table 1—Fatty acid composition of the various test oils

Fatty acids (%)

Saturated Gi Polyunsaturated
is-mono-
Medium Long unsaturated
chain chain n-9 n-6 n-3 Others
Palm oil 0.1 51.3 38.9 9.6 0.2 0
Olive oil 0 13.8 77.1 8.3 0.6 0.2
Safflower oil 0 6.5 15.0 78.0 0 0.5
Salmon oil 0 17.6 29.4 2.3 38.6 12.1

response to a meal rich in butter com-
pared with a meal rich in olive oil (8). A
majority of the studies in subjects without
diabetes showed no difference in glucose
response to meals rich in different fatty
acids (10-15,18,21). Gatti et al. (16),
however, found a lower glucose response
to meals rich in olive oil than to meals rich
in corn oil or butter, and Lardinois et al.
(19) found a higher glucose response to a
meal rich in fish compared with a meal
richin corn oil or beef in individuals with-
out diabetes.

The number of studies examining the
acute effect of meals on postprandial tri-
glyceride response in type 2 diabetic sub-
jects is also limited. West et al. (20)
reported a lower triglyceride response to a
meal rich in both oleic acid and EPA and
DHA compared with a meal rich in just
oleic acid but only in subjects with high
triglyceride concentrations. This differ-
ence may be due to decreased chylomi-
cron production or secretion (22) and
reduced synthesis of VLDLs (23) associ-
ated with very long-chain n-3 fatty acids.
Comparison of meals rich in butter and
olive oil in subjects with type 2 diabetes
revealed either no difference (8) or a
higher triglyceride response to the meal
rich in butter (9). The results from studies
in subjects without diabetes have also
been controversial, with some studies
showing no difference in postprandial tri-
glyceride response to different fatty acids
(11-15,21,24-27) and others showing
either a lower response to meals rich in
n-3 (17), n-6 (10), and n-9 (10,18) fatty
acids or a higher response to n-6 (28,29)
and n-9 (28,29) fatty acids compared
with responses to saturated fatty acids.

Possible reasons for the conflicting re-
sults could be the fact that the order in
which the meals were tested was not ran-
domized in a number of studies (13,
14,19,24), and in several studies a
constant background diet was not pro-
vided (10-17,19-21,24,27,28). It has

been reported that the fats and carbohy-
drates in the daily diet may influence the
postprandial response to a meal (3,30). In
addition, some researchers limited the en-
ergy content of the test meal (300-500
keal) (16,19) and the time during which
the response was measured (180 min)
(16,19,26), and these limitations may
make it difficult to detect significant dif-
ferences between the different test meals.
The controversial results may also be due
to the use of butter as a source of saturated
fat (8-10,16,18,21,25). Nearly 15% of
the saturated fat content in butter is ac-
counted for by medium-chain fatty acids
known to improve insulin sensitivity and
glycemic control (31).

The above studies have a number of
design issues, which make it difficult to
clearly interpret the results. Also, there is
a paucity of data in patients with type 2
diabetes. We addressed these issues in
our study in which we compared the
postprandial triglyceride, glucose, and in-
sulin response to meals rich in palmitic
acid, oleic acid, linoleic acid, and EPA and
DHA in subjects with type 2 diabetes. The
postprandial response was measured for
360 min, and the meals were adminis-
tered in a randomized crossover design.
Each test meal was designed to provide
1,000 kcal, and the percent energy from
carbohydrate, protein, and fat was held
constant. In addition, the subjects were
fed an isoenergetic diet of constant com-
position throughout the study. We hy-
pothesized that there will be no difference
in postprandial insulin and glucose re-
sponse to meals rich in different fatty ac-
ids. The secondary hypothesis was that
the postprandial triglyceride response
will be lower to meals rich in very long-
chain n-3 fatty acids compared with the
other fatty acids.

RESEARCH DESIGN AND
METHODS — FEleven men with type 2
diabetes who had fasting blood glucose

concentrations <200 mg/dl and were not
receiving insulin therapy were studied at
the General Clinical Research Center of
the University of Texas Southwestern
Medical Center at Dallas. The protocol
was approved by the University of Texas
Southwestern Institutional Review Board,
and each participant gave informed con-
sent. Mean = SD age was 54.6 = 12.2
years, and mean BMI was 33.2 = 3.7 kg/
m?. Six of the subjects were non-Hispanic
whites, three were African American, and
one each was Asian and Hispanic. None of
the subjects had thyroid, renal, or hepatic
disease, uncontrolled hypertension, ane-
mia, or a history of ketosis.

All subjects received an isoenergetic
diet of constant composition throughout
the study duration of 12-15 days. The
subjects were instructed to maintain a
constant level of physical activity.

