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Abstract

Cholecystokinin (CCK) is released in response to lipid feeding and regulates pancreatic digestive
enzymes vital to the absorption of nutrients. Our previous reports demonstrated that
cholecystokinin knockout (CCK-KO) mice fed a 10 weeks of HFD had reduced body fat mass, but
comparable glucose uptake by white adipose tissues and skeletal muscles. We hypothesized that
CCK is involved in energy homeostasis and lipid transport from small intestine to tissues in
response to acute treatment with dietary lipids. CCK-KO mice with comparable fat absorption had
increased energy expenditure and were resistant to HFD-induced obesity. Using intraduodenal
infusion of butter fat and intravenous infusion using Liposyn Il1, we determined the mechanism of
lipid transport from small intestine to deposition in lymph and adipocytes in CCK-KO mice. CCK-
KO mice had delayed secretion of Apo B48-chylomicrons, lipid transport to the lymphatic system,
and triglyceride (TG)-derived fatty acid uptake by epididymal fat in response to acute treatment of
introdudenal lipids. In contrast, CCK-KO mice had comparable TG clearance and lipid uptake by
white adipocytes in response to TG in chylomicron-like emulsion. Thus, we concluded that CCK
is important for lipid transport and energy expenditure to control body weight in response to
dietary lipid feeding.
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Introduction

Cholecystokinin (CCK) is secreted by intestinal endocrine cells in response to lipid and
protein [1-3]. This fat-induced stimulation of CCK is dependent on the formation and
secretion of chylomicrons [4]. CCK is involved in stimulating gallbladder contraction,
intestinal motility and pancreatic secretion of insulin and pancreatic enzymes [5-11]. In
addition, CCK reduces meal size and energy expenditure and delays gastric emptying [4,
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12-16]. Peripheral CCK acts on the CCK receptor 1 (CCK-1R) on vagal afferent nerves
projecting to the brain and consequently reduces meal size [12, 16-19]. Conversely, the
application of either CCK-1R antagonists or vagal deafferentation abolishes the satiating
effect of peripheral CCK [20-22]. Duodenal administration of dietary lipids stimulates
brown adipose tissue (BAT) thermogenesis via an intestinal CCK-1R [23]. Peripheral CCK
has been shown to attenuate whole-body energy expenditure via CCK-1R, but not via CCK
receptor 2 (CCK-2R) [14, 15, 24-28]. Central CCK also regulates energy expenditure [13,
26, 28-31]. Thus, fat-induced CCK plays important roles in lipid transport and metabolism,
glucose homeostasis and energy homeostasis between food intake and energy expenditure.

Consumption of a high-fat diet (HFD) increases peripheral CCK secretion in both humans
and rodents [32-34]. Controversially, HFD does not increase plasma level of CCK in
humans [35]. It also reportedly reduces sensitivity to the satiating effect of peripheral CCK
in HFD-induced obese animals [36—38]. CCK knockout (CCK-KO) mice have comparable
food intake, enhanced slightly energy expenditure and malabsorption of saturated fatty acids
after chronic consumption of HFD [39]. Although CCK-KO animals on HFD have enhanced
insulin sensitivity, CCK has no effect on glucose uptake by white adipose tissue and skeletal
muscle [39]. Thus, lipid metabolism in CCK-KO mice might be an important regulatory
mechanism to improve insulin sensitivity. The objectives of the present experiments were to
determine the involvement of endogenous CCK in energy homeostasis and lipid transport
from small intestine to tissues using the CCK-KO mouse model.

Materials and Methods

Animals

Male CCK-KO mice and their wild-type (WT) littermates were generated onto a C57BL/6J
genetic background [39-41] and housed in an AAALAC-accredited facility under conditions
of controlled illumination (12:12-h light-dark cycle, lights on from 0600 to 1800 h). All
animal protocols were approved by the University of Cincinnati Institutional Animal Care
and Use Committee.

