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Effect of Somatostatin-induced Suppression
of Postprandial Insulin Response
upon the Hypertriglyceridemia
Associated with a High Carbohydrate Diet

HENRYN. GINSBERG, ALICE JACOBS, NGOC-ANHLE, and JEFFREY SANDLER,
Department of Medicine, University of California at San Diego,
La Jolla, California 92093

A B S T R A C T In an attempt to define the relationship
between plasma insulin and triglyceride concentra-
tions, we have studied the effect of suppression of the
postprandial insulin response upon the secretion and
plasma concentration of very low density lipoprotein
(VLDL)-triglycerides. Eight nondiabetic subjects with
a wide range of fasting plasma triglyceride levels (100-
358 mg/dl) were studied during three dietary periods:
base line, high carbohydrate (80% calories), and high
carbohydrate (80% calories) with a daily intravenous
infusion of somatostatin (SRIF) (1.3 ,g/min) between
800 and 2,100 h. The significant increase in postpran-
dial insulin response observed during high carbohy-
drate vs. base line was completely abolished during
high carbohydrate-SRIF. However, plasma triglycer-
ide levels rose in all subjects during each high car-
bohydrate period (with/without SRIF) vs. base line
and the mean values reached during each period were
the same (476±165 vs. 482±152 mg/dl, respectively).
The secretion of VLDL-triglyceride into plasma was
higher in four subjects, the same in two subjects, and
lower in one subject during high carbohydrate-SRIF
vs. high carbohydrate alone. The mean production rate
of VLDL-triglyceride (mg/kg per h) was 25.6±4.9
during the high carbohydrate and 40.9±28.1 during
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the high carbohydrate-SRIF periods. These values
were not significantly different. Postprandial glucose
levels were slightly increased during high carbohy-
drate-SRIF, but overnight glucose concentrations were
not affected. Plasma FFA levels were not different
during the two high carbohydrate periods. Plasma glu-
cagon levels did not appear to affect the results either.
This study indicates that postprandial hyperinsuline-
mia during a high carbohydrate diet is not necessary
for induction of hypertriglyceridemia.

INTRODUCTION

During the past two decades, several groups of inves-
tigators have presented evidence indicating a close
relationship between plasma insulin levels and fasting
plasma triglyceride levels. Significant positive corre-
lations have been demonstrated between both fasting
and postprandial plasma insulin concentrations and
the fasting concentration of plasma triglyceride in sub-
jects with normal plasma triglyceride levels (1) and in
subjects with hypertriglyceridemia (2-4). Carbohy-
drate induction of hypertriglyceridemia has been used
as a model of the insulin-triglyceride relationship (5,
6). During consumption of a fat-free, 75-85% carbo-
hydrate diet, plasma triglyceride levels increase and
this rise has been found to result from an increase in
very low density lipoprotein (VLDL)-triglyceride se-
cretion into plasma (6-8). Postprandial insulin respon-
ses during consumption of this diet have been found
to correlate with VLDL-triglyceride production rates
(6). However, only a single study has been published
in which there was an attempt to directly study the
role of plasma insulin levels in the regulation of VLDL-
triglyceride production (9).
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Somatostatin (SRIF)' is a tetradecapeptide which is
present in many organs, including the hypothalamus
and the pancreas. SRIF is a potent inhibitor of the
secretion of many hormones, including insulin (10).
Wechose, therefore, to utilize SRIF as a tool for di-
rectly probing the role of the postprandial insulin re-
sponse in carbohydrate-induced hypertriglyceridemia.

METHODS
Eight subjects with a range of fasting plasma triglyceride
levels were studied. The clinical characteristics of the group
are presented in Table I. All subjects had normal fasting
plasma glucose concentrations and none had any diseases
known to result in secondary hyperlipidemia. No subject was
taking any medication known to affect lipid or carbohydrate
metabolism. All subjects gave informed consent before en-
tering the study.

