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Abstract

Lowering of the elevated plasma FFA concentration in 18—
24-h fasted rats with nicotinic acid (NA) caused complete
ablation of subsequent glucose-stimulated insulin secretion
(GSIS). Although the effect of NA was reversed when the
fasting level of total FFA was maintained by coinfusion of
soybean oil or lard oil (plus heparin), the more saturated an-
imal fat proved to be far more potent in enhancing GSIS.
We therefore examined the influence of individual fatty ac-
ids on insulin secretion in the perfused rat pancreas. When
present in the perfusion fluid at 0.5 mM (in the context of
1% albumin), the fold stimulation of insulin release from the
fasted pancreas in response to 12.5 mM glucose was as fol-
lows: octanoate (Cg,), 3.4; linoleate (Cig., cigeis)s 3-3; oleate
(Cig1 cis)s 9-4; palmitate (Cyqp), 16.2; and stearate (Cgy),
21.0. The equivalent value for palmitoleate (Cyg; .;;) Was 3.1.
A cis - trans switch of the double bond in the C¢,; and Cyg,
fatty acids had only a modest, if any, impact on their po-
tency. A similar profile emerged with regard to basal insulin
secretion (3 mM glucose). When a subset of these fatty acids
was tested in pancreases from fed animals, the same rank
order of effectiveness at both basal and stimulatory levels of
glucose was seen.

The findings reaffirm the essentiality of an elevated
plasma FFA concentration for GSIS in the fasted rat. They
also show, however, that the insulinotropic effect of individ-
ual fatty acids spans a remarkably broad range, increasing
and decreasing dramatically with chain length and degree
of unsaturation, respectively. Thus, for any given level of
glucose, insulin secretion will be influenced greatly not only
by the combined concentration of all circulating (unbound)
FFA, but also by the makeup of this FFA pool. Both factors
will likely be important considerations in understanding the
complex interplay between the nature of dietary fat and
whole body insulin, glucose, and lipid dynamics. (J. Clin.
Invest. 1997. 100:398-403.) Key words: saturated fatty ac-
ids « unsaturated fatty acids - insulin secretion « hyperin-
sulinemia « hyperlipidemia
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Introduction

Although FFA have long been known to be stimulatory to-
wards the pancreatic B cell (1-6), only recently has it become
clear that under certain circumstances they are absolutely re-
quired for glucose-stimulated insulin secretion (GSIS).! Thus,
when 18-24-h fasted rats were infused with the antilipolytic
agent nicotinic acid (N'A) to lower their elevated plasma FFA
concentration, insulin secretion in response to a subsequent in-
travenous glucose challenge was essentially ablated (7). On the
other hand, when NA-treated animals received a coinfusion of
Intralipid plus heparin, a maneuver that maintained a high
plasma FFA level, GSIS became supranormal. In fed animals,
GSIS was equally robust regardless of whether their initially
lower plasma FFA level was further reduced by NA infusion.
In this case, however, artificial elevation of the FFA concen-
tration produced a massive stimulation of insulin secretion (7).

Because Intralipid is prepared from soybean oil and thus
generates a mixture of long chain, mainly unsaturated, fatty ac-
ids, we asked how other types of fatty acids would behave in
terms of their ability to enhance GSIS. The studies outlined
below, performed both in vivo and in the perfused rat pan-
creas, reveal that the insulinotropic potency of fatty acids is in-
fluenced profoundly by their chain length and degree of satu-
ration.

Methods

Animals. Male Sprague-Dawley rats weighing ~ 300 g (Harlan Sprague-
Dawley Co., Indianapolis, IN) were used throughout. The rats were
maintained on a light/dark cycle (lights on 1000-2200 h) with ad libi-
tum access to standard rodent chow containing 4% fat (Harlan Tek-
lad, Madison, WI). For in vivo studies, animals were fitted with ca-
rotid artery and jugular vein catheters 5 d before use as described
previously (7). Fasted rats were deprived of food from 1800 h the
night before experiments.

