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ABSTRACT A new animal model was developed to
determine the effect of obesity upon endogenous tri-
glyceride secretion. Desert sand rats (Psammomys obe-
sus), rodents which become spontaneously obese and
hyperinsulinemic when given ad lib. chow, were given
intravenous Triton to allow in vivo measurement of tri-
glyceride secretion rates (TGSR). In a group of 18
fasted animals of varying body weight and degrees of
obesity, TGSRcorrelated significantly with body weight
(r = 0.68, P < 0.01) indicating that obesity was associ-
ated with accelerated endogenous release of triglyceride.
In these same animals, basal plasma insulin levels cor-
related significantly with body weight (r = 0.78, P <
0.001) and TGSR correlated significantly with mean
plasma insulin levels (r = 0.73, P <0.001), suggesting
that hyperinsulinemia may have been the mechanism
through which obesity enhanced TGSR. No correlation
was found between basal triglyceride level and either
body weight, basal insulin, or TGSR which suggested
that individual triglyceride removal rates among the
animals may have been variable. To test this hypothesis,
seven animals were studied prospectively before and af-
ter induction of obesity. There were significant increases
(P < 0.02) in all parameters, i.e., weight, plasma in-
sulin level, TGSR, and basal triglyceride level. Thus,
when each animal was used as its own control, thereby
minimizing the postulated factor of variable individual
triglyceride removal, increments in basal triglyceride
were shown to accompany the development of obesity,
hyperinsulinemia, and accelerated triglyceride secretion.
These data from studies in the sand rat offer in vivo
evidence that obesity leads to accelerated triglyceride
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secretion, an effect which may be mediated by hyperin-
sulinemia, and which can be invoked as one possible
mechanism to explain hypertriglyceridemia associated
with obesity in man.

INTRODUCTION
Body weight appears to be one of a variety of factors
influencing circulating triglyceride levels in man. Tri-
glyceride levels are higher following equilibration after
experimental weight gain and lower after weight reduc-
tion (1). In addition, obesity is thought to be a con-
tributing factor to the elevated triglyceride levels ob-
served in patients with endogenous hypertriglyceridemia,
and consequently, weight reduction has been advised in
the treatment of this disease (2).

The characteristic elevation of both basal and stimu-
lated insulin levels in obese subjects (3) is one conceiv-
able mechanism through which obesity might express its
postulated hypertriglyceridemic effect since insulin has
been reported to enhance hepatic triglyceride synthesis
in vitro (4-6). However, correlations between circu-
lating triglyceride and insulin levels in man have been
relatively weak (7). Since an isolated measurement of
plasma triglyceride does not distinguish between tri-
glyceride secretion and removal but only represents the
balance between the two, a technique which measures
triglyceride secretion may more accurately define the
possible influence of obesity and its associated hyperin-
sulinemia upon regulation of circulating triglyceride
level.

For several reasons, it is difficult to determine the in-
fluence of obesity upon rates of triglyceride secretion in
humans. These points include the need to manipulate
caloric intake prospectively over an extended period of
time to establish desired levels of obesity and hypertri-
glyceridemia and the lack of universal agreement re-
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TABLE I

Values of Body Weight, Fasting Plasma Glucose, Plasma Insulin, Plasma Triglyceride and TGSR
in Sand Rats, either Lean or of Varying Degrees of Adiposity

45 min 90 min
Pre- Pre- post- post- T(;

Sand Triton Mean Triton Triton Triton production
rats Weight Glucose insulin insulint TGo TGi TGi rate

g mg/100 ml MU/mI AU/ml mg/100 ml mg/100 ml mg/100 ml mg/mix
1 125 80 44 53 90 133 161 0.0545
2 130 109 12 17 62 87 121 0.0383
3 130 62 32 31 102 155 217 0.0777

*4 130 94 90 65 122 382 443 0.1109
5 141 80 80 39 51 78 99 0.0369
6 145 83 28 75 65 139 228 0.1135
7 146 95 58 61 35 62 88 0.0392
8 151 88 16 32 58 98 127 0.0552

