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Cholecystokinin (CCK) is a peptide hormone secreted from the I-cells of the intestine and it

has important physiological actions related to appetite regulation and satiety. In this study we

used STC-1 cells to investigate the effects of common dietary-derived fatty acids (FAs) on

I-cell secretory function and metabolism. We extend earlier studies by measuring the acute

and chronic effects of 11 FAs on CCK secretion, cellular CCK content, CCK mRNA levels,

cellular DNA synthesis, cellular viability and cytotoxicity. FAs were selected in order to assess

the importance of chain length, degree of saturation, and double bond position and confor-

mation. The results demonstrate that secretory responses elicited by dietary FAs are highly

selective. For example, altering the conformation of a double bond from cis to trans (i.e. oleic

acid versus elaidic acid) completely abolishes CCK secretion. Lauric acid appears to adversely

affect I-cell metabolism and arachidonic acid suppresses DNA synthesis. Our studies reveal

for the first time that conjugated linoleic acid isoforms are particularly potent CCK secreta-

gogues, which also boost intracellular stores of CCK. These actions of conjugated linoleic acid

may explain satiating actions observed in dietary intervention studies.
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1 Introduction

The actions of the gut hormone cholecystokinin (CCK) were

first characterised in 1973 by Gibbs et al. [1] who described

an important regulatory role on appetite. CCK is produced

and secreted by highly specialised enteroendocrine cells

(I-cells) located in the duodenal and jejunal mucosa of the

gut [2] and it is also expressed in the central and enteric

nervous systems [3, 4]. Basal CCK levels are typically in the

low picomolar range and they increase approximately

ten-fold following nutrient ingestion [5].

CCK has been associated with a number of physiological

actions related to digestion, appetite and metabolism. For

example, CCK infusion delays gastric emptying, [6] stimu-

lates gallbladder contraction [7, 8] and results in the release

of pancreatic enzymes [3, 9]. A commonly reported action of

CCK is the ability to reduce appetite [1, 10, 11]. In rats CCK

administration reduces both the size and duration of a meal

while leaving water intake unchanged; however this has also

been reported to increase meal frequency [1, 12–14]. Similar

findings have also been reported in humans [15] with

infusion of CCK-8 reportedly reducing the food intake and

initiating the termination of a meal. Furthermore, pre-meal
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infusion of CCK-8 resulted in decreased pre-meal hunger,

reduced meal size and shortened meal duration in human

volunteers [16]. There are indications that when the stomach

is distended the satiety-inducing effect of infused CCK-8 is

significantly greater, suggesting that there is a synergistic

action [10, 11].

Other potentially beneficial metabolic actions of CCK have

been reported. For example one in vitro study demonstrated

that CCK causes insulin exocytosis [17], and in others CCK

promoted the growth of pancreatic b cells [3, 9].

Relatively little is known concerning the mechanisms

whereby digested nutrients trigger cellular CCK biosynth-

esis, storage and exocytosis. However, a few nutrients have

been examined in relation to the secretion of CCK. Previous

evidence does not ascribe any significant role for carbohy-

drates in eliciting CCK secretion [18], and glucose ingestion

only has a transient effect on the release of CCK in humans

[19–21]. Other studies have examined the role of protein-

derived nutrients. In vivo [22] and in vitro [23, 24] studies

indicate that the modest CCK secretory effects of proteins

are dramatically improved when they are broken down into

hydrolysates. However, complete hydrolysis of protein

(i.e. individual amino acids) does not contribute to CCK

release [7].

Lipids molecules were first noted to cause CCK release

following either intraduodenal or oral administration to

human male subjects [25]. It also appears that the composi-

tion of dietary fat influences the CCK secretory response. One

human study demonstrated that a meal rich in unsaturated

fat elicits a greater secretory response than a meal containing

saturated fats [26]. Another in vivo study demonstrated that

long-chain triglycerides cause CCK secretion, whereas

medium-chain fatty acids (FAs) do not [27]. In addition,

consumption of free FAs from pine nut oil elicited a 60%

greater plasma CCK response compared with placebo [28].

CCK release also appeared dependent upon the load of FA

infused, and not simply the concentration applied [29].