Body weight, food intake and metabolic rate

Based on our published protocols [11, 39], CCK-KO and WT mice (n = 10 per group) were
individually housed at 10 wk of age and received a semi-purified high-fat pelleted diet
(HFD, 20% butter fat by weight; Research Diets, Inc, New Brunswick, NJ) or pelleted chow
(LFD, 5% fat diet, Harlan Teklad, Madison, WI) for 10 wk. Body weights and food intake
were recorded twice a week using a top-loading balance (+ 0.01 g, Adenturer SL, Ohaus
Corp, Pine Brook, NJ). Cohorts of CCK-KO and WT mice were acclimatized to individual
metabolic cages in an Oxymax system (Columbus Instruments, Columbus, OH) for 3 d.
Metabolic rate and food intake were recorded at 15-min intervals for 2 d using the
manufacturer’s software.

Fat mass and parameters in the plasma and liver

Fat and lean body masses were determined using an EchoMRI whole body composition
analyzer (Houston, TX) [39, 41]. After 10 wk on LFD or the HFD, fat pads, liver and
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plasma were carefully collected and weighed from 5-h fasted mice. Glucose level was
determined in tail blood using a Freestyle glucometer (Abbot Diabetes Care, Alameda, CA).
Hepatic lipids were extracted using the Folch method [42]. Triacylglycerides (TG) and
cholesterol (CHOL) in the plasma and the liver were determined using Randox triglyceride
kits (Antrim, UK) and Infinity cholesterol kits (Thermo Electron, Noble Park, Victoria,
Australia), respectively. According to the manufacturer’s protocol, diluted plasma was
mixed with 200 ul enzyme reagent and then incubated at 37° C for 30 min [11]. The
absorbance was read at 500 nm using a microplate reader (Synergy HT; BioTek Instruments,
Richmond, VA). Plasma insulin and leptin were determined using commercial enzyme-
linked immunosorbent assay kits (Millipore, St. Charles, MO)[11]. Briefly, 10-ul samples
were added to each well of a precoated microtiter plate, and the detection antibody was
added to the captured molecules. After incubation, absorbance was measured with a
microplate reader and the final concentrations were calculated using standards provided with
the enzyme-linked immunosorbent assay Kkits.

Fat absorption

Using our published protocol [39, 43], animals (n = 7-10 per group) consumed the HFD
mixed with sucrose polybehenate (Research Diets, Inc) for 4 d and their fecal pellets were
collected for analysis on the final day. Fatty acids in fecal pellets were extracted, methylated
and analyzed by a gas chromatography system (Shimadzu GC 2010) equipped with a DB-23
Column (J & W Scientific, Folsom, CA) and Schimadzu Class EZStart 7.4 software [39,
43]. The percentage of fat absorption was determined based on the ratio of total fatty acids
to behenic acid in the diet and in the feces.

Lymphatic TG output

Male CCK-KO and WT mice (n= 4-5 per group) fed LFD received a surgery for duodenal
cannulation and lymphatic cannulation in the main mesenteric lymph duct based on our
published methods [44, 45]. After surgery, the animals were infused via the duodenal
catheter with a saline solution containing 5% glucose at a rate of 0.3 ml per h to compensate
for fluid and electrolyte loss due to lymphatic drainage. The animals were allowed to
recover for 24 h in a warm chamber (approximately 30 °C). Fasting state lymph was
collected after a 1-h infusion of saline before a lipid emulsion consisting of 4 moles/h butter
fat (The Kroger Corp, Cincinnati, OH) in a 19 mM sodium taurocholate solution was
infused. To remove gastric emptying as a potential confounding factor for the transport of
lipids to the lymph, the lipid emulsion was infused intraduodenally at a constant rate of 0.3
ml per h for 6 h. Lymphatic levels of TG and CHOL were determined using Randox
triglycerides and Infinity cholesterol Kits.