*9 154 100 16 31 36 185 256 0.0724
10 156 74 44 44 36 120 154 0.1072
11 163 99 92 224 144 275 350 0.1784
12 167 92 86 99 78 127 218 0.0915
13 170 69 122 207 58 140 240 0.1340
14 175 94 94 135 35 109 148 0.1022
15 177 92 53 38 27 75 134 0.0799
16 215 90 72 149 74 286 370 0.3076
17 240 92 188 183 33 175 294 0.2450
18 268 92 181 147 55 128 0.1385

* Samples TG1 and TG2 drawn at 120 and 240 min, respectively.
t Mean of the three values obtained before and after Triton injection.

garding the validity of any single method for determina-
tion of triglyceride secretion in man. On the other hand,
Psammomysobesus, the desert sand rat, is ideally suited
for this type of study since in this animal model excess
caloric intake quickly induces obesity (8, 9) and en-
dogenous triglyceride secretion rates (TGSR)' can be
determined through the use of Triton (10).

METHODS

Experimental animal and colony characteristics. The sand
rat is a rodent which inhabits deserts of the Middle East,
normally feeds on low caloric plants, and is lean. In the lab-
oratory setting, increased caloric intake provided by ad lib.
laboratory chow has been reported to induce obesity in these
animals (8, 9). The sand rats used in this study were trapped
in Egypt and transported to Seattle, Wash., where they were
maintained in a clean environment which utilized a laminar
flow unit. Nutrition consisted of spinach, tap water, salt
blocks, and Purina lab chow (56% carbohydrate, 5% fat)
(Ralston Purina Co., St. Louis, Mo.) Two basic types of
diets were utilized: (a) weight-maintaining (30 g of Purina
lab chow daily) and (b) ad lib. (unlimited access to Purina
lab chow). All of the rats studied were adult animals. Fast-
ing plasma glucose levels ranged between 62-109 mg/100 ml
(Table I) and hematocrits between 3&-56%o.

Physiologic methodology. Before all experiments, the ani-
mals were fasted overnight for 12 h. Halothan inhalation

'Abbreviations used in this paper: TG, triglyceride;
TGSR, triglyceride secretion rate.

induction and intraperitoneal pentobarbital were used to es-
tablish general anesthesia. Temperature was maintained at
370C through the use of heat lamps and rectal probe monitor-
ing. Hind foot veins were used for injections and blood
samples were collected from the retro-orbital capillary bed.
Plasma volumes were determined through use of 0.2 cm3 of
undiluted Evans blue dye; the percent absorbance of a plasma
sample collected 5 min after injection of the dye was deter-
mined by spectrophotometry.

Triton WR-1339, a nonionic detergent, was injected in-
travenously and the subsequent increases in triglyceride
levels were used to calculate TGSR (10). The mechanism
of action of Triton upon triglyceride metabolism is thought
to be through its detergent properties which bind triglyceride,
thereby preventing removal of approximately 80-90% of cir-
culating triglyceride (11). Hence, increments observed in
circulating triglyceride after administration of Triton have
been interpreted to be a result of triglyceride secretion. A
pre-Triton sample was collected immediately before Triton
injection; post-Triton samples were collected at 45 and 90
min after the Triton injection (Fig. 1). To insure a dose of
Triton which would provide a maximal effect, a Triton
dose-triglyceride secretion response curve was determined
using adult lean nonlipemic animals and doses of 0 (saline
control), 30, 60, 90, and 120 mg. TGSRwere determined by
the equation:

TG1- TGo TG2 - TGo

TGSR T1=+
2 X PVE

where TGSR= triglyceride secretion rate; TG5 = basal
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FIGURE 1 Method of determining triglyceride secretion
(milligrams per minute) using intravenous Triton (120 mg).

plasma TG concentration (mg/100 ml) ; TG1 = first plasma
TG woncentration after Triton injection; TG2= second
plasma TG concentration after Triton injection; T1 = time of
first sampling in minutes after Triton injection; T2 =time
of second sampling in minutes after Triton injection; PVE=
estimated plasma volume (cubic centimeters) based upon
the linear relationship between body weight and plasma vol-
ume (Fig. 2), expressed by the formula: PVE= {0.016 X
weight (grams) } + 4.25.