Furthermore, free FAs induce greater CCK secretion than

triglycerides in humans [28, 30] and this therefore indicates

that the action of dietary fat is improved if it undergoes

hydrolysis and/or digestion [31]. What is not yet clear is

which diet-derived FAs are most beneficial to intestinal

I-cells or biosynthesis, storage and exocytosis of CCK.

Using STC-1 cells as a model we examined the individual

cellular actions (acute and chronic) of a range of FAs

commonly occurring in the human diet (listed in Table 1).

The concentrations of FAs used were much lower than

those present in food and similar to the concentrations

present in the lumen of the human small intestine [32, 33].

We extend earlier work by not only comparing effects on

acute CCK secretion, but also cellular CCK content, CCK

mRNA, cellular DNA synthesis, cell viability and cell toxi-

city. Results indicate that slight changes in molecular

structure dramatically affect the functionality of FAs, indi-

cating that FA–cell interactions may be highly specific.

Dietary FAs also appear to influence CCK mRNA levels, the T
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amount of CCK available for secretion and the overall

metabolic status of the enteroendocrine cell.

2 Materials and methods

2.1 Materials

Polyclonal primary antibody (R617–3, raised against sulph-

ated CCK-8) was provided by the regional Regulatory

Peptide Laboratory, Royal Victoria Hospital, Belfast. Mono-

clonal secondary antibody (AB154, anti-rabbit IgG (whole

molecule) peroxidase) was obtained from Sigma-Aldrich

(Poole, Dorset, UK); CCK-8s peptide was obtained from

EZBiolab (Indiana, USA); plates (Nunc 96 well maxisorp

plates, Nunc 12-well cell culture plates, BD Falcon 6-well cell

culture plate). FAs obtained from Sigma-Aldrich included

lauric acid (LA, 500mM), stearic acid (SA, 100 mM), oleic acid

(OA, 50 mM), elaidic acid (EA, 100mM) and eicosapentaenoic

acid (EPA, 100 mM). Linoleic acid (LOA, 100 mM), a-linolenic

acid (ALA, 100mM), arachidonic acid (AA, 100mM), doco-

sahexaenoic acid (DHA, 100mM), conjugated linoleic acid

9,11 (CLA 9,11, 100mM) and conjugated linoleic acid 10,12

(100 mM) were sourced from Cayman Europe (Tallinn,

Estonia). FA solutions were prepared in pre-warmed buffer

immediately prior to experiments and a sonicating water

bath was used as necessary to aid solubility. Careful moni-

toring took place to ensure FAs remained in solution for the

duration of experiments.

2.2 Cell culture

The STC-1 clonal cell line was received as a kind gift from

Dr. B. Wice (Washington University of St. Louis) with

permission from Dr. D. Hanahan (University of California,

San Francisco, CA, USA). This enteroendocrine cell line

originated from a double transgenic mouse tumour [34].

Cells were cultured in DMEM containing 4.5 G/L with

L-glutamine, without sodium pyruvate (Gibco, Paisley, UK)

and supplemented with 17.5% foetal bovine serum, 100 U/

mL penicillin and 100 mg/L streptomycin and incubated in

an 5% CO2 humidified atmosphere at 371C. Cells under-

went passage upon reaching 80–90% confluence and were

used between passage numbers 15–50.

2.3 Acute secretion of CCK from STC-1 cells

Approximately 2� 106 cells were seeded into 12-well plates

and incubated for 18 h at 371C. Media was removed, the cells

were washed with HEPES and then underwent 60 min pre-

incubation with HEPES buffer (20 mM HEPES, 10 mM

glucose, 140 nM NaCl, 4.5 mM KCl, 1.2 mM CaCl2, 1.2 mM

MgCl2). Buffer was aspirated off and cells were incubated

for 30 min with 400mL of vehicle or FA test solution.

Following the test period 350 mL of the incubation solution

was removed to a separate tube, placed on ice and centri-

fuged (900 g, 5 min) to remove any cellular debris. The

supernatant was collected and stored at �801C prior to

further analysis by ELISA.

2.4 Determination of cellular CCK content and

mRNA levels in STC-1 cells

Following a series of preliminary experiments a period of

72 h was selected for chronic studies. Cellular CCK peptide

levels were determined in STC-1 cells incubated with FA for

72 h. For mRNA studies, cells were incubated for a period of

30 min (acute incubation) and 72 h (chronic incubation).