Lipids uptake by adipocytes and lipid clearance assay

Two experiments (either intraduodenal or intravenous infusion of TG) were performed to
determine lipid uptake by adipose tissue. For intraduodenal TG infusions, CCK-KO and WT
mice (n=5 per group) maintained on LFD received a duodenal infusion of a lipid emulsion
containing 4 umoles/h butter fat and labeled with [9,10-3H]oleic acid, 1uCi/0.3 ml (Perkin
Elmer, Boston, MA) 24 h after recovery from the duodenal cannulation. After the 2-h
infusion, inguinal and epididymal adipose tissue was collected on dry-ice. For intravenous
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infusions, we used Liposyn Il (intravenous fat emulsion), which it acts like a chylomicron
and can transport TG directly to all tissues including adipose tissues, liver and heart [46].
The 5-h fasted mice (n=6-7 per group) received 100 pl of Lyposyn I11 (20% fat) mixed with
(0.25 uCi, 3H-TG per mouse) over 30 min and tail blood (20 pl) was collected at 2, 4, 6, 10,
20 and 30 min post-injection. Based on previous reports [47, 48], chylomicrons in the
plasma are cleared in the rodents within 30 min. After 30 min, adipose tissue was collected
on dry-ice. According to our published protocols [45, 48], tissue lipids were extracted using
the Folch method [42] and radioactivity in the plasma and tissues was measured by liquid
scintillation counting.

Lymph Apolipoproteins Determination

Based on our published protocol [45], lymph samples were loaded into a 4-20% Mini-
Protean TGX gel (Bio-Rad Laboratories, Hercules, CA) and gels were run at a constant
voltage (60 V) until the protein standards were well separated. Proteins were then
transferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories) for 2 h at 300
mA. After blocking nonspecific binding sites on the membranes, membranes were then
incubated with polyclonal rabbit anti-rat Apo B antibody (1:6,000 dilution) and then
incubated either with horseradish peroxidase-conjugated goat anti-rabbit antibodies (Dako,
Cytomation). Detection of Apo B48 was achieved by using the enhanced
chemiluminescence system (ECL Western Blotting Detection Reagents, Amersham
Biosciences, Buckinghamshire, UK), and HyBlot CL films (Denville Scientific Inc) were
used for development and visualization of the membranes. Apo B secretion during each
subsequent hour of infusion was quantified by subtracting the 0 h (fasting) lymph Apo B
content from relative Apo B levels at each hourly time point.

Statistical analysis

Results

All values are expressed as mean + SE. Parametric statistical analyses, one-way and two-
way ANOVA, followed by the Bonferroni posttest for multiple comparisons, were analyzed
by GraphPad™ Prism (version 6.0, San Diego, CA). Differences were considered significant
relative to the WT mice at the same time point if P values were < 0.05.

CCK-KO and WT mice maintained on LFD or HFD

CCK-KO mice maintained on LFD had comparable daily caloric intake, body weight,
energy expenditure, fat pad weight and basal plasma levels of lipids, glucose, insulin and
leptin relative to their WT control animals (Figure 1A-F, Table 1). After 10 wk of HFD, WT
mice had a significant increase in caloric intake, body weight, energy expenditure, fat mass,
liver weight, and basal levels of plasma glucose, lipids, insulin and leptin (Figure LA-F and
Table 1, P < 0.05). In contrast, CCK-KO mice had less body weight and fat-pad weight
increase (Fig 1A-B). A two-away ANOVA followed by post-hoc tests revealed that there
was significant difference in body weight between strains [F(1,35)=6.22, P=0.175] and diets
[F(1,35)=22.52, P< 0.0001], but no notable relationship between strains and diets
[F(1,35)=3.35, P=0.075]. The findings indicate that HFD increases body weight of WT
mice, but the body weight of CCK-KO mice were not significantly altered by the HFD.
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There was also a significant effect in the amount of fat tissues between strains
[F(2,92)=66.94, P< 0.0001] and diets [F(3,92)=29.93, P< 0.0001], as well as significant
interaction between strains and diets [F(6,92)=4.385, P= 0.0006]. These observations
suggest that HFD enhances the amount of epididymal and inquinal fats in both WT and
CCK-KO mice, but the increase noted in overall fat mass is attenuated in CCK-KO mice.

The CCK-KO mice on HFD exhibited significantly reduced plasma levels of glucose, TG,
insulin and leptin despite having comparable daily caloric intake of HFD (Figure 1E and
Table 1). In addition, there was increased energy expenditure at some time points during
HFD feeding (Figure 1F). A two-away ANOVA demonstrated that there was a significant
difference in energy expenditure between strains [F(1,336)=10.10, P=0.0016] and time
[F(23,336)=8.62, P< 0.0001], as well as significant interaction between strains and time
[F(23,336)=1.91, P=0.0080]. In addition, the respiratory quotient (RQ) in HFD-fed CCK-
KO mice (0.85 + 0.01) was significantly higher than that in WT mice on HFD (0.77 + 0.01)
during dark cycle, indicating that they utilize more carbohydrate as energy substrate rather
than fat early in the dark cycle.