Experimental studies. (a) Determination of TGSRwas
carried out in 18 animals who were either lean or had vary-
ing degrees of adiposity. (b) A prospective study was made
of a group of seven lean animals in which weight, basal cir-
culating triglyceride concentration, TGSR, and circulating
insulin level were determined before and after the induction
of obesity through ad lib. feeding for 3 mo. An additional
four lean control animals received two Triton injections 2
wk apart to determine whether repeated injections of Triton
would influence secretion rates. A second Triton dose-tri-
glyceride secretion response curve using only very obese ani-
mals was developed to determine whether the 120 mg dose
provided a maximal effect in the obese as well as the lean
animals.

Chemical methodology. All blood samples were anti-
coagulated with ethylenediaminetetraacetic acid (EDTA).
Hematocrits were determined using a microhematocrit

I(6)
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FIGURE 3 Triton dose-triglyceride secretion response curve
in lean sand rats (means ±t1 SD).

method. Plasma glucose was determined by an autoanalyzer
ferrocyanide method (12). Plasma triglyceride was mea-
sured by an autoanalyzer modification (13) of the method
of Carlson. Plasma insulin was determined by an '1I
radioimmunoassay by double antibody (14) using an al-
bino rat standard. Assay of 1: 2, 1: 4, 1: 8, and 1: 16 dilutions
of an individual sand rat plasma sample was performed to
determine whether there was complete cross-reactivity be-
tween sand rat insulin and albino rat standards. In addition,
plasma samples from 12 gerbils (used because of their close
phylogenetic relationship to the sand rat) were assayed to
determine whether these values were comparable with the
sand rat values when compared with levels usually observed
in man.

RESULTS

Triton dose-triglyceride secretion response. Since a
statistically significant correlation (r = 0.65, P <0.01)
between plasma volume and body weight was found in a
group of 21 randomly selected animals who were of vary-
ing weight and degrees of obesity (Fig. 2), plasma vol-
umes used in the equation for calculating triglyceride
production rates were estimated on the basis of body
weight using the equation of the line given in Fig. 2. A
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FIGURE 2 Correlation of plasma volume with body weight
of sand rats.
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FIGURE 4 Triton dose-triglyceride secretion response curve
in obese sand rats (means +1 SD).
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FIGURE 6 Correlation of basal plasma insulin levels with
body weights of sand rats.
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FIGURE 5 Correlation of TGSRwith body weights of sand
rats.

plateau in secretion rates in lean animals was observed
beginning at approximately the 60 mg dose of Triton
(Fig. 3). For all subsequent determinations of tri-
glyceride production rates, the 120 mg dose of Triton
was chosen to insure maximal effect in obese animals;
the validity of this choice was demonstrated in a group

of obese animals (body weight = 235±14 g; mean ±SD)
in whom the 120 mg dose also provided maximal effect
(Fig. 4).

TGSR in animals of varying weight and degrees of
adiposity. The range of basal (pre-Triton) plasma in-
sulin values for these 18 sand rats was 12-188 uU/ml
(Table I). Assay of the 1: 2, 1: 4, 1: 8, and 1: 16 dilu-
tions of a sand rat plasma sample with an insulin value of
140 /U/ml when undiluted yielded results of 72, 40, 21,
and 12, respectively. The mean fasting plasma insulin
value for 12 gerbils using the same standard was 17±4-7
/U/ml (mean ±SD).

TGSRcorrelated significantly with body weight (r =

0.68, n = 18, P < 0.01; Fig. 5). In contrast, the pre-

Triton triglyceride level did not correlate significantly
with either body weight (r = 0.30) or TGSR(r = 0.15).
Statistically significant correlations were found between
basal (pre-Triton) plasma insulin level obtained at time
0 min and body weight (r = 0.78, P <0.001; Fig. 6)
and between TGSRand the mean plasma insulin level
(i.e., mean of the insulin values at 0, 45, and 90 min)
during the entire procedure (r = 0.73, P < 0.001; Fig.
7). The latter correlation was also significant if only the
values at 45 and 90 min were used for the mean insulin
level (r = 0.67, P < 0.005). The correlations between
basal (pre-Triton) triglyceride level and basal insulin
level (r = - 0.41 ) and mean insulin level during the
Triton procedure (r = 0.22) were not significant.