Protocols. Each subject was admitted to the Clinical Re-
search Center at the University Hospital of the University
of California at San Diego School of Medicine, La Jolla, CA.
The subjects remained in the Center throughout the entire
study period. Physical activity was limited to walking about
the Center. Routine blood chemistries, complete blood
count, coagulation profile, and urinalysis were obtained. For
the first 7 d (base-line period), the subjects were fed a weight-
maintaining liquid formula diet (30-35 kcal/kg per d) con-
sisting of 40% carbohydrate, 40% fat, 20% protein with a
ratio of polyunsaturated fat equal to 2.0, and 300 mg cho-
lesterol daily. The diet was given in four equally divided
meals at 900, 1200, 1500, and 1800 h. After this base-line
period, subjects 1-5 were switched to a high carbohydrate
liquid formula diet consisting of 80% carbohydrate and 20%
protein, which was consumed at the same times used during
the base-line period. This fat-free formula was consumed for
the next 5 d (high carbohydrate period). During the suc-
ceeding 48 h, the turnover of VLDL-triglyceride was mea-
sured (see below). For this period, subjects were given the
same fat-free formula, but received only 60% of the total
daily calories used to maintain their weight. In addition,
they now ingested the formula every 3 h. This protocol has
been shown to maintain steady-state plasma triglyceride con-
centrations throughout the 48 h of the VLDL-triglyceride
turnover study period while eliminating the periodic influx
of chylomicrons that would result from consumption of di-
etary fat (8, 11). After completion of the 48-h turnover pro-
tocol, the subjects returned to the base-line period diet for
another 7 d. This was followed by a second 5-d period of the
isocaloric 80% carbohydrate, 20% protein formula diet.
However, during this period, an intravenous infusion of SRIF
(1.3 ug/min in 250 ml of 0.15 M NaCl) was given daily
between 800 and 2100 h (via a portable pump; IVAC Corp.,
San Diego, CA) to inhibit postprandial hyperinsulinemia
(high carbohydrate-SRIF period). SRIF was kindly supplied
by Dr. M. Brown and Dr. R. Guillerman of the Salk Institute
(San Diego, CA). At the end of this 5-d period, the subjects
underwent a second 48-h VLDL-triglyceride turnover pro-
tocol. No SRIF was given during the 48-h period and the
two turnover studies were therefore carried out under iden-
tical circumstances. This approach was taken so that we
might directly compare the effects of each 5-d period pre-
ceding the turnover protocols. Subjects 6-8 underwent the

' Abbreviations used in this paper: FCR, fractional cat-
abolic rate; SRIF, somatostatin.

TABLE I
Clinical Characteristics

Subject Age Sex IBW' TGt Cholesterolt

1 56 M 105 358 222
2 61 M 118 149 208
3 38 M 132 263 208
4 59 F 115 190 227
5 50 M 105 244 272
6 60 M 112 100 261
7 55 F 134 160 268
8 55 M 102 271 241

° Percent ideal body weight (IBW) based on the Metropolitan Life
Insurance Tables.
t Fasting plasma triglyceride (TG) and cholesterol levels (milli-
grams per deciliter) at the start of the first base-line diet period.

identical study except that the high carbohydrate-SRIF pe-
riod preceded the high carbohydrate period. Body weights
of all the subjects remained within 2% of their admission
weights throughout the entire study period.

Blood sampling. Fasting plasma triglyceride levels were
measured daily throughout the four study periods. On day
6 and 7 of the first base-line period and on day 4 and 5 of
each of the high carbohydrate periods (with/without SRIF)
blood was taken for measurement of plasma glucose, insulin,
and glucagon at 1, 2, and 3 h after both the 900- and 1800-
h feedings. In addition, three subjects had blood samples
drawn for measurement of these three substances every 3
h for the 48 h encompassing each of these 2-d sampling pe-
riods. Plasma FFA levels were also measured every 3 h over
the 2-d sampling period during the high carbohydrate and
the high carbohydrate-SRIF periods in these three subjects
(FFA levels were not measured during the base-line period).

