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Postprandial lipid, glucose, insulin, and cholecystokinin responses
in men fed barley pasta enriched with g-glucan':2

Ingeborg Bourdon, Wally Yokoyama, Paul Davis, Carol Hudson, Robert Backus, Diane Richter, Benny Knuckles,
and Barbara O Schneeman

ABSTRACT A diet low in saturated fat and high in viscous polysaccharides,
Background: Fiber regulates the rate and site of lipid and carbohydratencluding B-glucan, resulted in a 7.5% reduction of serum cho-
digestion and absorption and thus can modify the alimentary responseddsterol in hyperlipidemic men (6). Results recently reported
a meal. When fiber sources containing viscous polysaccharides d&rem the Multiple Risk Factor Intervention Trial indicate that
included in a meal, a slower rateaafrbohydrate and lipid absorption increasing fiber intake in a fat-modified diet provided reductionsg
will modify the alimentary hormone and lipid responses. in blood total and LDL cholesterol (7). Postprandial studies that2
Objective: We investigated in 11 healthy men the response omeasured plasma triacylglycerol after a meal reported that thg
insulin, glucose, cholecystokinin, and lipid to 2 test meals con-addition of dietary fiber to a meal increased triacylglycerol (8), §
taining B-glucan. decreased triacylglycerol (9), or had no effect (10). Postprandiaf
Design: One of the meals was high in fiber (15.7 g) and the othecholesterol appears to remain unchanged or decreases slighlgf
meal was low in fiber (5.0 g). The low-fiber meal contained pastafter a meal high in dietary fiber (8, 11). Sources of viscousp.
made with wheat flour. The high-fiber meals contained pastaolysaccharide slow the digestion and absorption of fat, whichS
prepared by replacing 40% of the wheat with 2 types of barleyre likely to modify the appearance of triacylglycerol-rich E
flour: barley naturally high in3-glucan and the other a flour lipoproteins (TRLs), either by altering their rate and magnitudegﬁ
enriched inB-glucan during processing. of appearance in plasma or by altering their composition after Y
Results: Plasma glucose and insulin concentrations increasetheal. Both effects could have implications for the process ofs
significantly after all meals but the insulin response was morgeverse cholesterol transport, which is stimulated during the2
blunted after the barley-containing meals. The test meals wengostprandial period and may contribute to the plasma choles‘%
low in fat (25% of energy) but elicited an increase in plasma triterol-lowering effect of viscous polysaccharides. Previous®
acylglycerol and cholecystokinin. Cholecystokinin remained eleteports on the effect of fiber on alimentary lipemia have usedS
vated for a longer time after the barley-containing meals. Aftemeals containing 42-58% of energy from fat, which is substan§
the low-fiber meal, plasma cholesterol concentrations did notially higher than the recommended fat intake for lowering thers
change significantly; however, 4 h after the barley-containingrisk of heart disease. Reverse cholesterol transport can be stim@-
meals, the cholesterol concentration dropped below the fastinigted during the alimentary period if diets low in fat are consumedQ
concentration and was significantly lower than that after the lowThus, to understand the potential role of viscous polysaccharide®
fiber meal. in reverse cholesterol transport, their effect in a low-fat diet must
Conclusions: Carbohydrate was more slowly absorbed from thebe understood.
2 high-fiber meals. Consumption of the barley-containing meals The gut hormone cholecystokinin may mediate some of the
appeared to stimulate reverse cholesterol transport, which magyostprandial glycemic, insulinemic, and lipemic responses to
contribute to the cholesterol-lowering ability of barley. AmJ  viscous polysaccharides. The physiologic responses to cholecys-
Clin Nutr 1999;69:55-63. tokinin released from the small intestine include a delay in gastric
emptying, blunted glycemic increases, and enhanced satiety—
KEY WORDS Fiber, barley, cholesterol, cholecystokinin, responses that have also been associated with consumption of
B-glucan, glucose, insulin, triacylglycerol, pasta, viscous poly-viscous polysaccharides (12—14). The prolonged contact of lipid
saccharides, men
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with intestinal cells due to slower digestion after a high-fiber TABLE 1

meal may promote a greater release of cholecystokinin (15). TFSubject characteristits

present study design enabled us to test whether the release <+ SE Range
cholecystokinin would be altered after a complete meal high ir

viscous polysaccharide Age () 28.6£2.0 21-42
ous po'y : . . " Height (cm) 179.1 1.9 168.0-188.0
Dietary fiber alters postprandial glycemia and insulinemia mWeight (ko) 81.7+ 3.4 67.7-100.4
both healthy (9, 16) and diabetic subjects (9, 17, 18). Many ogy, (kg/m?) 25.3; 0.7 22 6-28.4