Atintervals of 3—4 days, after an over-
night fast, each subject consumed a mixed
test meal on four occasions in a random-
ized manner. The type of fat in the test
meal varied on each occasion, and the
meal was rich in palmitic acid, oleic acid,
linoleic acid, or EPA and DHA.

Daily diet and test meals

Daily energy intake of the subjects was
estimated using the Harris Benedict equa-
tion (32). The subjects received an isoen-
ergetic background diet containing 15%
of total energy as protein, 35% as fat, and
50% as carbohydrate throughout the
study period, which started 3—4 days be-
fore the first test meal was evaluated. The
subjects picked up their daily meals every
3—4 days from the General Clinical Re-
search Center metabolic kitchen. Energy
intake was adjusted to maintain a con-
stant body weight. Alcohol was not al-
lowed during the entire study period.
Coffee was limited to one serving of re-
constituted freeze-dried coffee (2 g dry
coffee) at breakfast, and tea was limited to
one serving of reconstituted instant tea at
lunch and one at dinner. Sugar-free soft
drinks were allowed but only as a replace-
ment for tea. No deviations from the
above guidelines were reported.

Each test meal provided 1,000 kcal
with 15% energy as protein, 35% as car-
bohydrate, and 50% as fat. The test meals
contained farina, egg substitute, ham with
5% fat, white bread, skim milk, orange
juice, and 51 g of test oil. The test meals
rich in palmitic acid, oleic acid, linoleic
acid, and EPA and DHA were made using
palm oil, olive oil, safflower oil, and
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salmon oil, respectively. The fat content
of the four test oils is shown in Table 1.

Meal tolerance test

The meal tolerance test was conducted
after a 12-h overnight fast. An intrave-
nous cannula was placed in a forearm vein
for blood sampling. After collection of
three baseline blood samples at —30,
—15, and 0 min, patients were asked to
consume the test meal in a 15-min period,
and blood was collected every 30 min for
the next 360 min for measurement of
plasma glucose, insulin, and triglyceride
concentrations.

Biochemical analysis

Plasma glucose concentrations were as-
sayed by the glucose oxidase method
(Beckman Glucose Analyzer; Beckman
Instruments, Fullerton, CA). Plasma insu-
lin concentrations were measured using a
radioimmunoassay kit (Linco Research,
St. Louis, MO). Plasma triglycerides were
measured enzymatically (Sigma Diagnos-
tics, St. Louis, MO).

Statistical methods

A repeated-measures ANOVA model was
used to assess the effect of the different
meals on plasma glucose, insulin, and tri-
glyceride responses after log transforma-
tions. The main effects and meal X time
interaction effects were evaluated. Pair-
wise contrasts were made by comparing
the least-square mean estimates, and P
values were adjusted for multiple com-
parisons using the Bonferroni Holm
method (33). Repeated-measures
ANOVA was also used to compare the ef-
fect of the meals following rank transfor-
mation of the glucose, insulin, and
triglyceride response values after subtrac-
tion of the respective baseline values.
Peak response and peak time were com-
pared across meals by a single-factor re-
peated-measures ANOVA model.

Area under the curve (AUC) and in-
cremental AUC (1AUQ), i.e., the area
above baseline, were calculated using the
trapezoidal rule. The respective natural
log values were compared by a single-
factor repeated-measures ANOVA model.

Similar trends were seen even after we
adjusted our analyses for treatment with
lipid- or glucose-lowering medications or
excluded the four men who were receiv-
ing one of these medications. All statisti-
cal analyses were performed using SAS
(version 9.13; SAS Institute, Cary, NC).