All blood samples, except those for glucagon determina-
tion, were drawn into EDTA tubes (1.0 mg/ml) and centri-
fuged at 1,500 g for 30 min. The plasma was separated and
placed at 4°C for lipid and lipoprotein measurements or at
-20°C until assay for glucose, insulin, and FFA levels. Blood
for measurement of plasma glucagon was put into tubes con-
taining Trasylol (Delbay Pharmaceuticals Inc., Div. Schering
Corp., Bloomfield, NJ). Plasma was quickly separated and
stored at -70°C until assay. Plasma immunoreactive insulin
was determined by radioimmunoassay (12) with 1251 insulin
purchased from New England Nuclear (Boston, MA) and an
antiporcine insulin antibody obtained from Miles Laboratory
Inc., Elkhart, IN. Insulin used as standard was from Novo
Research Institute, Copenhagen, Denmark. Plasma glucose
was measured by using glucose oxidase and a Beckman An-
alyzer (Beckman Instruments, Fullerton, CA). Plasma-im-
munoreactive glucagon was determined by using the method
of Unger (13). 1251-Glucagon was purchased from New
England Nuclear, the antiglucagon antibody (30,000 mol wt)
was obtained from the laboratory of Dr. R. Unger, and stan-
dard glucagon was obtained from Lilly (Eli International
Corporation, Indianapolis, IN). Plasma FFA levels were
measured by the method of Noma et al. (14). Plasma tri-
glyceride and cholesterol were measured by Lipid Research
Clinic methods using the Technicon autoanalyzer (Techni-
con Instruments Corp., Tarrytown, NY) (15). Measurement
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of the plasma turnover of VLDL-triglycerides were carried
out using the protocol of Grundy et al. (11). 18 blood samples
were taken during the 48-h period following injection of 300
yCi of [2-3H]glycerol. VLDL (d = 1.006) was isolated from
each of the 18 plasma samples by ultracentrifugation at
39,000 rpm X 20 h at 10°C in a 40.3 rotor using a Beckman
L5-65 ultracentrifuge (Beckman Instruments). Aliquots of
each sample were used for measurement of triglyceride and
for determination of [3H]triglyceride radioactivity. The re-
sulting specific radioactivity curve for VLDL-[3H]triglyceride
was used to determine the fractional clearance rate (FCR)
of the VLDL from plasma (11, 16). The FCR multiplied by
the VLDL-triglyceride pool during the steady state turnover
period yields the production rate of the lipoprotein lipid.

Statistical analysis was carried out using the t test for
paired data. Each subject's data obtained during the first
base-line period were compared with those obtained during
the high carbohydrate periods (with and without SRIF). In
addition, the data from the two high carbohydrate periods
were compared with each other. Because of wide subject
variability in the absolute levels of the measured substances,
the postprandial data were plotted as percentage of base-
line value. The three hourly samples obtained over a 48-h
period were analyzed by analysis of variance for effect of
time and diet (17). Correlation coefficients were calculated
using linear regression analysis.

RESULTS

Fig. 1 depicts the mean summed insulin response of
the group 1, 2, and 3 h after the 900- and 1800-h feed-
ings during the high carbohydrate and high carbo-
hydrate-SRIF periods (mean of data from days 4 and
5 of each diet period). The data is depicted as the
percent change from the base-line period response.
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FIGURE 1 Effect of SRIF infusion on postprandial insulin
responses to a high carbohydrate diet. The summed insulin
responses for the group (number of subjects studied are in
parentheses) 1, 2, and 3 h after the 900 h (AM) and 1800
h (PM) formula feedings during the high carbohydrate (open
bars) and high carbohydrate-SRIF (hatched bars) periods are
depicted. The responses are presented as percent of response
(±SE) during the base-line period. Each subject's response
in each period was the mean of their responses on the last
2 d of that period. The P values indicate statistically signif-
icant differences between the responses in the two high car-
bohydrate periods. Additionally, the responses during the
high carbohydrate period (open bars) were significantly
greater than during base line (P < 0.05).