Preparation of lipid emulsions. The following components were
placed in a 50-ml plastic tube: 24 ml of 2.5% (wt/vol) glycerol, 0.36 g
of phosphatidylcholine (P-5394 Sigma Chemical Co., St. Louis, MO),
0.3 ml of penicillin-streptomycin solution (#P0781; Sigma Chemical
Co.), and 6 g of either soybean oil (#S-7381; Sigma Chemical Co.) or
lard oil (#L-0657; Sigma Chemical Co.). After heating at 80°C for ~ 10
min, the mixture was sonicated for 3 X 1 min (with 1-min pauses) at a
power setting of seven (Sonicator W-220F with a microtip probe; Heat
Systems Ultrasonics, Plainview, NY). The emulsions formed were
kept at 4°C for 3—4 d during which they remained homogeneous and
stable.

Hyperglycemic clamp. On the morning of experiments (~ 0900 h),
catheters were flushed with small amounts of heparinized saline (25
U/ml), after which the arterial line was connected for infusion of test

1. Abbreviations used in this paper: GSIS, glucose-stimulated insulin
secretion; NA, nicotinic acid.



substances and replacement blood; the venous line was used for sam-
pling, and was kept patent by the infusion of heparinized saline at 1
ml/h. The rest of the clamp procedure was basically as described ear-
lier (7), with two modifications: (a) the equilibration (basal) phase
was increased from 60 to 90 min; and (b) the postglucose challenge
phase was reduced from 60 to 30 min. Blood samples were taken for
analysis at —90, 0, 5, 10, 15, 20, 25, and 30 min.

When used, the lipid emulsion (soybean or lard oil) was infused
from —90 min onwards at a rate of 0.54 ml/h per 100 g body wt, to-
gether with intravenous boluses of 100, 50, and 25 U of heparin at
=90, —70, and —40 min, respectively. Control animals received the
phospholipid emulsion lacking triacylglycerol.

NA (Sigma Chemical Co.) was dissolved in 150 mM NacCl con-
taining 10% dialyzed rat serum at a concentration of 2 mM (pH ad-
justed to ~ 7), and was given as a 0.25-ml bolus at —75 min, and at 1.5
ml/h thereafter. Control animals received the vehicle only.

Pancreas perfusion. Pancreases were perfused as described (8).
The basal perfusate, maintained at 37°C under 95% O,/5% CO,, con-
tained KRB, pH 7.4, 3 mM glucose, 4.5% (wt/vol) Dextran T-70, and
1% (wt/vol) fatty acid—free bovine serum albumin. When used, fatty
acids were present throughout the perfusion as their sodium salts at a
concentration of 0.5 mM. Sample collection began after an equilibra-
tion period of 15 min (designated time 0). 10 min later glucose was in-
fused from a syringe to raise its concentration in the perfusate to 12.5
mM. At the 40-min point this infusion was stopped, and samples were
collected for a final 10 min. The flow rate was ~ 1.5 ml/min. The ef-
fluent, collected every 2 min in chilled tubes, was stored at —20°C un-
til assayed for insulin (generally within 3-5 d). Perfusions in the ab-
sence and presence of the various fatty acids were carried out in
random order.

Analyses on plasma and perfusion fluid. Glucose concentrations
were determined (glucose analyzer II; Beckman Instruments, Fuller-
ton, CA). Fatty acids were measured using a calorimetric kit (Boeh-
ringer Mannheim Biochemicals, Indianapolis, IN), but using our own
palmitate standard (having found after the fact that the kit standards
used in our earlier study [7] antifactually inflated sample fatty acid
concentrations by ~ 40%). The insulin assay is described in detail
elsewhere (7).

Statistical analysis. Stimulated insulin values, summed from time
+5 to +30 min, were compared using Bonferroni corrected r-tests
(Sigma Stat; Jandel Scientific, San Rafael, CA).