TGSRin animals studied prospectively. All seven ani-
mals (Table II) studied prospectively before and after

induction of obesity had significant increases in weight
(P < 0.02), basal triglyceride level (P < 0.02), tri-
glyceride secretion rate (P <0.02), basal insulin level
(P < 0.02), and mean insulin level during the Triton
procedure (P < 0.02). No significant increases in secre-

tion rates were observed in the four control animals re-

ceiving two Triton injections 2 wk apart (initial rates
in mg/min = 0.2006, 0.1118,, 0.1436, and 0.1754; subse-
quent rates = 0.0958, 0.0989, 0.0885, and 0.1035 re-

spectively); if anything the secretory rates were slightly
lower on the second occasion.

DISCUSSION

Obesity in the sand rat was clearly associated with ac-

celerated rates of triglyceride secretion as calculated from
circulating triglyceride increments after Triton. This was

demonstrated by the significant positive correlation be-
tween TGSRand body weight in the group of 18 ani-
mals who were of varying weights and degrees of adi-
posity. Further evidence of the enhancing effect of
obesity upon triglyceride secretion was found, in the
prospective studies wherein all seven animals demon-

r=0.73

0.30 fl= 18

p<0.0oI
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FIGURE 7 Correlation of TGSRwith mean plasma insulin

levels obtained during the Triton procedure in sand rats.
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TABLE I I
Values of Body W4eight, Fasting Plasma Glucose, Plasma Insulin, TGSR, and Plasma Triglyceride in Sand Rats

Studied both in the Lean (LN) and Obese (OB) State

TG
Pre-Triton Mean production Pre-Triton

Weight Glucose insulin insulin* rate TG

Sand
rat LN OB LN OB LN OB LN OB LN OB LN OB

g mg/100 ml juU/ml AU/ml mg/min mg/100 ml

1 124 184 68 107 44 92 29 227 0.0380 0.1893 10 54
2 125 241 101 100 40 1632 24 1680 0.1510 0.2352 34 81
3 125 181 80 78 44 288 53 327 0.0545 0.1553 90 121
4 141 202 80 92 80 220 39 225 0.0369 0.1425 51 149
5 145 207 83 76 28 208 75 203 0.1135 0.2200 63 426
6 146 189 95 86 58 226 61 173 0.0392 0.3627 35 130
7 175 239 94 81 94 1840 135 2880 0.1022 0.1726 35 53

Mean 140 206 86 89 56 644 59 816 0.0765 0.2111 46 145
+SD 17 23 11 11 22 695 35 981 0.0423 0.0691 24 120

* Mean of the three values before and after Triton injection.

strated significant increases in basal triglyceride level
and secretion rates after becoming obese. The fact that
the prospective study's control group did not have sig-
nificant increases in basal triglyceride level or secretion
implies that repeated administration of Triton did not, of
itself, increase these parameters.

The Triton dose-triglyceride secretion response curves
for both the lean and obese animals demonstrate that the
120 mg dose caused maximal blockade of triglyceride re-
moval in both groups. Based upon disappearance rates of
Triton-incubated "C-labeled serum lipids obtained from
Triton-treated donor rats'which were injected in Triton-
treated recipient rats, Otway and Robinson (11) esti-
mated that 100 mg of intravenous Triton given to rats
comparable in size with ours produced a 90% block in
removal. In addition, in the same publication these in-
vestigators reported a separate experiment in which pre-
incubation of ['4C]chyle with Triton before intravenous
injection of the chyle as a bolus in Triton-treated rats

produced an 80% blockade of triglyceride removal. It
should be noted that in the latter experiment it was nec-

essary to preincubate the [14C]chyle with Triton to ob-
tain the 80% block. However, this maneuver seems war-

ranted since the chyle was presented to the animals'
circulation as a large bolus. With no preincubation of
this bolus one would expect a lesser degree of removal
blockade on the basis of sheer bulk since some of the

chyle might be removed before there was adequate time
for exposure to the detergent action of circulating Triton.
In view of the fact that the dose used in our study pro-
vided maximum effect in both the lean and obese ani-
mals, it seems reasonable to conclude that removal block-
ade in our animals was of a comparable order of magni-

tude, i.e., 80-90%, as was demonstrated by Otway and
Robinson (11).