Compared with the base-line period, there was a 161%
increase in the insulin response to the 900-h feeding,
and a 35% increase in the response to the 1800-h feed-
ing during the high carbohydrate diet period. The
addition of the SRIF infusion between 800 and 2100
h completely abolished the hyperinsulinemic response
to the high carbohydrate formula feedings.

The effect of the SRIF infusion on the plasma glu-
cose response during the two feeding periods is de-
picted in Fig. 2. The glucose responses to the high
carbohydrate formula alone at 900 and 1800 h were
not different from the responses to the base-line diet.
The glucose response during high carbohydrate-SRIF
was increased by -50% after the morning feeding,
but was not significantly higher than base line after
the evening feeding. Thus, suppression of the hyper-
insulinic response to high carbohydrate by SRIF was
associated with modest increases in plasma glucose lev-
els in the morning but not in the evening. Plasma glu-
cagon levels in both postmeal periods were, as ex-
pected, suppressed by the high carbohydrate diet com-
pared with base line (Fig. 3). Although both the AM
and PM responses during high carbohydrate-SRIF
were significantly decreased vs. the base-line period
responses, only the AMresponse during the former was
significantly lower than that response during high car-
bohydrate alone. The individual AM and PM post-
prandial responses of plasma glucose, insulin, and glu-
cagon during each study period are presented in
Table II.

To demonstrate that the effect of SRIF was uniform
throughout the day and to assure ourselves that re-
bound elevations of hormones and substrates did not
occur when the SRIF infusions were stopped, three
subjects (6-8) had, in addition, blood samples drawn
every 3 h during the last 48 h of the base-line period
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FIGURE 2 Effect of SRIF infusion on postprandial glucose
response to a high carbohydrate diet. The data were obtained
as described in Fig. 1. The AM response during high car-
bohydrate-SRIF (hatched bar) was also greater than during
base line (P < 0.05).
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FIGuRE 3 Effect of SRIF infusion on postprandial glucagon 00
response to a high carbohydrate diet. The data were obtained a.IIIIII
as described in Fig. 1. Both the AMand PMresponses during 800 00 1400 1700 2000 2300 200 soo 8oo ioo0 1400 1700 2000 2300 200 500 ooo
high carbohydrate-SRIF (hatched bars) were less than base TIME (hours)
line (P < 0.05). FIGURE4 Effect of SRIF infusion on plasma FFA levels.

Three subjects had FFA measured every 3 h for 48 h during
the high carbohydrate (closed circles) and high carbohy-and each diet period. The profiles for plasma insulin, drate-SRIF (open circles) periods. Formula feedings were

glucose, and glucagon were analyzed for effect of time consumed at the times indicated by the arrows. Analysis of
and diet (with/without SRIF). Insulin and glucose lev- variance revealed a significant effect of time (P < 0.001)
els were strongly affected by time, with diurnal vari- upon FFA levels, but no effect of high carbohydrate-SRIF
ations evident. In addition, daytime levels of all three vs. high carbohydrate alone. Data are presented as mean±SE.
substances were affected by the administration of SRIF
in a manner similar to that seen during the immediate substances were the same during the base line and the
postprandial periods (Figs. 1-3). Thus, plasma insulin two study periods. The FFA data from the two high
and glucagon concentrations were reduced and plasma carbohydrate periods are depicted in Fig. 4. Although
glucose levels increased during infusion of SRIF com- there was an obvious diurnal rhythm of plasma FFA
pared with base line. However, these data also indi- levels, SRIF infusion had no effect on the FFA con-
cated that overnight concentrations of all three of these centrations in these subjects.