Results

In vivo studies. As seen from Fig. 1, the acute induction of hy-
perglycemia in control fasted rats caused a brisk increase in the
plasma insulin concentration (from 0.06 ng/ml at 0 min to 2.24
ng/ml at +5 min) which then waned with time (C). As ex-
pected, this increase was accompanied by a sharp fall in the cir-
culating FFA level (B). By contrast, and in keeping with our
earlier report (7), in animals receiving NA from —90 min, the
plasma FFA concentration had fallen sharply by the 0 min
time point, and, as a result, insulin secretion in response to the
glucose challenge was completely suppressed (Fig. 1, B and C).
When NA-treated rats received a coinfusion of soybean oil
plus heparin to maintain their FFA level at its elevated fasting
value, however, there was a significant insulin response be-
tween 0 and +5 min (from 0.07 to 0.81 ng/ml), and from +10
min onwards the plasma concentration of the hormone contin-
ued to increase, reaching a value of 4.4 ng/ml at +30 min com-
pared with 1.2 ng/ml in the control group. When lard oil was
used in place of soybean oil, the pattern of insulin secretion
changed markedly. Not only was the acute insulin response to
glucose completely restored, but, in addition, there was an ex-
uberant second phase of secretion, such that by +30 min the
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Figure 1. Effect of soybean oil (SOY) and lard oil (LARD) infusion
on the plasma insulin response in NA-treated fasted rats. Animals re-
ceived the indicated infusions from —90 min (lipid) or —75 min (NA)
onwards as described in Methods. At 0 min a hyperglycemic clamp
was initiated by intravenous administration of glucose. Values are
means*SEM for four to eight animals in each group. When not
shown, standard error bars are contained within the symbol. Symbols
are as follows: A, NA + LARD; A, NA + SOY; L, NA; [J, control.

plasma level had reached 11.5 ng/ml (Fig. 1 C). Fig. 1 D shows
the sum of each measured insulin concentration after the glu-
cose challenge, which may be taken as a reflection of overall
hormone secretion during the clamp period. Lowering the
FFA level by NA treatment profoundly reduced the insulin
value from 8.24%1.09 to 0.70=0.22 ng/ml (means=SEM; P <
0.0001). GSIS, however, was completely restored by coadmin-
istration of soybean oil (13.5%3.3 ng/ml; NS compared with
control) and became supranormal when soybean oil was re-
placed by lard oil (40.4+7.0 ng/ml; P < 0.0005 and 0.005 com-
pared with the control and soybean oil groups, respectively).
The reproducible finding that the acute (+5-min) insulin
response to glucose in rats receiving NA plus soybean oil was
only ~ 30% of that in control or NA plus lard oil-treated ani-
mals (Fig. 1 C, inset), despite similar total plasma FFA concen-
trations in all three groups (Fig. 1 B), was reminiscent of previ-
ous results in which Intralipid was the infused emulsion (7).
We suspected that this result might have stemmed from a dif-
ference in the nature of the fatty acids in the circulation before
the glucose challenge. Accordingly, the total lipids were ex-
tracted from plasma of similarly treated rats, and were frac-
tionated using silica Sep-Pak columns (Waters Associates, Mil-
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Table I. Plasma FFA Composition in Control, Soybean Oil-
and Lard Oil-infused Fasted Rats

Fatty acid Controls NA + soybean oil NA + lard oil
% of total

1. Palmitic (C16:0) 259 10.5 15.9
2. Stearic (C18:0) 9.7 4.8 43
3. Oleic (C18:1) 23.1 15.5 25.9
4. Linoleic (C18:2) 24.8 36.9 16.2
5. Linolenic (C18:3) 1.7 53 0.9
Ratio 3+4+5

1+2 1.40 3.77 213

Rats were treated as in Fig. 1, and blood was collected for analysis at the
0-min time point. Values refer to the five most abundant fatty acids in
pooled plasma from four to five animals in each group.

ford, MA) (9). The nonesterified fatty acids thus obtained
were then analyzed by conventional gas-liquid chromatogra-
phy. The major species found are listed in Table I. It is seen
that the ratio of unsaturated to saturated fatty acids was mark-
edly lower in the lard oil- versus soybean oil-treated rats, and
that the pattern in the former group more closely resembled
that in the untreated animals.