CCK-KO mice fed LFD had comparable total fat absorption (94.4+ 1.1 %) relative to their
WT counterparts (95.9 £ 0.6 %) (Figure 2A). Similarly, both HFD-fed WT and CCK-KO
mice had reduced total fat absorption (85.5 + 2.2 % and 88.5 + 1.7 %, respectively), and
more specifically, decreased saturated fatabsorption (Figure 2A-B, P < 0.05). Thus, there
were no differences in fat absorption between the two genotypes after HFD. These data
suggest that the chronic feeding of a HFD increases caloric intake and saturated fat
malabsorption in CCK-KO mice as well as in WT mice. Despite these findings, HFD-fed
CCK-KO mice ultimately had a significantly reduced increase of total fat mass and body
weight compared with the WT counterparts.

Lymphatic output of lipids in WT and CCK-KO mice

To determine whether the impaired lipid transport from the small intestine to adipocytes
contributed to the smaller increase of fat mass in CCK-KO mice fed the HFD, we used WT
and CCK-KO mice fed LFD that had comparable body weight and fat mass in these
experiments. To mimic acute lipid transport from the small intestine to lymph, all mice
received a duodenal infusion of fat emulsion with 20% butter fat (4 umole/h) at 0.3 ml/h.
When compared to WT mice, CCK-KO mice had a similar lymphatic flow rate throughout a
6-h infusion after a 1-h fast (Figure 3A). In WT mice, the transport rate of lymphatic TG
reached a steady state after 2-h lipid infusion. CCK-KO mice had slower initial lymphatic
TG output than WT mice during the 1-h fast and the first-h infusion (Figure 3B, P < 0.05),
but comparable rates of TG appearance in the lymph between the 2" and 6™ hours of the
infusion (Figure 3B). Corresponding with the initial attenuation of lymphatic TG output,
CCK-KO mice had significantly lower total TG to the lymph during the first 2-h of infusion
(Figure 3C). Despite this, there was comparable total TG transport to the lymph between the
two groups over 6-h infusion (Figure 3D).

We next examined whether decreased Apo B48 secretion might account for the differences
in chylomicron-mediated TG transport observed between WT and CCK-KO mice. The
hourly lymphatic Apo B48 mass output of the WT group was higher than that of CCK-KO
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mice during fasting and at the first-h lipid-infusion time point (Figure 4A-B). These
observations suggest that CCK-KO mice have comparable hourly lipid transport from small
intestine to lymph, with the exception of a significant difference at fasting and for the first h
infusion. In addition, the CCK-KO mice have less TG transport in lymph than WT mice
possibly due to the lower number of Apo B48 chylomicron particles.

Lipid transport to adipocytes in WT and CCK-KO mice

To determine whether CCK-KO mice have reduced fat mass due to impaired intestinal lipid
transport to adipocytes, lipid uptake by adipocytes in CCK-KO and WT mice was
determined. WT mice produced a steady output of lymphatic TG after 2-h intraduodenal
infusion of an emulsion of 20% butter fat and 3H-TG (Figure 3B), indicating that steady-
state absorption is achieved and is transported to the circulation [50, 51]. Fatty acid uptake
by fat tissues was monitored during the initial two hours of infusion when CCK-KO mice
had significantly impaired TG transport relative to WT mice. After 2-h infusion of dietary
lipids, CCK-KO mice had comparable levels of plasma TG and CHOL as WT mice (Figure
5A) as well as comparable 3H-TG derived fatty acid uptake by inguinal fat (Figure 5B). In
contrast, CCK-KO mice had decreased 3H-fatty acid uptake by epididymal fat pads relative
to WT mice (Figure 5B, P < 0.05). Furthermore, to examine whether CCK-KO mice have a
reduced clearance of fat emulsion and lipid uptake by adipocytes from the plasma, CCK-KO
mice received an intravenous infusion of fat emulsion with radioactive lipids through the
jugular vein. Infused 3H-TG in Liposyn I1l mixture (60-70%) was rapidly cleared within the
first 2 min post-injection with WT and CCK-KO mice having comparable rate of plasma TG
clearance (Figure 5C). Radioactive TG (88%) in the plasma was removed by tissues at 30-
min post-injection. There was no difference in total uptake of TG-derived 3H-fatty acid by
epididymal and inguinal fat in CCK-KO mice and WT mice at 30 min post-injection (Figure
5D). This observation suggests that CCK-KO mice have decreased uptake of TG derived
fatty acid by epididymal fat, possibly secondary to altered intestinal lipid transport.

