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Abstract

Ginsenoside Rb1 (Rbl) reduces food intake in both lean and high-fat diet induced-obese rats;
however, the sites and/or mediation of the eating-suppressive effect of Rb1 have not previously
been identified. We hypothesized that intraperitoneally (ip) administered Rb1 exerts its anorectic
action by enhancing sensitivity to satiation signals, such as cholecystokinin (CCK), and/or that it
acts through vagal afferent nerves that relay the satiating signaling to the hindbrain. To test these
hypotheses, we gave ip bolus doses of Rb1 (2.5-10.0 mg/kg) and CCK-8 (0.125-4.0 pg/kg) alone
or in combination and assessed food intake in rats. Low doses of Rb1 (2.5 mg/kg) or CCK-8
(0.125 pg/kg) alone had no effect on food intake whereas higher doses did. When these
subthreshold doses of Rb1 and CCK-8 were co-administered, the combination significantly
reduced food intake relative to saline controls, and this effect was attenuated by lorglumide, a
selective CCK1-receptor antagonist. Interestingly, lorglumide blocked food intake induced by an
effective dose of CCK-8 alone, but not by Rb1 alone, suggesting that Rb1's anorectic effect is
independent of the CCK1 receptor. To determine whether peripherally administered Rb1
suppresses feeding via abdominal vagal nerves, we evaluated the effect of ip Rb1 injection in
subdiaphragmatic vagal deafferentation (SDA) and control rats. Rb1's effect on food intake was
significantly attenuated in SDA rats, compared with that in SHAM controls. These data indicate
that the vagal afferent system is the major pathway conveying peripherally administered Rb1's
satiation signal.
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1. Introduction

Human obesity has serious consequences on health, including increased risks for non-insulin
dependent diabetes mellitus, cancer, hypertension and heart disease. Although the negative
impact of obesity on health and well-being is widely recognized, the incidence of obesity
continues to increase, and no effective pharmacological therapies are currently available.
Therefore, developing safe and effective natural agents or supplements with the property of
controlling food intake and body weight has enormous therapeutic potential.

One well-established risk factor for becoming obese is food consumption in excess of the
caloric need of the body. Obesity develops when caloric intake exceeds energy expenditure
over time with the excess energy eventually being stored as fat [1]. Recently, we found that
peripherally administered ginsenoside Rb1 (Rb1), the most abundant and biologically-active
component of ginseng, reduces food intake in both lean and high-fat diet induced-obese rats
[2]. However, the sites and/or mediation of the eating-suppressive effect of Rb1 are not
known. One possibility is that intraperitoneally (ip) administered Rb1 exerts its anorectic
action by enhancing the potency of other peripheral satiation signals that are involved in
meal termination, such as cholecystokinin (CCK), and/or by acting through vagal afferent
nerves, which then relay satiation signaling to the brain.

There were two main goals of the present studies. The first was to identify a potential
interaction between Rb1 and CCK. CCK is secreted from duodenal I-cells in response to
food ingestion and functions as a within-meal satiation signal [3,4]. Peripheral injection of
the octapeptide of CCK (CCK-8) induces short-term satiation by reducing meal size [3,4],
and this anorectic effect is attenuated by the administration of CCK1 receptor antagonists
and abolished by vagal deafferentation [5,6]. Many studies with CCK receptor agonists and
antagonists have extended these findings in several species, including mice, monkeys and
humans [7-9]. It is generally accepted that the inhibitory action of peripheral CCK on food
intake is mediated via CCK1 receptors on vagal afferent nerves passing from the wall of the
intestine to the nucleus of the solitary tract (NTS) and other brain areas [6]. There is also
evidence of synergistic interaction between peripheral CCK and other hormones released
during digestion. For example, in male rats, treatment with leptin [10], insulin [11] or
glucagon [12] increases exogenous CCK's satiating potency. Since both Rb1 and CCK
suppress meal size, we hypothesized that they may interact in this process. In the present
experiments, we compared the ip administration of Rb1 and CCK-8 alone and in
combination on short-term food intake in rats. We also used the CCK1 receptor antagonist,
lorglumide, to determine if Rb1's eating-inhibitory effect is dependent on the activity at the
CCK-1 receptor.