Studies with the perfused pancreas. The very different ef-
fectiveness of the two lipid emulsions in enhancing GSIS in
vivo clearly pointed to a differential insulinotropic potency of
saturated versus unsaturated fatty acids. To explore this notion
further we turned to the perfused pancreas preparation in
which the impact of individual fatty acids on GSIS could be ex-
amined directly. For this purpose, insulin secretion was mea-
sured in response to an increase in the perfusate glucose con-
centration from 3 to 12.5 mM in the absence or presence of
different fatty acids, each of which was added to the medium at
a concentration of 0.5 mM.

The data of Fig. 2 reinforce the now well-established point
that, when isolated from the whole animal, the pancreas of a
previously fasted rat responds very poorly to glucose as the
sole insulin secretagogue (7, 10-12). While all of the fatty acids
tested enhanced both first- and second-phase GSIS in a quali-
tatively similar manner (Fig. 2, A), their quantitative potency
varied over a remarkable range. Thus, during the high glucose
period the fold increase in total insulin secretion over the con-
trol value of 6.7 ng was as follows, octanoate (Cgg) 3.4; li-
noleate (Cig, cigeis) 3-3; oleate (Cigy o) 9.4 palmitate (Cig)
16.2; and stearate (Cg,) 21.0 (Fig. 2 B). A similar profile was
seen with regard to basal hormone secretion (Fig. 2 A, inset).

The effect of each of the above fatty acids (with the excep-
tion of octanoate) was also examined using pancreases from
fed rats (Fig. 3). As expected, the total amount of insulin re-
leased in response to 12.5 mM glucose alone (37.8 ng) was sig-
nificantly greater than that obtained with the fasted pancreas
(note the difference in ordinate scales between Fig. 2 and Fig.
3). Nevertheless, the same rank order emerged with respect to
the fold stimulation imparted by the various fatty acids: li-
noleate, 3.7; oleate, 6.0; palmitate, 7.1; and stearate 12.3 (Fig. 3
B). Also, the effect of the fatty acids on basal insulin output
was now much more apparent, the fold increase ranging from
13 for linoleate to 65 for stearate (Fig. 3 A, inset).
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Figure 2. Effect of different fatty acids on GSIS from the perfused
pancreas of fasted rats. (A) The concentration of glucose in the perfu-
sion medium was either 3 mM (G 3) or 12.5 mM (G 12.5), and the in-
dicated fatty acid was present at a concentration of 0.5 mM through-
out. (B) Total insulin secreted in response to 12.5 mM glucose.
Values are means*SEM for five to six perfusions in each group. For
clarity, standard error bars have been omitted from A. Symbols are as
follows: W, stearic (18:0); A, palmitic (16:0); O, oleic (18:1); @, linoleic
(18:2); A, octanoic (8:0); [, control.

Taken together, the above findings established that the in-
sulinotropic potency of fatty acids increases dramatically as a
function of their chain length and degree of saturation. Both
points are confirmed and extended by the studies of Fig. 4, in
which an additional variable, namely the effect of geometric
isomerism surrounding a given double bond, was also deter-
mined. It is seen that, just as oleate was far less effective than
stearate, introduction of a single double bond into the palmi-
tate molecule to produce palmitoleate (Cy4; ;) reduced the
fold stimulation of GSIS from 16.2 to 3.1. While there was no
significant difference in the effectiveness of oleic (Cyg, ;) and
elaidic (Cig yuns) acid, palmitelaidic acid (Cig 4ns) tended to
be more potent (fold stimulation 7.6) than its cis isomer; the
difference, however, did not quite reach statistical significance
(P <0.07).

Discussion

The critically important role of fatty acids in pancreatic 3 cell
function came into sharper focus recently with the demonstra-
tion (7) that in the fasted rat the elevated level of circulating
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Figure 3. Effect of different fatty acids on GSIS from the perfused
pancreas of fed rats. Details are described for Fig. 2. Symbols are as
follows: M, stearic (18:0); A, palmitic (16:0); O, oleic; @, linoleic
(18:2); O, control.