Discussion

Fat-induced CCK release plays important roles in the regulation of enzymatic secretion,
gastric emptying, insulin action, body temperature, satiation and energy expenditure to
influence body weight and preferential fat deposition in specific tissues [4-15, 24]. LFD-fed
CCK-KO mice have comparable body weight and fat mass to WT, but HFD-fed CCK-KO
mice are shown again to be resistant to HFD-induced obesity which is consistent with
previous reports [39, 41]. The present study demonstrates that HFD-fed CCK-KO mice with
comparable fat absorption have reduced body weight and fat mass. In the present
experiments, we sought to mimic daily consumption of lipids and understand the process of
dietary lipids transport from the small intestine to peripheral tissues in CCK-KO mice using
intraduodenal and intravenous administration of dietary lipids.

Dietary lipids absorbed by enterocytes are delivered into the circulation system via
chylomicrons [49]. Intestinal TGs are hydrolyzed by pancreatic lipases to monoacylglycerol
and fatty acids and these digested products are taken up by enterocytes where they are
converted back into triglycerides [49]. CCK stimulates pancreatic enzyme secretion and
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induces intestinal transit of lipids, resulting in the modulation of cholesterol absorption [2,
50]. Conversely, CCK-KO mice maintained on HFD have up-regulated pancreatic enzyme
activities, possibly due to a compensatory response [39, 40]. HFD-fed CCK-KO mice at 30
weeks of age have previously been shown to have lower absorption of saturated fat than
their WT control after 10 weeks of HFD [39]. In contrast, the present study demonstrates
that CCK-KO mice at 20 weeks of age have comparable absorption of saturated fats
compared with WT mice on the same duration of the HFD. The WT and CCK-KO mice
gained a smaller percentage of inguinal and epididymal fat pads per body weight (2.0 and
1.8, 3.0 and 2.4%, respectively) in the present study compared to the animals at 30 weeks of
age [39]. Due to the same diet composition and duration of HFD in these two studies, the
age difference in these animals appear be a key factor for altered fat absorption in the small
intestine. Although CCK-KO mice at 20 weeks of age have comparable fat absorption in the
present study and glucose uptake by white adipose tissues and skeletal muscles during
euglycemic-hyperinsulinemic clamp [11], the CCK-KO mice are resistant to HFD-induced
obesity. These observations suggest that CCK-KO mice might have impaired lipid transport
to lipid depots.

We have performed a series of experiments to determine the effect of acute lipid intake on
lipid transport and fat mass in CCK-KO mice. CCK-containing neurons and CCK-1R are
found in the small intestine [51-54], and CCK promotes release of acetylcholine in
postganglionic neurons of the small intestine and causes smooth muscle contraction [50, 55].
CCK-KO and CCK-1R KO mice have been reported to have slower transit time of lipids in
the small intestine [56, 57]. The TGs are packaged into chylomicrons which are then
released from intestinal cells, drained into the lymphatic system and released from the
thoracic duct into the bloodstream [49]. Otsuka Long-Evans Tokushima fatty rats lacking of
CCK-1R have been reported to have comparable lymphatic output of TG and intestinal
microsomal triglyceride transfer protein activity compared to their control Long-Evans
Tokushima Otsuka rats when they are at age of 12-14 wk (before the onset of noninsulin-
dependent diabetes mellitus)[58]. The present study demonstrates that CCK-KO mice fed
LFD have normal lymphatic flow rate, but have a transiently attenuated rate of TG transport
to the lymph during a fat-emulsion infusion which resolves after 2 h and does not impact the
total TG transport to lymph during a 2-h or 6-h lipid infusion. This suggests that TG
transport into lymph is delayed in CCK-KO mice, potentially due to lack of CCK-induced
smooth muscle contraction in the small intestine.