The second goal was to determine a possible role of the vagus nerves in mediating the eating
inhibitory action of ip Rb1. The afferent fibers of the vagus nerve are the major
neuroanatomic linkage between the alimentary tract and the nucleus of the solitary tract in
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the hindbrain, where afferent input is integrated with descending hypothalamic input and
where ascending output to the hypothalamus is generated [13]. Importantly, many meal-
related metabolites, monoamines, and peptides transmit their satiating signals to the NTS via
afferent vagal fibers [14]. We consequently hypothesized that Rb1's satiation signaling may
also be conveyed to the brain via vagal afferent nerves. To test this possibility, we
investigated the effect of eating-inhibition induced by ip Rb1 in normal rats and in rats with
selective subdiaphragmatic vagal deafferentation (SDA).

2. Materials and Methods

2.1. Animals

Male Long-Evans rats (225-250 g, Harlan, Indianapolis, IN) were individually housed in a
temperature-controlled vivarium on a 12/12-h light/dark cycle (illuminated from 0400 h to
1600 h) with ad libitumaccess to pelleted rodent chow (Harlan Teklad, Madison, WI) and
water. All animal procedures were approved by the Institutional Animal Care and Use
Committee of the University of Cincinnati.

2.2. Chemicals

Rb1 purified from ginseng roots by high-performance liquid chromatography (HPLC) was
purchased from Jilin University in China. High-performance liquid chromatography
(Shimadzu, Kyoto, Japan) analysis was performed in our laboratory and confirmed that the
Rb1 had a purity of = 98% using an Rb1 standard obtained from LKT laboratories (St. Paul,
MN) [2]. CCK-8, Lorglumide and other chemicals were purchased from Sigma (St. Louis,
MO).

2.3.Effects of Rb1 and CCK-8 on energy intake

The food hoppers were removed at 1000 h (for fasting 6 h prior to lights off), and the rats
were accustomed to receiving twice-daily ip saline (1 ml/kg) injections. The 15t injection
occurred at 1000 h and the 2" one just before dark (1600 h). Glucose solution (12.5%) was
provided immediately after the 2" injection, and glucose intake was measured at 30 min
later. A glucose solution was used instead of chow for accurate assessment of intake over
the short observational period (30 min). We administered the first injection 6 h before the
second because this duration results in ip Rb1's maximal satiating action [2]. Once the 30-
min glucose solution intakes become stable, experimental testing began. At least 5 days
were allowed between tests.

To determine the dose-dependent effect of ip Rb1 on energy intake, the rats were divided
into different groups (n = 7-10) receiving 0.3 ml of either Rb1 (2.5-10 mg/kg) or equivolume
vehicle (saline) at 1000 h, and 0.3 ml of saline at 1600 h. The order of the two conditions
was random. Glucose solution was provided immediately after the 274 injection, and intake
was assessed at 30 min later. The largest dose that proved ineffective in suppressing glucose
solution was determined to be maximally subthreshold and was subsequently used to
examine the effects of co-administration of exogenous Rb1 and CCK-8.
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Other groups of rats (n = 7-10) received 0.3 ml of saline ip at 1000 h and equivolume saline
or sulfated CCK-8 (0.125, 0.25, 0.5, 1.0, 2.0 or 4.0 pg/kg in saline) just prior to the
presentation of the glucose solution. The same basic protocol was used.

2.4. Interaction of Rb1 and CCK-8

The same basic protocol was used. Four groups of rats were used, with each receiving a
different combination: saline + saline, Rb1 (2.5 mg/kg) + saline, saline + CCK-8 (0.125 pg/
kg), and Rb1 (2.5 mg/kg) + Rb1 (0.125 ug/kg). The 15t injection (saline or Rb1) occurred 6
h, and the 2" (saline or CCK-8) occurred just prior to the return of glucose solution.
Glucose solution intake was measured at 30 min later.