TABLE II
Individual Postprandial Insulin, Glucose, and Glucagon Responses

Glucose Insulin Glucagon

Subject Al Bi Cl Al Bt Cl Al BI Ct

AM Postprandial°
1 432 499 545 243 547 123 449 299 241
2 361 300 507 444 677 166 375 341 248
3 316 415 423 105 965 350 496 491 377
4 300 272 587 106 140 63 592 339 373
5 504 462 538 324 380 128 586 380 325
6 327 432 539 177 305 138 641 575 409
7 314 312 566 332 406 264 890 1176 811
8 314 291 518 136 204 189 687 742 475

PMPostprandial°
1 366 396 513 132 154 102 439 416 297
2 318 295 314 258 402 132 411 366 256
3 386 381 361 211 419 139 565 - 379
4 334 277 374 114 70 45 542 320 347
5 294 392 - 136 253 128 713 429 339

AM, sum of hourly plasma levels at 1000, 1100, and 1200 h; PM, sum of hourly plasma
levels at 1900, 2000, and 2100 h.
I A, base line diet; B, high carbohydrate alone; C, high carbohydrate plus SRIF. All
values are means of responses on days 4 and 5 of each diet period.
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The individual responses of plasma triglyceride lev-
els and of VLDL-triglyceride synthesis to the high
carbohydrate formula with or without concomitant
SRIF infusion are presented in Table III. It is clear
that the plasma triglyceride concentrations in each
subject were comparable at the end of each base-line
period. Thus, their responses to the two high carbo-
hydrate periods can be directly compared. There was
a variable effect of SRIF infusion upon the increase
of plasma triglycerides during the high carbohydrate-
SRIF period. Four subjects had a greater increase dur-
ing the high carbohydrate-SRIF period, whereas four
subjects demonstrated greater induction of hypertri-
glyceridemia during the high carbohydrate period.
There was no difference between the mean plasma
triglyceride concentration for the group during the
two periods (with/without SRIF). The similar degrees
of carbohydrate-induced hypertriglyceridemia were
associated with similar mean VLDL production rates
for the group during the two high carbohydrate diet

periods. Four of the seven subjects studied actually
had higher rates of VLDL-triglyceride secretion dur-
ing the high carbohydrate-SRIF period. Two subjects
had the same secretion rates and one had a decreased
rate of VLDL-triglyceride production during high car-
bohydrate-SRIF. Finally, postheparin plasma lipopro-
tein lipase and hepatic triglyceride lipase activities
were unaffected by daily SRIF infusions (data not
shown).

As noted by other workers (1-6), there were cor-
relations between the postprandial plasma insulin re-
sponse (AM) and the fasting plasma VLDL-triglycer-
ide concentration during both the base-line period
(r = 0.65) and the high carbohydrate period (r = 0.64),
although these values did not reach statistical signif-
icance at the level of P < 0.5. This relationship dis-
appeared when postprandial insulin levels were sup-
pressed during the high carbohydrate-SRIF period (r
= 0.05), although an equivalent degree of hypertri-
glyceridema was induced. The degree of suppression

TABLE III
Effect of SRIF on Carbohydrate-induced Hypertriglyceridernia

Triglsceride, VLDL.-TG-SRI

Suibject Base line lli-(IHO§ Ifi-C(HO-SRIF§ Ili-c(I1O§ Ili-CHO-SRIF§

1 358 439 639 19.1 28.9
352

2 149 421 444 27.0 45.7
149

3 263 834 658 21.0 30.6
260

4 190 379 512 32.9 34.3
190

5 244 458 512 25.7 102.0
232

6"1 100 308 287 30.1 21.0
110

7'1 160 383 241 23.1 24.2
147

81" 233 585 563 - -

297

Mean±SD 476±165 482±152 25.6±4.9 40.9±28.1

° Mean fasting plasma triglyceride concentration (milligrams per deciliter) during the
last 3 d of each diet period. Values for both base-lirne periods are shown for each subject.