Furthermore, we determined that CCK-KO mice secrete a reduced quantity of TG-rich Apo
B48-chylomicrons into the lymph than their control counterparts during the first 3 hours of
lipid infusion into the gut. Because only one molecule of Apo B48 is associated with each
chylomicron particle [59], the mass of lymphatic Apo B48 secretion can be used as an
indirect measure of the production of chylomicron particles by the gut [60] and thus the rate
of TG transport to the lymph. Therefore, reduced secretion of Apo B48-chylomicron in
CCK-KO mice contributes to the delay of TG transport from the small intestine to lymph.

Mesenteric and omental depots that drain into the portal circulation and then liver are
visceral fats [61]. Epididymal fat pad drains into systemic circulation and it should not be
considered a visceral depot [62]. Due to smaller mass of visceral depot in LFD-fed rodents
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[61], fatty acid uptake by epididymal (intra-abdominal) and inguinal (subcutaneous) fat are
determined in the present study. CCK-KO mice have reduced TG-derived fatty acid uptake
by epididymal fat, but have comparable fatty acid uptake by inguinal fat after an acute
infusion of lipids into the duodenum. Upon entering the circulation, the TG in chylomicrons
are hydrolyzed to free fatty acids by the enzyme lipoprotein lipase, and half of the fatty acids
and all of the monoacylglycerols are directly transported to adipose tissue [63-65]. TG in
chylomicrons is completely cleared by tissues in mice after 20-min postinjection of
chylomicrons [48]. The majority of TG (88% TG) in the fat emulsion is removed by the
tissues after 30 min in WT and CCK-KO mice and the CCK-KO mice have comparable
plasma clearance of TG in the present study. Our data show that CCK-KO mice have normal
uptake of TG-derived fatty acids by all fat pads after intravenous infusion of TG in fat
emulsion.

The liver plays an important role in the uptake of TG-derived fatty acids in chylomicron
remnants and in the transport of TG in very low density lipoproteins (VLDL) to other tissues
[63, 66—69]. Exogenous infusion of CCK reduces liver weight [70] and decreases hepatic
glucose production through CCK-1R on vagal nerves [71]. Controversially, CCK-KO mice
have reduced hepatic glucose production after a 10-wk of HFD [11]. Thus, CCK regulates
glucose homeostasis and lipid metabolism in response to dietary lipids or glucose. Direct
effect of CCK on regulating hepatic uptake of fatty acids, TG transport in VLDL, and
hepatic fatty acid synthesis from glucose requires further study. In the present study, the
HFD-fed CCK-KO mice have reduced liver weight and hepatic TG content while the CCK-
KO mice on LFD have normal liver weight and hepatic lipid content. Therefore, CCK-KO
mice on HFD have reduced hepatic lipid transport to tissues and it results in the reduction of
fat-pad weights.

Fatty acids are used as energy source in peripheral tissues including BAT and muscles [72-
74]. Duodenal lipids have been reported to enhance BAT thermogenesis via a CCK-1R in
the small intestine [23]. In response to dietary lipids, gut peptides such as CCK, peptide Y'Y,
glucose-dependent insulinotropic peptide and glucagon-like peptide-1 are released from
small intestine [3, 44, 75, 76]. The involvement of these gut peptides in the activation of
BAT thermogenesis via intestinal CCK-1R requires further experiments. Peripheral CCK
decreases whole-body energy expenditure and body temperature [14, 15, 24-28]. The action
of peripheral CCK on CCK-1R to attenuate metabolic rate is mediated by promoting
decreased heat production and increased heat loss [16, 27]. Lower doses of brain CCK
reduces body temperature via 5- hydroxytryptamine (5-HT) receptor [13, 29, 30]. In
contrast, higher doses of central CCK induce hyperthermia and increased metabolic rate via
CCK-2R [26, 28, 31]. While fed a LFD, CCK-KO and CCK1R-KO mice have normal
energy expenditure and body temperature in the present and previous studies [41, 77, 78]. In
contrast, CCK2R-KO mice on LFD have more energy expenditure and have higher body
temperature than WT mice [77, 79]. In addition, CCK2R-KO mice also had greater energy
intake than CCK-1R KO mice. The CCK-2R but not the CCK-1R has been implicated in the
regulation of plasma leptin [80, 81]. We therefore speculate that the changes in fat mass and
leptin secretion in CCK- KO mice are likely mediated through CCK2R. [77]. Consistent
with our previous findings [39], the CCK-KO mice with comparable caloric intake expend
more carbohydrate as energy substrate and have slightly elevated energy expenditure during
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high-fat feeding in the present study. In general, fat feeding attenuates RQ in rodents,
indicating that fatty acids are used as a metabolic fuel [39, 82]. In response to high-fat
feeding, CCK-KO mice utilize more carbohydrate to generate higher heat production
possibly due to reduced TG transport from small intestine to the circulation as found in our
previous and present experiments [39]. Direct effect of CCK on the preference of fat versus
carbohydrate as metabolic fuels to alter energy homeostasis requires further investigation.
Thus, increased energy expenditure in CCK-KO mice also influences the attenuation of
HFD-induced obesity.