FFA is a sine qua non for GSIS. The current work extends this
principle to another level by establishing that all fatty acids are
not made equal in terms of their insulinotropic potency. Initial
clues to this effect came from the following observations made
in our earlier study (7). First, in control fasted rats, acute intra-
venous glucose administration elicited a prompt insulin re-
sponse that waned with time despite maintenance of continued
hyperglycemia using a glucose clamp. (The poor second phase
response in this setting stems from the insulin-induced sup-
pression of lipolysis, which removed the fatty acid drive on 8
cell secretion.) Second, prior lowering of the FFA concentra-
tion by NA totally abrogated GSIS. Third, artificial elevation
of the FFA level in NA-treated rats by coinfusion of Intralipid
plus heparin did not fully restore the first phase insulin re-
sponse to glucose, although it promoted an accelerated second
phase of secretion. All of these findings were reproduced in
the present work, in which soybean oil, the principal ingredient
of Intralipid, was used to maintain a high FFA level in NA-
treated animals. When soybean oil was replaced by lard oil,
however, (which, like the endogenous FFA in these rats, con-
tains a higher ratio of saturated to unsaturated fatty acids) not
only was the acute insulin response to glucose completely nor-
malized, but second-phase insulin secretion now outstripped
even that seen with soybean oil infusion by threefold.

The implication from these in vivo studies that GSIS is in-
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Figure 4. Effect of different fatty acids on GSIS from the perfused
pancreas of fasted rats. Details are as described for Fig. 2 and Fig. 3.
The data for control, oleate, and palmitate perfusions are taken from
Fig. 2. Symbols are as follows: €, palmitelaidic; A, elaidic; @, palmi-
toleic; M, palmitic; O, oleic; [J, control.

fluenced differently by different types of fatty acids was borne
out by experiments with the isolated perfused pancreas prepa-
ration. When the donor animal was fasted, the characteristic
sluggish insulin response to a stimulatory glucose level (12.5
mM) (7, 10-12) was confirmed. The simultaneous presence of
a fatty acid in the medium (0.5 mM in a context of 1% albu-
min), however, produced a dramatically different picture de-
pending upon the type used. Thus, whereas octanoate (Cg)
enhanced GSIS by 3.4-fold, the stimulus provided by linoleate
(Cign) was 5.3-fold. Even more strikingly, as the number of
double bonds in the Cg fatty acid was reduced to 1 and 0, (i.e.
oleate and stearate), the fold enhancement of GSIS rose to 9.4
and 21.0, respectively; the equivalent value for palmitate (Ci4,)
was 16.2. The various fatty acids also stimulated the low rate of
basal insulin secretion (at 3 mM glucose) in roughly the same
rank order of effectiveness. A similar profile emerged when
the pancreas came from fed animals, but in this case insulin se-
cretion in response to 12.5 mM glucose alone was five to six-
fold greater than with the fasted organ, in keeping with previ-
ous findings (7, 10-12). Moreover, the powerful enhancement
of basal insulin secretion was now even more noticeable,
reaching 65-fold with stearate. Clearly, therefore, the insulino-
tropic effect of fatty acids is influenced in a major way both by
their chain length (positively) and by their degree of unsatura-
tion (negatively). The latter point is further illustrated by the
marked fall in potency of palmitoleate (C4;) compared with
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that of palmitate (fold stimulation of GSIS, 16.2 and 3.1, re-
spectively). Interestingly, the nature of the double bond (cis/
trans) in the unsaturated fatty acids had at best only a modest
influence on GSIS, in agreement with a brief report by Alstrup
et al. (13).

It should be noted that the difference in insulinotropic po-
tency between octanoate and the longer chain saturated fatty
acids tested here, as profound as it was, was almost certainly
underestimated. This is because the free concentration of the
medium chain fatty acid must have been much higher than that
of palmitate or stearate, given its vastly greater water solubil-
ity. It may also be concluded that the greater effectiveness of
saturated versus unsaturated long chain fatty acids was not the
result of a higher unbound concentration of the former spe-
cies. Indeed, the affinity for albumin actually increases (and
the unbound/free concentration decreases) with the degree of
saturation of the fatty acid (14).