2.5. Effect of a CCK1 receptor antagonist on satiation induced by the co-administration of
Rb1 and CCK-8

Four groups of rats were administered three ip injections on the test day. Lorglumide was
used as a CCK1 receptor antagonist [15][16]. The injections contained either saline + saline
+ saline, Rb1 + lorglumide + saline, saline + saline + CCK-8, or Rb1 + lorglumide +
CCK-8. The 1%tinjection (saline or Rb1 at doses of 2.5 or 10 mg/kg) occurred 1000 h, the
2" injection (saline or lorglumide at a dose of 300 ug/kg [16]) occurred 1500 h, and the 3"
injection (saline or CCK-8 at doses of 0.125 or 2 pg/kg) occurred just prior to glucose
solution return at 1600 h. Glucose solution was measured at 30 min later.

2.6. Subdiaphragmatic vagal deafferentation (SDA) surgery

Four days prior to surgery, the rats were provided with a liquid complete nutritional diet
(Fortify, Kroger Co., Cincinnati, OH). All rats then underwent either SDA or SHAM
surgery, as we described previously [17][18], based on original methods of Norgren and
Smith [19]. Briefly, overnight fasted rats were anesthetized, the omo- and sternohyoideus
muscles of the rat neck were gently retracted, revealing the base of the left skull. A hole was
drilled at the posterior lacerated foramen under microscopic observation to reveal the brain
stem and overlying dura. After the dura was broken, the left dorsal vagal rootlets were
severed with fine forceps. The skull hole was then packed with gel foam and the neck
wound was closed. After that, through a midline laparotomy incision, rat stomach and
esophagus were exposed and gently retracted. The dorsal vagal subdiaphragmatic trunk was
detached from the esophagus using fine forceps and then cauterized, leaving no intact nerve
bundles. The muscle and skin layers of the laparotomy incision were closed. SHAM rats had
a similar surgery exposing the vagal rootlets and dorsal subdiaphragmatic vagus, but all
afferent and efferent nerves were left intact [17].

After surgeries, rats continued to receive the liquid diet for 2 days and then a semi-liquid
diet for 4 d. Since CCK satiating signals are relayed to the brain via its receptor, CCK1, on
vagal afferent fibers, functional verification of complete SDA was performed on 4-h fasted
rats after a 14-d recovery [17]. Rats received 4 pug/kg CCK-8 ip, and food was returned just
before dark onset (1800 h). Food intake was measured after 30 min. The reduction in food
intake induced by CCK-8 was 84.0 £ 9.8 % in SHAM rats and 5.8 + 2.6 % in SDA rats.
Based on previous analyses [17], SDA rats with successful elimination of vagal afferent
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nerves have less than 30% reduction in food intake by CCK-8 administration, which is
consistent with the present verification results.

2.7. Food intake in SDA rats

To determine the necessity of vagal afferent nerves to mediate the effect of ip Rb1 on food
intake, 4-h fasted SDA or SHAM rats (n = 6-7 rats per group) received ip 0.3 ml of either
Rb1 (10 mg/kg) or vehicle (saline) just before dark onset. Food intake was measured at 2, 4,
6, 8, 10 and 24 h after injection [2].

2.8. Statistical analysis

3. Results

Data were analyzed using GraphPad Prism (version 5.0; San Diego, CA). Two-way
ANOVA and two-way repeated-measures ANOVA were used for analysis of food intake
followed by the Student-Newman-Keuls test. For other comparisons, t-test was used to
compare the difference between two groups, and one-way ANOVA was followed by the
Student-Newman-Keuls test. Data are presented as means + SE. Values of P < 0.05 were
considered significant.

3.1. Effect of Rb1 on 30-min glucose intake

Compared to vehicle-treated controls, the rats given 2.5 mg/kg Rb1 ip consumed
comparable glucose solution. At doses of Rb1 of 5 mg/kg and above, glucose solution intake
was significantly and dose-dependently reduced relative to vehicle (Fig. 1A). These results
suggest that 2.5 mg/kg of Rb1 is maximally subthreshold in this paradigm and that a dose of
5.0 mg/kg is minimally effective for the reduction of glucose intake in rats.

3.2. Effect of CCK-8 on glucose intake

Glucose solution consumption was significantly reduced by CCK-8 at doses at or above 0.25
ug/kg, compared with vehicle (Fig. 1B). CCK-8 at 0.125 pg/kg had no significant effect on
glucose intake, implying that this dose was maximally subthreshold for inhibiting meal size
and that the smallest effective dose was 0.25 ug/kg under these experimental conditions.
These results are consistent with previous reports [20].