VLDL-TG-SR, very low density lipoprotein triglyceride secretion rate (milligrams per
killigrams per hour).
§ Hi-CIIO, high carbohydrate diet; Hi-CHO-SRIF, high carbohydrate diet and SRIF
infusion between 800 and 2100 h.
"Subjects 6-8 received Hi-CHO-SRIF before Hi-CHO.
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TABLE IV
Effect of SRIF with/without Glucagon Replacement on

Carbohydrate-induced Hypertriglyceridemia

Hi + CHO-SRIFt
Subject Base line' Hi-CHOt Hi-CHO-SRIFt Base linel + glucagon

1 355 439 639 188 709
3 261 834 658 232 732

Mean of two base-line periods during the Hi-CHO and Hi-CHO-SRIF studies (mil-
ligrams per deciliter) (see Table III).
I Mean of the plasma triglyceride concentrations during the final 3 d of each study
period.
§ Plasma triglyceride during the third base-line period preceding the glucagon replace-
ment study. Mean of the last 2 d of that period.

of postprandial insulin secretion by SRIF in each in-
dividual, calculated as either the fraction of the base-
line postprandial insulin response or the fraction of the
high carbohydrate diet postprandial insulin response
present during high carbohydrate-SRIF, was not cor-
related with the rise in VLDL-triglyceride concentra-
tion or the secretion rate of VLDL-triglyceride during
the latter period.

Because plasma glucagon levels were suppressed
more during the high carbohydrate-SRIF period than
during the high carbohydrate period, two subjects un-
derwent a third study at a later date. After another
7-d base-line diet period, each received the same high
carbohydrate formula and SRIF infusion as before,
but, in addition, each received an intravenous infusion
of glucagon (1.0 ng/kg per min) between 800 and
2100 h daily for the 5-d study period. Table IV in-
dicates that the degree of hypertriglyceridemia in-
duced by the high carbohydrate-SRIF protocol was at

TABLE V
Postprandial Glucagon Responses during the High Carbohy-

drate Diet Alone and during High Carbohydrate Diets
with SRIF and with SRIF Plus Glucagon

Hi-CHO-SRIF-
Hi-CtIO Hi-C'HO-SRIF Glucagon

Subject AMI PMj AMI PM1 AMI PMI

1 299 416 241 297 551 762
3 491 - 377 379 890 776

Hi-CHO, high carbohydrate alone; Hi-CHO-SRIF, high carbo-
hydrate plus somatostatin (1.3 Ag/min); Hi-CHO-SRIF-Glucagon,
high carbohydrate plus somatostatin (1.3 gg/min) plus glucagon
(1.0 ng/kg per min).
t AM, sum of hourly plasma glucagon levels at 1000, 1100, and
1200 h; PM, sum of hourly plasma glucagon levels at 1900, 2000,
and 2100 h.

least as great during replacement of glucagon as during
the period when glucagon levels were suppressed. The
plasma glucagon levels during replacement were sig-
nificantly greater than those present during either of
the high carbohydrate periods (with and without SRIF)
(Table V).

DISCUSSION

Our goal in this investigation was to test directly the
hypothesis that postprandial hyperinsulinemia vas
causally related to the hypertriglyceridemia associated
with ingestion of high carbohydrate diets. To achieve
this goal, we used SRIF, a potent inhibitor of the se-
cretion of several peptide hormones, to inhibit the in-
creased postprandial insulin response to an isocaloric,
fat-free, high carbohydrate diet in a group of subjects
with a wide range of fasting plasma triglyceride levels.
Under the conditions of our protocol, SRIF abolished
the excessive postprandial insulin response to a high
carbohydrate diet without causing absolute insulin
deficiency. In addition, overnight plasma insulin levels
were unaffected by the daytime infusion of SRIF. Al-
though postprandial hyperinsulinemia was prevented
during high carbohydrate-SRIF, induction of hyper-
triglyceridemia was essentially identical in our eight
subjects during that period, compared with the high
carbohydrate alone period when postprandial insulin
levels were significantly increased vs. base line.