Initially STC-1 cells (1.5� 106) were seeded into 6-well plates

and cultured overnight at 371C in a humidified atmosphere

of 5% CO2. Media was removed and fresh media (for

controls) or FA supplemented media was added. For chronic

incubations, media (with or without FA) was removed and

replaced with fresh media (with or without FA) every 24 h

until an incubation period of 72 h was reached. Media was

then removed, cells were washed and separate protocols were

followed according to whether CCK content or mRNA levels

were being investigated. For cellular CCK content CCK was

extracted by addition of acid/ethanol (1.5% v/v HCl: 75% v/v

ethanol: 23.5% v/v H2O) and incubated overnight at 41C. The

incubation solution was removed and centrifuged (900 g,

5 min) to remove cellular debris. The supernatant was

collected and the ethanol evaporated off using a Speedvac

sample concentrator (Genevac, Ipswich, UK). Samples were

reconstituted in PBST 0.1% BSA/TRIS-HCl and stored at

�801C prior to measurement. For determination of CCK-8

cellular content by ELISA thawed samples were diluted 100-

fold with HEPES buffer.

For determination of CCK mRNA levels at least two wells

were examined per treatment alongside two control wells per
plate. Cell monolayers were initially washed with 1 mL of

Hanks Balanced Salt Solution (Sigma Aldrich). Cells were

then lysed using QIAzol Lysis Reagent (QIAGEN, West

Sussex, UK) and RNA was isolated from cell suspensions

using the QIAGEN miRNeasy Mini kit (QIAGEN) according

to the manufacturer’s instructions. RNA was quantified

spectrophotometrically using the Nanodrop 1000 (Thermo

Fisher Scientific, USA) and the integrity assessed by elec-

trophoresis in a 1.5% glyoxyl gel with 1� glyoxyl buffer

(Ambion, Applied Biosystems, Foster City, USA). cDNA

synthesis was prepared from 1 mg of RNA using the

QIAGEN QuantiTect reverse transcription kit (QIAGEN).

2.5 Real-time RT-PCR

CCK mRNA was quantitated using Lightcycler and

SyBr green technology (Roche Diagnostics, Mannheim,

Germany) and by the principles of relative quantification. For

Mol. Nutr. Food Res. 2010, 54, S93–S103 S95
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this, the CCK gene was quantified relative to the house-

keeping gene ubiquitin-conjugating enzyme (E2D2) [35].

Primers for murine CCK were designed based on the

GenBank sequence (accession NM031161) and across intron/

exon boundaries (exons 2 and 3) to minimise amplification of

gDNA: Forward primer 50-ATGTCTGTGCGTGGTGAT-30,

Reverse primer 50-AAATCCATCCAGCCCATGTA�30. Primers

for E2D2 were designed based on exon 7 of the murine mRNA

sequence (GenBank accession NM019912.1): Forward primer

50-CATAAAGAGTAGCTGACCGAACCT-30, Reverse primer

50-GCTGGCCTGGCTTACATTTAG-30. PCRs were performed

in a final volume of 10mL, which included 5 mL SYBR green

PCR master mix (Roche Diagnostics), 1mL each primer

(5 pmol/mL) and 1mL of cDNA (50 ng/mL). Cycling condi-

tions were as follows: initial denaturation at 951C for

10 min, 40 cycles of 951C for 10 s, 561C for 5 s and 721C for

15 s and finally 401C for 30 s. Experiments were repeated in

triplicate for each well.

The target (CCK) to reference (E2D2) ratio expression

was calculated for each FA treatment using the 2�DDCT

method [36] and normalised compared with untreated

(media alone) controls. Samples with a ratio of 41 indicated

gene up-regulation and samples with a ratio of o1 indicated

down-regulation of CCK mRNA.