3.3.Effect of combinations of CCK and Rb1 on glucose intake

To test the hypothesis that Rb1 functionally interacts with CCK to elicit satiation, the
combined subthreshold doses of Rb1 (2.5 mg/kg) and CCK-8 (0.125 pg/kg) significantly
inhibited glucose solution intake over 30 min (Fig. 2A). When the dose of Rb1 was
increased to 10 mg/kg and the dose of CCK-8 was increased to 2 pg/kg, the inhibitory effect
was further enhanced, and comparable to the sum of their individual injections (Fig. 2B).
These observations suggest that these two compounds produced an additive but not
synergistic effect when given in combination. It cannot be inferred from these data whether
CCK-8 and Rb1 both work through a common mechanism.

Physiol Behav. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shenetal. Page 6

3.4. Effect of the CCK1 receptor antagonist on combined doses of Rb1 and CCK-8

When the selective CCK1 receptor antagonist, lorglumide, was administered in addition to
combined subthreshold doses of CCK-8 and Rb1, there was slight but non-significant
increase of 30-min glucose intake. Compared with saline controls, rats receiving the
combination of subthreshold-doses of Rb1 (2.5 mg/kg), saline and CCK-8 (0.125 pg/kg) had
a significant reduction of glucose solution intake, and this reduction was significantly
attenuated by lorglumide. The rats with lorglumide plus Rb1 and CCK-8 had comparable
food intake as saline-treated rats (Fig. 3A). One possibility is that the pharmacological
blockade of the CCK1 receptor diminished only the satiating effect of CCK-8, leaving the
satiating effect of Rb1 intact, implying that the satiating effect of Rb1 is CCK1-receptor
independent.

3.5. Effect of the CCK1 receptor antagonist on Rbl-induced satiation

To more directly determine whether Rb1-induced satiation is CCK1-receptor dependent,
lorglumide was co-administered with Rb1 and CCK-8, respectively. Treatment with
lorglumide almost completely prevented the eating-inhibition induced by an effective dose
of CCK-8 (0.25 pg/kg) alone, but not by Rb1 (5 mg/kg) alone (Fig. 3B). These results
confirm that Rb1's anorectic effect is independent of the CCK1 receptor.

3.6. Effect of SDA on Rb1-elicited satiation

Prior to the test, SDA and SHAM rats maintained on chow had comparable body weights
(289.1 £ 27.8 vs. 298.0 + 29.3, respectively), and this remained the case at the entire time of
the experiment. SDA and SHAM rats received either ip saline or Rb1 (10 mg/kg, an
effective dose in suppressing food intake in normal rats) [2]. Rb1 significantly reduced food
intake at 4, 6, and 8 h in fasted SHAM rats; however, it had no effect on food intake at any
time point in SDA rats (Fig. 4). These findings imply that vagal deafferentation attenuates
Rb1's action on eating and suggest that Rb1 decreases food intake via activating vagal
afferent nerves.

4. Discussion

We previously demonstrated that ip Rb1 dose-dependently suppresses food intake in both ad
libitum-fed and 24-h fasted rats, and that this effect is not due to malaise because ip Rb1
does not cause a conditioned taste aversion [2]. More importantly, chronic administration of
Rb1 is able to reduce food intake in HFD-induced obese rats, especially during the early
period of treatment. In that study, Rb1's anorectic effect was maintained throughout the
observation period (4 weeks), such that Rb1's anorectic capacity was still evident with
sustained administration. In parallel with the reduction of food intake, Rb1 treatment led to a
significant decrease in body weight and an improvement of both glucose tolerance and
insulin sensitivity in the HFD-induced obese rats, compared with vehicle controls [2].
However, the sites and/or mediation of the eating-suppressive effect of Rb1 have not been
determined. It is possible that ip-administered Rb1 interacts with other peripheral satiating
signals, such as CCK, in this regard, and/or that it acts through the vagus nerves, which then
relay satiation signaling to the brain.
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To assess these possibilities, in our first series of experiments we compared the effects of ip
Rb1 and CCK-8 either alone or in combination on 30-min glucose intake in rats. Rb1 at
doses of 5 mg/kg or higher significantly reduced glucose intake after a 6-h fast, whereas a
lower dose was without effect. Many reports have demonstrated that peripheral CCK-8
decreases food intake with the smallest effective doses between 0.125-0.25 ug/kg [3]
depending on experimental conditions. In the present study we found that doses of
exogenous CCK-8 above 0.25 ug/kg resulted in inhibition of short-term energy intake within
30 min, and this finding is in agreement with the results reported by other investigators [20].