These data indicate that although elevated post-
prandial plasma insulin levels may be associated with
the elevated plasma triglyceride concentrations that
occur during consumption of a high carbohydrate diet
(5-8), a causal relationship need not exist. Previous
attempts to test the hypothesis relating plasma insulin
and triglyceride levels have been limited. Olefsky et
al. demonstrated that weight loss resulted in a decrease
in postprandial plasma insulin and fasting triglyceride
levels as well as a decrease in VLDL-triglyceride pro-
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duction (18). However, although that study demon-
strated constancy of the relationships between these
three variables before and after weight loss, the many
other metabolic changes accompanying weight loss,
e.g., an improvement in insulin sensitivity (18, 19),
restrict interpretation of the data. A more direct ap-
proach was taken by Eaton and Nye (9), who admin-
istered diazoxide, an agent that suppresses insulin se-
cretion, to four subjects with a wide range of fasting
plasma triglyceride concentrations. All four subjects
had decreases in fasting plasma triglyceride concen-
trations during the 5-7 d of diazoxide administration.
Although "overt glucose intolerance" was noted in all
four patients during the study period, no quantitative
data were given. In addition, no data regarding plasma
glucagon or ketone levels or degree of glucosuria were
included. However, this report did suggest that some
critical level of insulin action might be necessary to
maintain triglyceride secretion.

Evidence in support of a critical role for insulin in
the synthesis and secretion of triglycerides by the liver
can also be found in studies using animal models of
diabetes mellitus. Thus, several groups have demon-
strated markedly reduced secretion of VLDL-triglyc-
eride in chemically or surgically induced diabetes
mellitus in rats (20, 21) and dogs (22). Insulin secretion
was markedly reduced in these animal models. In con-
trast, in most studies of human diabetes mellitus, in-
creased plasma triglyceride concentrations have been
associated with increased production of VLDL-tri-
glyceride (23, 24).3 Overall, these studies of triglyc-
eride metabolism in diabetes mellitus strongly suggest
that a minimal level of insulin is necessary to maintain
synthetic and secretory mechanisms for VLDL-tri-
glyceride production, but that in the presence of this
critical level of insulin, increased availability of sub-
strates such as glucose and FFA can result in increased
synthesis of triglyceride. This view is supported by in
vitro work using perfused or perifused liver cells in
which addition of superphysiologic quantities of in-
sulin to insulin-free media increased release of tri-
glyceride into the media (25, 26). In the present study,
although postprandial insulin secretion was inhibited
by SR-IF, insulin concentrations during infusion of
SRIF were equal to or only slightly less than those
present during the base-line period. Thus, absolute in-
sulin deficiency was never present in our subjects. This
fact differentiates our study from that of Eaton and

2 Abrams, J. J., H. Ginsberg, and S. M. Grundy. Metabo-
lism of cholesterol and plasma triglycerides in nonketotic
diabetes mellitus. Diabetes. In press.

3 Ginsberg, H., and S. M. Grundy. Very low density li-
poprotein metabolism in non-ketotic diabetes mellitus: Ef-
fect of caloric restriction. Diabetologia. In press.

Nye (9) and from the animal studies mentioned
(20-22).

Several alternative explanations of our results must
be addressed. First, inhibitioni of the postprandial
plasma insulin response to the high carbohydrate diet
by the infusion of SRIF was associated with increased
plasma glucose levels. However, this was only signif-
icant during the hours immediately following the feed-
ing at 900 h. In addition, overnight glucose levels,
measured in three subjects, were the same in both high
carbohydrate periods and did not differ from those
present during the base-linle period. Thus, althouigh we
concede that modest increases in plasma glucose levels,
as an indication of diminished postprandial insulin se-
cretion, might have provided increased substrate for
triglyceride production, we do not believe this can
account for the degree of hypertriglyceridemia that
occurred during the higlh carbohydrate-SRIF period.