2.6 Effects of FAs on DNA synthesis, cell viability

and cytotoxicity

STC-1 cells (5� 104) were seeded into 96-well plates and

cultured overnight at 371C in a humidified atmosphere of

5% CO2. Media was removed and fresh media (for controls)

or FA supplemented media was added and cells were

incubated for a period of 72 h (with additional FA supple-

mentation at 24 h intervals). Following incubation assay kits

were employed to determine the effects of FAs on DNA

synthesis, cell viability and cytotoxicity. For DNA synthesis

cells were incubated with BrdU solution (Roche Diag-

nostics) for 4 h, following which they were washed and the

protocol followed as stated within the kit. For cell viability

10 mL of Alamar Blue (Invitrogen, Paisley, UK) was added to

each well (n 5 8) and incubated for 3 h at 371C. Absorbance

was then measured at 570 nm. Cytotoxicity was determined

by a lactate dehydrogenase kit. Briefly, media was removed

and 5mL of lysis solution added (n 5 8) and this was incu-

bated for 15 min (371C). Assay buffer (100 mL) was added for

a further 30 min and this was followed by stop solution

(50 mL). Plates were shaken and absorbance measured at

492 nm (reference wavelength 5 600 nm).

2.7 Determination of CCK concentrations using

ELISA

Sulphated CCK-8 was measured in supernatant and extracts

using an in-house fully optimised ELISA assay with no cross

reactivity for either non-sulphated CCK or gastrin.

Matrix-matched standards ranging from 15 pM to 30 nM

were prepared by serial dilution using a phosphate

buffered saline Tween solution containing 0.1% BSA.

Primary antibody was added to the microtitre plate

and incubated for 1 h at 371C with gentle agitation. Plates

were then washed four times with PBST and secondary

antibody was added and incubated for 2 h at 371C

with gentle agitation. Plates were washed four times

with PBST and 3,3,5,5-tetramethylbenzidine substrate

was added and incubated for 10 min at 371C, following

which the reaction was stopped with the addition of

2.5 M H2SO4. The absorbance was then measured at 450 nm

on a microplate reader (TECAN Safine, Tecan UK Ltd,

Theale).

2.8 Processing and statistical analysis

CCK standard curves were analysed by non-linear regression

analysis and absorbances of sample unknowns were inter-

polated from this curve. Data points represent means

7SEM. Data for CCK secretion, cellular CCK content, DNA

synthesis, cell viability and cytotoxicity were compared using

the unpaired Student’s t-test. P-Values less than 0.05 were

deemed to be statistically significant.

3 Results

3.1 Acute effects of FAs on CCK secretion from

STC-1 cells

Figure 1 shows the CCK secretory responses to FAs over a

30 min period. Similar to the work of McLaughlin et al. [37]

LA (500 mM) increased levels of CCK in the test buffer by

2.8-fold (po0.001). Other FAs (50–100 mM) significantly

increased CCK secretion: 50 mM OA (6.5-fold; po0.001),

100mM CLA 9, 11 (4.1-fold; po0.001), 100 mM CLA 10, 12

(4.8-fold; po0.001), 100mM AA (3.1-fold; po0.05) and

100mM DHA (5.1-fold; po0.001); 100mM LOA, 100mM

ALA, 100mM SA, 100 mM EA and 100mM EPA did not alter

CCK secretion.

3.2 Effects of prolonged FA incubation on cellular

CCK content

Figure 2 shows the total cellular CCK content of STC-1

cells following 72 h incubation with FAs. CLA 9,11 and

CLA 10,12 were the only FAs tested, which increased

cellular stores of CCK (2.0-fold and 1.7-fold, respectively;

po0.05). Incubations with LOA and ALA led to decreases in

cellular content (0.6-fold and 0.6-fold, respectively;

po0.001). All other FAs did not significantly alter cellular

CCK content.
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3.3 Effect of acute and prolonged FA incubations on

CCK mRNA

Acute incubations with FAs (Fig. 3A) had varying effects on

CCK mRNA levels when compared with the housekeeping

reference gene E2D2 and to untreated controls (media

alone). SA, OA, EA, AA and EPA significantly increased

CCK mRNA levels with a maximum fold increase of 1.21.

All other treatments had no significant effect. Prolonged

incubations with FAs (Fig. 3B) also varied mRNA levels.