The results described here appear to be in serious conflict
with those of Opara et al. (15), who examined the effects of
some of the same fatty acids on insulin secretion by perifused
murine islets. That report would leave the impression that (a)
while palmitate is modestly stimulatory towards GSIS, li-
noleate is inhibitory; and () stearate greatly suppresses basal
insulin output. We have difficulty in interpreting these data,
however, in view of the extremely high concentration of fatty
acids used (5 mM with only 2% albumin), and because the
fatty acids were never present simultaneously with a stimula-
tory level of glucose. Moreover, only six islets were used per
experiment, and the enhancement of insulin secretion caused
by shifting the glucose concentration from 5.5 to 27.7 mM
(threefold) was very low compared with that usually observed
in the intact pancreas.

Some intriguing questions are now posed. For example,
why does fasting bring about an absolute dependence of the
rat islet on fatty acids for GSIS? Although a firm answer is not
yet available, one possibility, discussed previously (7), is that in
the fed state the B cell is capable of metabolizing glucose effi-
ciently to the level of malonyl-CoA. This in turn would suppress
the activity of mitochondrial carnitine palmitoyltransferase I,
and thus cause an increase in the cytosolic concentration of
fatty acyl-CoAs (derived either from intracellular lipid stores
or from the low level of plasma FFA) which have been impli-
cated as important signaling molecules for insulin secretion
(16). If with food deprivation the pathway from glucose to ma-
lonyl-CoA is suppressed (e.g., because of diminished activity
of pyruvate dehydrogenase or acetyl-CoA carboxylase, as in
the liver), acute elevation of the cytosolic fatty acyl-CoA level
might not be possible. The deficit, however, could be made up
by provision of external fatty acids. Alternatively, it is conceiv-
able that starvation simply brings about depletion of a critical
lipid moiety that works in concert with glucose to trigger insu-
lin secretion, and the effective concentration of which can be
restored acutely by exogenous fatty acids. Whatever the pre-
cise role of fatty acids in GSIS, it is evident that it transcends
the simple provision of energy to the B cell, or else the readily
oxidizable medium chain substrate, octanoate (17), would be
expected to be highly stimulatory. Obviously this is not the
case, as longer chain fatty acids, particularly when fully satu-
rated, are much more insulinotropic. To what extent the sig-
naling entity is the fatty acid itself, its CoA ester, an esterified
product, or a combination of these species (7, 18), remains to
be elucidated, as does the question of whether fatty acids are
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also instrumental in stimulus—secretion coupling by nonglu-
cose secretagogues.

Despite the above unknowns, it is becoming increasingly
clear that, at least in the rat, at any given time the output of in-
sulin from the pancreas will be governed not only by the blood
glucose level, but also by the prevailing concentration and na-
ture of the circulating unbound fatty acids. To the extent that
this paradigm also applies to humans, it is tempting to specu-
late that an excessively high ratio of saturated to unsaturated
fatty acids in this plasma pool might promote hypersecretion
of insulin, and thus contribute to the constellation of disorders,
including hyperinsulinemia, dyslipidemia, and insulin resis-
tance, that frequently accompanies the overconsumption of di-
etary saturated fat (19-25). In this regard, it is of interest that
epidemiological studies in twins (21), in subjects with coronary
artery disease (20), and in populations of aging men (22, 23),
all suggest that high saturated fat intake is independently asso-
ciated with hyperinsulinemia after accounting for known cova-
riates such as levels of obesity and the aging process itself. Fi-
nally, it should be emphasized that the current studies have
dealt with acute and physiological effects of fatty acids on insu-
lin secretion in the rat. Whether chronic hyperlipacidemia can
actually cause impairment of  cell function in both rodents
and humans is still a matter of debate (6, 26-28).
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