To test the hypothesis that peripherally administered Rb1 reduces food intake via a CCK-
dependent system, subthreshold doses of Rb1 (2.5 mg/kg) and CCK-8 (0.125 ug/kg) were
administered in combination. The anorectic effect of CCK-8 was enhanced additively with
the co-administration of a subthreshold dose of Rb1, and the total effect of the combined
treatment was increased further when a higher dose of Rb1 (10 mg/kg) was co-administered
with larger dose of CCK-8 (2 ug/kg). However, at no dose was there a suggestion of a
synergistic interaction.

The satiation effect of CCK, when administered alone, has been demonstrated to be vagally
mediated through interaction with CCK1 receptors on vagal afferent fibers [6,21,22].
Therefore, we used pharmacological intervention to determine whether Rb1's anorectic
action parallels that of CCK-8, and to verify if the CCK1 receptor is involved with Rb1's
action on glucose intake. Rats treated with lorglumide alone slightly but not significantly
increased glucose intake compared to saline-treated controls, consistent with a previous
report [23]. The administration of lorglumide with combined Rb1 and CCK-8 significantly
attenuated the total anorectic effect induced by co-administration of Rb1 and CCK-8,
resulting in glucose intake approximately half way between lorglumide alone and the
combination of CCK-8 and Rb1 (Fig. 3A). These data suggest that the lorglumide
successfully reduced the CCK-8 but not the Rb1 contribution to the satiating action.
Consistent with this observation, lorglumide did not affect glucose intake induced by an
effective dose of Rb1 alone (Fig. 3B). Thus, these findings indicate that Rb1 acts via a non-
CCKU1 receptor mechanism and that the combination of CCK-8 and Rb1 consequently exerts
an additive action to reduce food intake. It is of course possible that the dose of lorglumide
(300 pg/kg) used in the present studies was not sufficient to block/attenuate Rb1's satiation
effect, although one previous study demonstrated that lorglumide at a dose of 200 pg/kg
almost completely reversed CCK-8-induced inhibition of food intake [15]. To confirm
lorglumide's effect under our current experimental conditions, we co-administered the same
dose of lorglumide with CCK-8 at an effective dose (0.25 pg/kg) and found that the
lorglumide was able to completely block CCK-8's anorectic effect. These results therefore
strongly imply that Rb1's anorectic effect is independent of the CCK1 receptor. In other
words, peripherally administered Rb1 and endogenous CCK-8 may work independently, and
eventually reach a common effect to suppress food intake. For example, ip Rb1, like
peripheral CCK-8, could act through vagal afferent nerves that relay a satiating signal to the
hindbrain.

Multiple peripheral signals, including nutrients, nutrient metabolites, and hormones, regulate
short- or long-term food intake and help maintain body weight [24]. Some of these signals
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transmit their intake-related signals either to the NTS via the vagal afferent nerves and/or to
the hypothalamus via the bloodstream. The vagus is a major bidirectional communication
conduit between abdominal organs and the brain. It relays information about ingested
nutrients and metabolic status in the liver, gut and other abdominal organs to the brain and
metabolic control signals from the brain to the periphery [25]. Considering that vagal
afferent fibers are the major neuroanatomical structure linking the alimentary tract and the
brain, Rb1 signaling may well be conveyed to the hindbrain via the vagal afferent pathway.