CLA 10,12 and DHA significantly down-regulated mRNA

levels, SA and AA had no net effect, while the other seven

FAs significantly up-regulated CCK mRNA levels with a

maximum fold increase of 1.3.
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Figure 1. Effects of FAs on acute CCK secretion. Graphs show CCK release from STC-1 cells in response to 30 min incubation with FAs: LA

(500 M), SA (100mM), OA (50 mM), EA (100 mM), LOA (100mM), ALA (100 mM), CLA 9,11 (100mM), CLA 10, 12 (100 mM), AA (100 mM), EPA

(100 mM), DHA (100mM), or vehicle control (HEPES buffer). CCK concentrations were determined by ELISA. Each value represents

mean7SEM (n 5 16). Groups were compared using the unpaired Student’s t-test (�po0.05; ��po0.01; ���po0.001).
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3.4 Effect of prolonged FA incubation on DNA

synthesis, cell viability and cytotoxicity

As indicated in Fig. 4A there was a tendency for dietary FAs

to reduce DNA synthesis in STC-1 cells following 72 h

incubations. Incubations of LOA, LA, EA, CLA 9,11, CLA

10,12 and AA significantly reduced cellular DNA synthesis.

Control DNA synthesis was reduced by 70% following

incubation with AA. Figures 4B and C show the status of

STC-1 cells in relation to cellular viability and cytotoxicity,

respectively. The viability and toxicity of STC-1 cells was

generally unaffected by FA incubations. Only incubations
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Figure 2. Effect of prolonged FA incubations on cellular CCK content. Graphs show the CCK content of STC-1 cells following 72 h

incubation with FAs: LA (500mM), SA (100mM), OA (50mM), EA (100 mM), LOA (100 mM), ALA (100 mM), CLA 9,11 (100mM), CLA 10,12

(100 mM), AA (100mM), EPA (100mM), DHA (100 mM), or vehicle control (media). CCK was removed from cells using an acid/ethanol

extraction method and CCK concentrations were determined by ELISA. Results represent mean7SEM (n 5 16). Groups were compared

using the unpaired Student’s t-test (�po0.05; ��po0.01; ���po0.001).
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with LA decreased cell viability (Fig. 4B; 95%; po0.001) and

increased cytotoxicity (Fig. 4C; 0.5%; po0.001).

4 Discussion

Intestinal peptide hormones are released in response to

nutrients and they trigger a number of important post-

prandial physiological responses [38, 39]. One such

hormone is CCK, which has important appetite-regulating

actions [40]. It is important to determine which dietary

components are most influential in eliciting gut hormones

responses since this will provide information concerning

mechanisms of action, and may uncover important health-

promoting nutrients with effects beyond basic nutritional

functions.

FAs are an important stimulator of postprandial CCK

secretion and their chain length is a key determinant of

secretory response. McLaughlin and colleagues tested satu-

rated FAs, such as LA (12:0) and mono-unsaturated FAs

such as OA (18:1) concluding that only unesterified or

unbranched FAs result in CCK release [37]. These studies

also indicated that a carbon chain of 12 or more is a prere-

quisite for FA-induced CCK secretion to occur in vitro, and

this appears to be supported by in vivo studies [41, 42]. In
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Figure 3. Effect of acute and prolonged FA incubations on CCK

mRNA levels. Graphs show normalised fold change in CCK

mRNA in STC-1 cells (calculated by: [(treated CCK/E2D2)/

(untreated CCK/E2D2)] following incubations for (A) 30 min and

(B) 72 h with FAs: LA (500 mM for (A), 100mM FOR (B)), SA

(100 mM), OA (50 mM), EA (100 mM), LOA (100mM), ALA (100 mM),

CLA 9,11 (100mM), CLA 10,12 (100mM), AA (100 mM), EPA

(100 mM), DHA (100mM), or vehicle control (media). Non-

normalised target/ref ratios for each FA treatment were

compared with non-normalised target/ref ratios for corre-

sponding untreated controls using the unpaired Student’s t-test

(�po0.05; ��po0.01; ���po0.001; ns- not significant). Error bars

represent the standard error in normalised target/ref ratios for

each FA treatment.
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Figure 4. Effect of prolonged FA incubations on DNA synthesis,

cell viability and cytotoxicity. Graphs show (A) DNA synthesis,

(B) cell metabolism and (C) cytotoxicity in STC-1 cells following

72 h incubation with LA (500 mM), SA (100mM), OA (50 mM), EA

(100 mM), LOA (100 mM), ALA (100 mM), CLA 9,11 (100 mM), CLA

10,12 (100 mM), AA (100mM), EPA (100 mM), DHA (100mM), or

vehicle control (media). Values represent mean7SEM (n 5 8).