RESULTS — Body weight was main-
tained throughout the study period with
the carefully controlled isoenergetic back-
ground diet of constant composition. Ac-
cording to the repeated-measures
ANOVA test after log transformation, the
postprandial insulin response (Fig. 1A)
was significantly different among the var-
ious meals (P = 0.0002), whereas the
postprandial glucose (Fig. 1C) and tri-
glyceride (Fig. 1E) responses did not dif-
fer significantly by the type of meal given
(P = 0.10 and P = 0.06, respectively).
Post hoc analyses, adjusted for multiple
comparisons, showed that the insulin re-
sponse was significantly higher to the
meal rich in palmitic acid than to the
meals rich in oleic acid (P = 0.002) or
EPA and DHA (P = 0.002) and to the
meal rich in linoleic acid than to the meals
rich in oleic acid (P = 0.007) or EPA and
DHA (P = 0.006). There was no differ-
ence in insulin response between meals
rich in oleic acid and EPA and DHA and
between meals rich in palmitic acid and
linoleic acid. The meal X time interaction
was not significant, indicating that the
peak insulin concentration was reached at
around the same time across meals and
that the difference in the insulin response
to the meals was due to the difference in
the magnitude of the response. There was
no difference in peak time (P = 0.62),
which was reached at ~60 min for each
meal. Peak insulin concentration was sig-
nificantly different (P = 0.01) by meals
(Fig. 1A). It was higher after the meal rich
in linoleic acid than after the meals rich in
oleic acid (P = 0.04) or EPA and DHA
(P = 0.02) and not different between the
meals rich in oleic acid and EPA and DHA
or between the meals rich in palmitic acid
and the other fatty acids.
Repeated-measures ANOVA follow-
ing rank transformation after subtraction
of the baseline values showed a signifi-
cantly different effect of the meals on the
postprandial triglyceride (P = 0.004) and
insulin (P = 0.006) responses but not on
the glucose (P = 0.58) response. Post hoc
analyses, adjusted for multiple compari-
sons, showed that the insulin response
was higher to the meals rich in linoleic
acid than to the meals rich in oleic acid
(P = 0.05) or EPA and DHA (P = 0.02)
and also higher to the meal rich in
palmitic acid compared with EPA and
DHA (P = 0.05). The postprandial tri-
glyceride response tended to be lower af-
ter the meals rich in EPA and DHA than
after the meals rich in other fatty acids,
but the difference was significant only be-
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tween EPA and DHA and oleic acid (P =
0.003). Because the triglyceride response
was delayed by 120 min, we conducted
an additional analysis after excluding the
postprandial data obtained during the
first 120 min and found that the response
was significantly higher after the meal rich
in oleic acid than after the other meals.
However, because the study was designed
to look at the postprandial response for
360 min and because the typical response
lasts for >120 min, our focus will be on
the entire postprandial period.

AUC for insulin (Fig. 1B) was higher
for meals rich in palmitic acid or linoleic
acid than for meals rich in EPA and DHA
or oleic acid, and that for triglycerides
(Fig. 1F) tended to be lower for the meal
rich in EPA and DHA than for the other
meals, but the differences did not reach
statistical significance. AUC for glucose
(Fig. 1D) did not differ by meals. Similar
results were seen for IAUC (data not
shown).

CONCLUSIONS — We examined
the effects of different fatty acids on post-
prandial triglyceride, glucose, and insulin
concentrations in subjects with type 2 di-
abetes. According to repeated-measures
ANOVA, the insulin response was signif-
icantly different by the type of fatty acid
consumed. It was significantly higher in
response to the meals rich in palmitic acid
or linoleic acid than to meals rich in oleic
acid or EPA and DHA. A similar trend was
seen for AUC and iAUC, but the differ-
ences did not reach statistical significance
possibly because of the small sample size.
These results contradict most of the ear-
lier studies that showed no difference in
insulin response to meals rich in different
types of fatty acids in subjects with (8,9)
or without (10-18) diabetes.

A possible mechanism for the insulin
response observed in our study is the dif-
ferent insulinotropic potency of the dif-
ferent fatty acids. Stein et al. (34) studied
the influence of fatty acids on insulin se-
cretion in the perfused rat pancreas and
found that glucose-stimulated insulin re-
lease was higher with palmitic acid than
with oleic acid, which in turn was higher
than that with linoleic acid. Although we
also found an increased postprandial in-
sulin response with palmitic acid com-
pared with oleic acid, our observation of
higher insulin response to linoleic acid
than to oleic acid is not consistent with
the data of Stein et al. (34). Holness et al.
(35) reported that acute replacement of
some dietary saturated fatty acids with
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Figure 1— Postprandial insulin, glucose, and triglyceride responses to meals. Shown are median values for postprandial insulin (A), glucose (C),
and triglyceride (E) responses to meals rich in palmitic acid (<), oleic acid (), linoleic acid (A), and EPA and DHA (O). The baseline values are
the means of the values collected at —30, —15, and 0 min. To convert insulin values from picomoles per liter to microunits per milliliter, divide by
6.0; to convert glucose and triglyceride values from millimoles per liter to milligrams per deciliter, divide by 0.05551 and 0.01129, respectively. Also
shown are AUC values (medians and 25th and 75th percentiles) for insulin (B), glucose (D), and triglycerides (F) for different meals.