To determine whether peripherally administered Rb1 suppresses feeding via the abdominal
vagal nerves, we evaluated the effect of SDA on ip Rbl-induced reductions of food intake.
SDA is a surgical procedure, which eliminates all neuronal signals mediated via vagal
afferent fibers from the upper gut, including the liver, while leaving half of the vagal
efferent fibers intact [19][6]. Therefore, different from what occurs with gastric vagotomy,
which inevitably blocks gut vagal efferent traffic and often produces gastrointestinal motor
and secretory dysfunction, anorexia, and malnutrition in both rats and humans [26][27],
SDA has less side effects that might interfere with the normal control of food intake and
consequently affect the results of Rb1 treatment. In the present study, we attempted to
maximize the validity of our tests by including only data from animals that passed stringent
functional criteria for complete lesions.

Consistent with our previous report [17], the SDA rats in the present study had a slight not
significantly lower body weight gain, compared to the SHAM rats. A major finding of the
present study is that peripherally administered Rb1 significantly decreased food intake in
SHAM rats, but not in SDA rats. To our knowledge, this is the first report that intact
subdiaphragmatic vagal afferent fibers are necessary for the inhibition of food intake
produced by peripherally administered Rb1.

In conclusion, while co-administration of Rb1 and CCK-8 can lead to significant reductions
of glucose intake, their pharmacological actions appear to be independent, with only the
action of CCK being blocked by lorglumide, a selective CCK1 receptor antagonist.
Consistent with this, the blockade of CCK1 receptor using lorglumide did not attenuate
Rb1's effect on energy intake, suggesting that Rb1's anorectic effect is independent of the
CCKU1 receptor. Peripherally administered Rb1 suppressed food intake in SHAM rats.
However, this effect was significantly attenuated in SDA rats relative to what occurred in
SHAM controls. These results suggest that peripherally administered Rb1 requires intact
vagal afferents to reduce food intake.
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HIGHLIGHTS
e Co-ip subthreshold doses of Rb1 and CCK significantly reduced energy intake.
« Rbl's anorectic effect is independent of CCK1 receptor.

» Rbl's effects on feeding was significantly attenuated in SDA rats vs. SHAM
rats.
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Dose-dependent inhibition of glucose consumption induced by Rb1 (A) and CCK-8 (B),
respectively, during 30 min. The percentage of inhibiting glucose solution intake was

calculated by taking values of saline-treated rats on the same day as 100%. Mean £ S.E., n =
7~12 rats per group. *P < 0.05, **P < 0.01, vs. saline control group.
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administered alone at subthreshold doses, neither Rb1 (2.5 mg/kg) nor CCK-8 (0.125 ug/kg)
significantly reduced glucose intake, compared to saline-controls, which was taken as 100%.
However, when co-administered, Rb1 and CCK-8 additively reduced glucose intake. B, co-

administration of higher effective doses of Rb1 (10 mg/kg) and CCK-8 (2.0 pg/kg) also
additively reduced glucose intake, compared to either saline-controls or the rats received
Rb1 and CCK-8 individually. Mean = S.E., n = 7~12, **P < 0.01, ***P < 0.001 vs. saline

controls; P < 0.05, vs. Rb1 or CCK individual injection.
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Blockade of the CCK-1 receptor by lorglumide (lorglu, 300 pg/kg, ip) significantly
attenuated the enhanced suppression of glucose intake induced by co-administration of Rb1
(2.5 mg/kg) and CCK-8 (0.125 pg/kg) (A). Lorglumide only blocked glucose intake induced
by an effective dose of CCK-8 (0.25 pg/kg) alone, but not by Rb1 (5 mg/kg) alone (B). The
percentage of changes of glucose intake was calculated by taking values of vehicle-treated
rats on the same day as 100%. Mean + S.E., n = 7~9. *P < 0.05, vs. saline controls, and #P <
0.05, vs. Rb1 + saline + CCK-8 treatments (A) or saline + saline + CCK-8 (B).
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Fig. 4.
Administration of Rb1 significantly reduced food intake in SHAM rats, but not in SDA rats.

The rats received ip Rb1 (10 mg/kg) or saline, and food intake was determined at different
time points. Mean = S.E., n = 6-8 rats. *P < 0.05, **P < 0.01, vs. saline controls.

Physiol Behav. Author manuscript; available in PMC 2016 December 01.