Groups were compared using the unpaired Student’s t-test

(�po0.05; ��po0.01; ���po0.001).
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this study we observed potent CCK secretory responses

induced by specific FAs with chain lengths of 12, 18, 20 and

22. Our findings indicate that secretory responses are

affected by other parameters particularly the position and

the conformation of double bonds. Furthermore, the data

significantly extend earlier observations by investigating the

effects of dietary FAs on cellular CCK content, mRNA and

cellular metabolism.

STC-1 cells are reasonably well established as an entero-

endocrine cell model for investigating CCK secretion [43]. In

this study we further characterised the cells by demon-

strating that FA-induced CCK secretion ranged from 90 to

450 pM/106 cells, and that cellular stores of the hormone

ranged from 0.8 to 7.2 nM/106 cells. This suggested that up

to �16% of intracellular CCK pools are exocytosed following

acute exposure to free FAs.

The CCK promoter contains positive and negative regu-

latory elements for tissue specific, basal and regulated tran-

scription [44] The level of CCK gene expression in intestinal I

cells is most likely finely controlled to synthesize CCK peptide

for immediate secretion, in response to ingested nutrients,

and/or storage awaiting secretion. Observed fold changes in

CCK mRNA in response to FAs ranged from 0.8- to 1.2-fold.

Differences in CCK mRNA levels in response to various FAs

are small (�0.87- to 11.34-fold). This degree of variation is in

good agreement with previous reports where Choi et al.
demonstrated that CCK mRNA levels in STC-1 cells

increased to a maximum of 1.7-fold in the presence of 50mg/

mL peptone [45]. In the human neuroepithelioma cell line,

SK-N-MCIXC, CCK mRNA levels increased 1.4-fold in

response to isoproterenol [46].

After 30 min SA, OA, EA, AA and EPA significantly up-

regulated CCK mRNA levels compared with untreated

controls albeit the differences were small with a maximum

of 1.21 fold increase. After 72 h LA, OA, EA, LOA, CLA 9,11,

ALA and EPA significantly up-regulated CCK mRNA levels.

In contrast, CLA 10,12 and DHA significantly down-regu-

lated CCK mRNA levels compared with untreated controls

albeit the down-regulation was small at �0.87-fold.

Following transcription and translation CCK undergoes a

number of posttranslational steps. On one hand the CCK

peptide product becomes tyrosine sulphated, and on the

other the 115 amino acid precursor is progressively cleaved

to generate peptides of 58–, 33– and 8-amino acids in length

[47]. In our studies mRNA levels measured the 296 bp CCK

coding region and cellular stores/secretion measured

sulphated-CCK-8 using a highly specific antibody. There-

fore, any changes in the rate of CCK posttranslational

modification are not accounted for and may explain the

observed discrepancies between the measure mRNA and

protein levels.

LA has been previously demonstrated to induce acute

CCK release in vitro and in vivo [37, 41, 48]. This study is in

agreement with these earlier reports; however, whether LA

directly stimulates CCK secretion is unclear, as elevated

levels may be the result of membrane damage and leakage

of CCK into the extracellular buffer, as evidenced by LDH

release. Over the acute period LA had negligible effects on

CCK mRNA levels; however chronic incubations with LA

increased them, even when LA concentrations were reduced

from 500 to 100mM. We predict this up-regulation is

necessary to restock depleted cellular levels of CCK peptide

in response to an LA-induced CCK secretion event. There is

evidence that LA may have adverse effects on the cell since it

decreased DNA synthesis, increased cytotoxicity and

profoundly reduced cell viability.

We selected a number of C18 FAs in order to test

important characteristics such as degree of saturation, and

double bond position and conformation (Table 1). Previous

work demonstrated that SA, OA and LOA (as part of an

intestinally infused intralipid emulsion) significantly

increased CCK release [49]. We found that the saturated FA

SA had negligible effects in each of the cellular tests and

minor effects on CCK mRNA over 72 h. However, a short

incubation with SA does result in an up-regulation of CCK

mRNA. In this study and in others the monounsaturated FA

OA stimulated CCK release [50–52] and up-regulated CCK

mRNA possibly to maintain cellular stores at a constant

level. The effects of mono-unsaturated C18 FAs (OA and

EA) were contrasting. Both FAs contain a single double

bond located at position 9 but in OA the bond is in the cis
conformation whereas in EA this is trans. This subtle

structural difference dramatically affected CCK secretory

activity with the cis conformation being most favourable.