EPA and DHA, in rats made insulin resis-
tant by high—saturated fat feeding for 4
weeks, reversed insulin hypersecretion in
vivo and during glucose perifusion of iso-
lated islets. The lowered insulin secretion,
however, was not accompanied by im-

proved insulin action, and glucose toler-
ance was adversely affected. In our study,
the insulin-lowering effect of EPA and
DHA and oleic acid was not associated
with deterioration in glucose tolerance, as
indicated by the lack of difference in post-

prandial glucose response to the different
fatty acids, and may suggest an increase in
insulin sensitivity. In our study, we did
not observe an improvement in insulin
sensitivity after the meal rich in linoleic
acid compared with that after the meal
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rich in palmitic acid. This finding con-
flicts with data from a 5-week study (36)
in which improved insulin sensitivity was
reported with a diet rich in linoleic acid
compared with a diet rich in palmitic
acid. Energy intake in the latter study,
however, was lower during the linoleic
acid-rich phase compared with the other
diet phase, which may partly explain the
results.

The difference in insulin response in
our study may be due to secretion of in-
cretin hormones, glucagon-like-peptide-1,
and glucose-dependent insulinotropic
polypeptide. However, how the incretin
hormones respond to different fatty acids
remains to be studied.

Our results on glucose response are
similar to the results from most studies in
subjects with (9,20) and without (10—
15,18,21) type 2 diabetes, which showed
no difference in glucose response to dif-
ferent fatty acids. It is important to note
that although the insulin-lowering effects
of EPA and DHA and oleic acid did not
adversely affect glucose response, the lat-
ter remained in the diabetes range. This
result indicates a need for more aggressive
control of postprandial glucose levels us-
ing several treatment strategies.

According to the repeated-measures
ANOVA with rank-transformed values af-
ter subtraction of the baseline values, the
triglyceride response tended to be lower
to the meal rich in EPA and DHA than to
the other meals, but the difference was
only significant between the meals rich in
EPA and DHA and oleic acid. A similar,
albeit not significant, trend was seen for
AUC or iAUC. These results are corrobo-
rated by studies examining the acute
effect of different fatty acids on postpran-
dial triglyceride concentrations in type 2
diabetic subjects with high baseline tri-
glyceride concentrations (20) and in indi-
viduals without diabetes (17). Other
acute studies in healthy subjects (15,24),
however, showed no difference in post-
prandial triglyceride response after meals
rich in oleic acid or EPA and DHA. Our
data are similar to those from a long-term
intervention study (37), which showed
reduced postprandial triglyceride con-
centrations in healthy subjects when diets
rich in saturated fatty acids or monoun-
saturated fatty acids were supplemented
with fish oil. The composition of the test
meals was similar to that of the diets to
which the subjects were assigned (37).

It has been reported that the post-
prandial triglyceride response may de-
pend on insulin status (38). We looked at

the influence of insulin resistance, esti-
mated using the homeostasis model assess-
ment insulin resistance calculator 2.2
(39), ontriglyceride response by repeated-
measures ANOVA and found no evidence
of an interaction between insulin resis-
tance status and triglyceride response to
meals. Nevertheless, a larger sample may
help to better examine this relationship.

Possible mechanisms by which EPA
and DHA lower triglyceride levels include
decreased chylomicron production or se-
cretion (22) and reduced synthesis of he-
patic VLDLs (23) seen after chronic
feeding of EPA and DHA. The reduced
VLDL concentrations would result in less
competition for lipoprotein lipase for hy-
drolysis of chylomicrons. It is not known
whether acute consumption of EPA and
DHA would result in the above mecha-
nisms, however.

To accurately distinguish the effect of
different types of fatty acids on the post-
prandial responses, we tested meals that
contained 1,000 kcal and 50% of energy
as fat. Although these meals are more en-
ergy dense than the diet that is typically
consumed by Americans (3,40), we be-
lieve that the test meal rich in oleic acid
may be acceptable over the long term
based on the strong adherence that we
have observed in our earlier studies (3,41)
testing high monounsaturated fat diets for
6-12 weeks. Whether large doses of fish
oil are acceptable over the long term re-
mains to be studied. Also, whether meals
with a lower fat content would lead to
reduced or similar postprandial responses
compared with the meals administered in
our study will require additional studies.
Our test meals also contained some car-
bohydrate sources such as white bread,
which has a high glycemic index. This
should not preclude us from distinguish-
ing the effect of the different fatty acids on
postprandial response, however, because
the type and amount of carbohydrate
were held constant across the test meals.

In summary, our study shows that
meals containing a high percentage of en-
ergy from oleic acid or EPA and DHA, the
fatty acids that patients with type 2 diabe-
tes are encouraged to consume by the
American Diabetes Association (1), may
be beneficial in lowering postprandial in-
sulin response in comparison with meals
rich in palmitic acid or linoleic acid with a
comparable postprandial glucose re-
sponse. Meals containing a high percent-
age of energy from EPA and DHA may
also be beneficial in lowering the post-
prandial triglyceride response.
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