When fed a LFD, CCK-KO and CCK1R-KO mice have comparable body weight, food
intake, total body fat and plasma levels of lipids, insulin and leptin as WT controls in
published reports [41, 77, 83, 84] and the present study. CCK2R-KO mice on LFD have
increased body weight, but reduced plasma leptin and insulin and fat tissues including
visceral fat, retroperitoneal fat and BAT due to increased energy expenditure [77, 79, 81].
Consumption of a HFD increases body weight, fat mass and plasma lipids, glucose, and
several hormones related to fat mass in WT rodents [39, 85-94]. Consistent with the
previous reports [95, 96], HFD increases white adipose tissues including inguinal and
epididymal fat mass in WT mice in the present study. In contrast, CCK-KO mice fed HFD
have reduced white adipose tissues in the present study which we have previously
demonstrated [39]. In addition, these HFD-fed CCK-KO mice have a comparable levels of
plasma leptin, insulin and lipids relative to LFD-fed controls. CCK-KO mice have
attenuated HFD-induced increases in the inguinal and epididymal fats, but only have a
reduced uptake of fatty acids by epididymal fat in LFD-fed CCK-KO mice in response to
introduodenal lipids. We therefore speculate that the rates of fatty acid uptake between
epididymal and inquinal fat tissues might be different in response to dietary lipids. In
response to duodenal or intravenous infusion of dietary lipids, longer duration of monitoring
or variations of the infusion rate to determine the cause of attenuated uptake of fatty acids by
inguinal fat also require further study. Alternatively, HFD impaired fatty acid uptake by
inguinal fat in CCK-KO mice while CCK-KO mice on LFD have normal uptake of fatty
acids. When fed a HFD, CCK1R-KO mice have increased meal size and reduced meal
frequency, which results in comparable level of total food intake, weight gain and fat mass
as WT mice [84, 97]. The CCK-2R but not the CCK-1R has been implicated in the
regulation of fat mass [77, 81, 84]. The findings suggest that CCK-2R likely plays an
important role in the changes in fat mass and energy expenditure in CCK-KO mice. Thus,
increased energy expenditure and impaired TG transport from small intestine to lymph
might contribute to the overall lower fat mass in CCK-KO mice in response to dietary lipids.

Conclusion

Cholecystokinin is well known to be important in several peripheral metabolic actions
related to the digestion and absorption of lipids as well as in satiation and energy
expenditure. In the present experiments, CCK-KO mice with comparable energy intake and
fat absorption have a lower body weight and reduced fat mass relative to WT mice after 10
weeks on a HFD. In addition, these CCK-KO mice on HFD have slightly elevated energy
expenditure. CCK-KO mice on LFD have a transiently delayed TG transport into the lymph
and have reduced fatty acid uptake by epididymal fat pads at 2-h post-duodenal infusion, but
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overall CCK-KO mice have comparable total lipid transport. Based on these findings, we
conclude that CCK is involved in a short-term lipid transport from small intestine to adipose
tissue and also in the regulation of energy homeostasis during high-fat feeding.
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Fat absorption of CCK-KO and WT mice. Total fat absorption (A) and fatty acid profiles