Surprisingly, CCK mRNA levels were up-regulated in

response to EA but with no observed increase in peptide

secretion or cellular pools. EA may be altering CCK peptide

degradation or mRNA transcript stability. Indeed EA

significantly reduced DNA synthesis whereas OA did not.

While the effects of trans FA isomers such as EA have not

been examined in these cells before, they are known to

influence human health by raising LDL cholesterol and

depressing HDL cholesterol [53].

Studies involving C18 polyunsaturated FAs (LOA, CLA

9,11, CLA 10,12 and ALA) clearly indicate the importance of

double bond position within the chain. The functionality of

FAs with ‘‘‘methylene interrupted’’ double bonds (e.g. LOA

and ALA with double bonds at 9,12 and 9,12,15, respec-

tively) was notably different from FAs with ‘‘conjugated’’

double bonds (e.g. CLAs with double bonds at 9,11 and

10,12). LOA and ALA did not stimulate CCK secretion but

significantly reduced cellular stores of CCK. The down-

regulation of CCK mRNA levels no doubt contributed to this

reduction. Interestingly after chronic exposures to LOA and

ALA, mRNA levels were up-regulated presumably in an

effort to return CCK stores to control levels. Actions of LOA

and ALA on STC-1 cells were roughly similar indicating that

in this case the degree of saturation was not important. This

study is the first to investigate the effects of CLAs on STC-1

cells and these initial findings are promising. The acute

secretory responses of CLAs were around 400% higher than

controls. Furthermore prolonged incubation periods led to a
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doubling of CCK cellular stores, perhaps increasing the

future capacity of STC-1 cells to release CCK. We do note

divergent gene expression patterns with CLA 10,12 incuba-

tions resulting in a reduction of CCK mRNA transcript at

both time frames whereas CLA 9,11 consistently up-regu-

lated CCK mRNA levels. This is not surprising as CLA

isomer-specific effects have been documented on gene

expression patterns in intestinal cell lines [54].

CCK-secreting actions of CLA have not previously been

described; however, they seem logical given the findings of

some dietary intervention studies. In a number of animal

studies CLA has been shown to decrease energy intake,

increase lean body mass and reduce body fat mass [55–57].

In overweight volunteers hunger, satiety and fullness

were favourably and dose-independently affected by 13-wk

CLA supplementation [58]. However, dietary supplementa-

tion of CLA for regulating appetite or aiding weight main-

tenance remains controversial and more human studies are

needed.

Polyunsaturated FAs with longer chain lengths had

differing effects on STC-1 cells. After an acute incubation

period beneficial effects were observed with AA and DHA

causing potent CCK release and AA and EPA causing gene

up-regulation. However, over a prolonged period mRNA

levels and cellular CCK content remained relatively

unchanged and AA reduced DNA synthesis by around 70%.

This is perhaps unsurprising since AA is an important

intracellular signalling molecule and causes significant

reductions in DNA synthesis in other cell types [59].

In conclusion these studies significantly extend earlier

observations concerning FA-induced CCK secretion. Chain

length was previously deemed important to the secretory

response; however, these studies now demonstrate that

responses elicited by dietary FAs are highly selective in their

nature. Extremely subtle structural differences between FAs

(e.g. the conformation or the position of a double bond) are

pivotal in determining the CCK secretory response.

Furthermore, effects of FAs on CCK secretion appear to be

separate from actions related to mRNA levels and cellular

CCK content, perhaps suggesting that intracellular path-

ways controlling CCK synthesis and exocytosis are detached.

There are indications that some free FAs, such as LA and

AA, may adversely affect the metabolism of intestinal I-cells

and this warrants further investigation. Of particular inter-

est are the conjugated FAs (CLAs), which are potent secre-

tagogues that lead to increases in the amount of CCK

available for secretion. Further studies are necessary to

better understand the mechanisms by which CLA FAs act

on STC-1 cells.
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