Despite the increased TGSRin the obese animals, no
significant correlation was demonstrable between pre-
Triton triglyceride concentration and body weight nor
with TGSR. However, as shown in the prospective study,
weight gain was associated with parallel increases in pre-
Triton triglyceride level and TGSR. These data suggest
that simple correlation analysis between triglyceride level
and either body weight or TGSRmay not be the most
sensitive statistical method to detect changes induced in
triglyceride transport by obesity, although positive cor-
relations between plasma triglyceride and obesity have
been previously reported in man (15).

As has been previously reported both in sand rats
(16), other types of rats (17), and in man (1), induc-
tion of obesity is associated both with increases in circu-
lating insulin level and in in vitro parameters of insulin
resistance (18). This phenomenon was demonstrated in
this study by the significant positive correlation between
the basal circulating insulin level and body weight in the
group containing 18 lean or obese animals. Moreover, all
seven animals in the prospective study had increases in
insulin level as they became obese. In general, the insulin
levels observed in both the lean and obese sand rats were
noticeably higher than those usually seen in man. Dilu-
tion studies indicated that the insulin values were not
artifactually elevated as a result of incomplete cross reac-
tivity of the immunoreactive material with the insulin
antibody, the linear relationship observed between insulin
level and sample dilution suggesting that the cross-reac-
tivity between sand rat insulin and albino rat standards
was complete. In addition, plasma samples from gerbils
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contained insulin levels within the range observed for
man. Thus, it appears that the sand rat, both in the lean
and particularly in the obese state, is characterized by
high levels of circulating insulin.

TGSRand circulating insulin level were significantly
related. The mean of the three insulin values obtained
from the Triton procedure was used for this correlation
since it seemed probable that this value more accurately
reflected the degree of endogenous insulinization during
the time that secretion rates were determined. This re-
lationship remained significant if the 45- and 90 min sam-
ples only were used for the mean insulin level. In con-
trast, the pre-Triton insulin value was used for the cor-
relation between basal insulin and body weight since
this insulin value more accurately reflects the basal state.

The fact that pre-Triton triglyceride levels did not cor-
relate significantly with plasma insulin in the group of
18 sand rats studied cross-sectionally is of interest in
light of the fact that both of these values increased simul-
taneously in all the 7 animals studied prospectively.
Since insulin level correlated well with rates of tri-
glyceride secretion, and triglyceride level represents a
balance between secretion and removal, the fact that tri-
glyceride level did not correlate with insulin level im-
plies that rates of triglyceride removal varied consider-
ably among the animals. If marked variable removal
efficiency did occur, correlation analysis between tri-
glyceride level and insulin level might not be a suffi-
ciently sensitive statistical method to detect the effects
of increased insulin level upon triglyceride metabolism
and may account for the weak correlation between plasma
triglyceride and insulin in the 18 cross-sectional studies
and in studies previously reported in man (7). In con-
trast to the cross-sectional studies, when each animal
was used as its own control, the postulated factor of
variable removal efficiency among the animals should
have been minimized; this may explain why increases in
both plasma triglyceride and insulin level appeared to be
associated as the animals became obese in the seven
prospective studies.

In conclusion, these studies demonstrate that induc-
tion of obesity in the sand rat leads to an increase in
rates of triglyceride secretion which can be invoked as
one possible mechanism to explain the increased levels of
plasma triglyceride associated with obesity. The fact that
plasma levels of insulin were increased in the obese ani-
mals and correlated well with TGSR is consistent with
the concept that hyperinsulinemia might have been the
mechanism through which obesity expressed its hyper-
triglyceridemic effect. Although similar hypotheses have
been previously formed (19-21), this appears to be the
first demonstration that in vivo TGSRcorrelate signifi-
cantly with circulating insulin levels.
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