(B) in fecal pellets were determined using a GC system. Fecal pellets were collected on the
4t day after animals (n=7-9 per group) had been consuming a 20% butter fat diet mixture
with 5% Olestra during the 9t week on LFD or HFD. Data are expressed as mean + SEM
and values with an asterisk represent significant differences between groups (P < 0.05).
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A. Lymphatic Flow Rate B. Lympathic TG Output
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Figure 3.
Lymphatic TG transport into lymph. Hourly lymphatic flow rate (A) and lymphatic TG

output (B) during continuous intraduodenal infusion of 4 pmoles/h butter fat. Total output of
lymphatic TG for 2-h infusion (C) and 6-h infusion. CCK-KO and WT mice (n= 4-5 mice
per group) received intraduodenal infusion of a lipid emulsion for 6 h. Data are expressed as
mean = SEM and values with an asterisk represent significant differences between groups (P
< 0.05).
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B. Hourly Apo B48 secretion
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Figure 4.

Lymphatic apolipoprotein (Apo) B48 secretion in CCK-KO and WT mice. Lymph was
collected hourly during the 6 h of continuous intraduodenal infusion of a lipid emulsion for
6 h (n= 4 mice per group); 1-min volumes (based on flow rate) of lymph were analyzed by a
4-20% SDS gel electrophoresis followed by Western blot detection of Apo B48 using a
polyclonal antibody in (A). The percentage of hourly Apo B48 secretion divided by base
level of Apo B48 (0 h) during the first 3 h of lipid infusion for the CCK-KO and the WT
animals (B). Data are expressed as mean £ SEM and values with an asterisk represent

significant differences between groups (P < 0.05).
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A. Plasma Lipids B. Intraduodenal Infusion
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Figure 5.
Lipid uptake by adipocytes and lipid clearance in CCK-KO and WT mice. Plasma TG and

Cholesterol (A) and 3H-TG-derived fatty acid (B) content in the adipocytes of CCK-KO and
WT mice (n =5 per group) were determined at the end of a 2-h continuously intraduodenal
infusion of 4 pmoles/h butter fat and 3H-TG. Plasma clearance of triglyceride (C) in CCK-
KO and WT mice were determined at 2-30 min postinjection, and radioactive levels of TG-
derived fatty acids (D) in the adipocytes of CCK-KO and WT mice was determined at 30-
min postinjection. CCK-KO and WT mice (n= 6-7 per group) intravenously received an
intravenous infusion of radioactive fat emulsion (Lyposyn I11) and blood was collected 0 to
30 min. Radioactive lipids in plasma and adipocytes were determined by scintillation
counting. Data are expressed as mean + SEM and values with an asterisk represent
significant differences between groups (P < 0.05).
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Table 1
Plasma and hepatic parameters

WT CCK-KO WT CCK-KO

(LFD) (LFD) (HFD) (HFD)

Plasma Glucose (mg/dI) 140.67£3.05 | 143.64+558 | 16850+ 756" | 144.00+547#
Plasma Triglyceride (mg/dl) 50.58 * 3.94 41.22 +3.06 64.29 +5.30" 48.28 + 3.82%
Plasma Cholesterol (mg/dl) 83.86+6.93 | 7411+540 | 164.80+3.99" | 144.49 +9.49"*
Plasma Insulin (ng/ml) 0.69 +0.06 0.53 +0.05 1.10 +0.08" 0.77 + 0.05%
Plasma Leptin (ng/ml) 0.90+0.11 0.66 £0.17 6.40 + 1.02° 341+ 0417 #
Hepatic Triglyceride (mg/g tissue) | 12.02+2.77 | 1225+3.12 | 5775+ 12.29" 33.71 + 7.96%
Hepatic Cholesterol (mg/g tissue) 2.48 +0.37 2.94+0.19 3.74+0.48 3.39+0.24

Plasma (n=7-8 per group) and liver (n= 6 per group) in CCK-KO and WT mice were measured after either consuming low-fat chow diet or a high-
fat diet for 10 wk starting at 10 wk of age. Values represent mean + SEM and an asterisk (*) indicates a significant difference (P < 0.05) relative to
chow-treated WT mice in a one-way ANOVA with Bonferroni’s posttest and hashtag (#) represents a significant difference compared to HFD-fed

WT mice.
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