Because we expected that postprandial glucagoin lev-
els would be significantly suppressed during the high
carbohydrate diet (without SRIF), we did not infuse
glucagon along with SRIF in our original protocol.
However, in most studies, plasma glucagon levels were
further suppressed during high carbohydrate-SRIF.
Because glucagon is an important regulator of hepatic
FFA metabolism, with decreased glucagon levels as-
sociated with increased rates of FFA incorporation into
triglycerides (27, 28), we further investigated the role
of glucagon suppression during infusion of SRIF. First,
in the three subjects sarnpled for 48 Ii, overnight glu-
cagon levels did not differ in any of the three sampling
periods (including base line). Thus, there was no ev-
idence to suggest that hypoglucagonemia might have
resulted in increased incorporation of FFA into hepatic
triglyceride during the nighttime hours of the high
carbohydrate-SRIF period. More direct evidence
against a significant role for hypoglucagon-iemia in
these studies resulted from our glucagon-reinfuision
studies. During high carbohydrate-SRIF plus gluca-
gon, wheni plasma glucagon levels were maintained at
levels greater than those present during either high
carbohydrate period, hypertriglyceridemia developed
to the same degree as that present during the high
carbohydrate period in the two subjects studied. Al-
though a peripheral infusion of glucagon may not per-
fectly mimic the secretion of that hormoine into the
portal vein, the levels ve attained in the periphery
were great enough to mimic the portal veiin concen-
trations present during the high carbohydrate period
(29). We believe, therefore, that the glucagon rein-
fusion studies eliminate the possibility that the in-
creased inhibition of glucagon secretion observed dur-
ing high carbohydrate-SRIF played a significant role
in the induction of hypertriglyceridemia observed dur-
ing that period.

Postprandial Insulin Level and Carbohydrate-induced Hypertriglyceridemia 1231



FFA are the major substrate regulating hepatic tri-
glyceride synthesis (30, 31). Thus, in liver perfusion
studies, for any levels of plasma insulin present, in-
creasing the FFA levels results in increasing triglyc-
eride synthesis (31). Overnight levels of FFA are
thought to be important regulators of the response of
fasting plasma triglycerides to a high carbohydrate
diet (2). In fact, Shlierf et al. demonstrated inhibition
of carbohydrate-induced hypertriglyceridemia by
overnight intravenous infusions of glucose, which sup-
pressed nocturnal flux of FFA (32). In the three sub-
jects studied, overnight plasma FFA levels did not
differ during the two study periods. Thus, although
flux of plasma FFA was not measured directly, it is
probable that FFA transport to the liver was similar
during both high carbohydrate periods.

Finally, the use of SRIF as a probe of the insulin-
triglyceride relationship may itself have introduced an
artifact. SRIF has been shown to diminish absorption
of glucose from the small intestine (33). However, this
would not have had major significance in our study,
where the response of the liver to a high carbohydrate
diet is slow, requiring several days to reach equilib-
rium (5, 6). Direct effects of SRIF on hepatocyte tri-
glyceride secretion or on FFA release from adipocytes
have not been reported. In this regard, we have mea-
sured plasma triglycerides in four subjects over two
72-h periods during which they consumed an isocaloric
diet of 40% carbohydrate, 40% fat, and 20% protein
with and without a simultaneous, continuous infusion
of SRIF. No effect of SRIF on plasma triglycerides was
noted (unpublished observation).

In summary, the data presented here demonstrate
that postprandial increases in insulin are not necessary
for the induction of hypertriglyceridemia by high car-
bohydrate diets. Thus, although highly significant cor-
relations can be found between postprandial insulin
responses and rates of VLDL-triglyceride production,
no direct causal relationship need exist. A coexistent
abnormality that affects the regulation of these two
variables could explain their close association. Such a
common factor might be cellular resistance to the ef-
fects of insulin on glucose metabolism and lipolysis
(2, 34). This abnormality would result in decreased
glucose oxidation and increased FFA flux in the face
of normal or elevated plasma insulin levels and would
provide an excellent milieu for the synthesis of VLDL-
triglyceride. Finally, although the present study did
not directly address the issue, the significant relation-
ships demonstrated between elevated levels of fasting
plasma insulin and hypertriglyceridemia may simi-
larly only reflect the common association of these two
states with a metabolic defect that is causally linked
to both.
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