the studies reporting such effects of fiber have tested isolate i
fiber sources independent of consumption of a complete mixe
meal. Although these studies are useful for determining glycemic
and insulinemic indexes, they are not physiologic because most Volunteers were instructed to maintain current dietary and
individuals generally consume mixed meals, not isolated fibeexercise habits for the duration of the study. Subjects kept food
sources. Discrepancies between the glucose and insulin patterrecords throughout the study to allow compliance with the exper-
in response to mixed meals supplemented with fiber or to #mental protocol to be assessed. A registered dietitian reviewed
sugar-containing test solution with added fiber have beeriood records with subjects on each of the test days and checked
reported and emphasize the importance of understanding tithem for completeness. Food records were analyzed by using
more typical pattern associated with eating a meal. NUTRITIONIST Il (N-Squared Computing, San Bruno, CA).
Recently, a method was developed to concenfdaggucans  Subjects were informed about the experimental protocol before
in barley flour (19). When this enrichegtglucan flour was giving informed consent. The protocol was reviewed and
substituted for a portion of wheat flour in pasta and fed toapproved by the Human Subjects Review Committees at the
healthy subjects, it lowered postprandial glycemia and insubniversity of California at Davis and the US Department of g
linemia compared with a wheat pasta (20). Products made witAgriculture.
enriched barley flour have been shown to have acceptable sen-
sory properties (21), making the enriched flour a possible!€St meals
source of palatable viscous polysaccharides. A barley geno- The commercial low-fiber pasta (CLFP) was made from 100%2=
type, Prowashonupana, naturally high paglucan has been commercial wheat semolina. The high-fiber pastas were prepar@
developed. Flour milled from this genotype resultgiglucan  with semolina flour in which 40% of the semolina was replacedw.
concentrations comparable with those found iB- with either ap-glucan—enriched fraction of Waxbar barley flour S
glucan—enriched barley flours. (WBFP) or barley flour from Prowashonupana barley (PBFP), &2
The purpose of the present study was to evaluate the postultivar naturally high inp-glucans. Waxbar barley flour was
prandial glucose, insulin, lipid, and cholecystokinin responses irenriched with3-glucans by using the method described by Knuck-:
healthy men to complete test meals contairfiaglucans from les et al (19). Briefly, Waxbar flour was repeatedly milled ands
barley. Pasta prepared froprglucan—enriched barley flour or sifted through a 325-mesh sieve to remove barley starch and
barley flour milled from the naturally higB-glucan genotype enrich the remaining flour witB-glucans. The 3 test pastas were ‘%
was incorporated into meals to determine whether a differencprepared by feeding the flours into a Werner & Pfleiderer Continud
exists between the source of fBglucan, ie, concentrated flour extruder (Stuttgart, Germany) equipped with a steam precondiS
or flour naturally high ing-glucan. A control wheat pasta was tioner, 9 temperature-controlled barrel sections, and 1470-mn§
included for comparison. counter-rotating screws. The samples were extruded at a moistufe
content of 30% through a spaghetti die with 2-mm holes. The:
freshly extruded samples were tunnel-dried for 1 h, dried at ambiQ
ent temperature for 3 h, equilibrated4d 1% moisture in paper
SUBJECTS AND METHODS sacks at room temperature for 1 d, then stored in plastic bags in the
freezer until used. An additional noncommercial, low-fiber pasta
(NLFP) was made with the same ingredients used to make the
Twelve healthy men were recruited for this study from the stuCLFP but was processed into spaghetti with a homestyle pasta
dent and staff population at the University of California, Davis.maker (21). We included this pasta to determine whether the
A questionnaire and interview was used to screen out subjeciscrease in glucose observed after 3 h was related to the type of
with heart disease or diabetes and those who used medicatiomsocessing of the pasta. All pastas were boiled in unsalted water
Potential subjects who exercised >1 h/d were excluded. Volunfor a specified time, drained but not rinsed, and then served.
teers were screened for fasting cholesterol and triacylglycerol The food content and the composition of the test meals are
concentrations with a finger-stick test (Cholestech LDX Lipid listed in Table 2. All foods used were commercially available,
Analyzer; Cholestech, Hayward, CA). Body mass index (BMI), except for the pastas. Each meal provided approximately one-
calculated as body weight divided by height squared (Rg/m third of each individual’s estimated daily energy requirement.
was determined for each individual. Subjects with a fasting totalhe composition of the cooked pastas is showTainie 3. Both
cholesterol concentration between 4.1 and 6.2 mmol/L (160 andf the highg-glucan pastas contributed5 g 3-glucan and=10
240 mg/dL) and a triacylglycerol concentration <2.26 mmol/L g other fibers for a total dietary fiber content of 15.7 g. The con-
(<200 mg/dL) were accepted into the study. In the original studyrol pastas contained negligible amountsBeflucan and 4.6 g
design, we tested the potential correlation between BMI and thital dietary fiber. Th@-glucan content of the pastas was deter-
alimentary lipid response; subjects were selected with a BMI iimined by the method described by McCleary et al (22, 23). The
the range of 22-25 or 27-29. Subject characteristics are showsLFP meal was similar in nutrient and food content to the 3 test
in Table 1 meals that included the commercial, extruded pastas.
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TABLE 2 TABLE 3
Food content and composition of test meals Composition of cooked pasta as sefved

CLFP PBFP WBFP CLFP PBFP WBFP
Egg (9) 50.0 50.0 50.0 g
Canned _chicken gravy (g) 119.0 119.0 119.0 B-Glucan 0.3 5.2 5.0
Orange juice (g) 187.0 199.0 187.0 14141 dietary fibek 46 15.7 15.7
Turkey ‘ham @ 49.7 213 398 Carbohydrate 72.0 75.0 74.0
Margarine (g) 24 24 19 protein 13.7 19.1 155
Butter (g) 2.3 2.3 1.9 Fat 15 o8 29
Wheat pasta (g) 147.0 — 63.0 - -
NaturalB-glucan pasta (g) _ 170.0 _ ' 1CLFP, low-fiber wheat pasta; PBFP, naturally higrgtucan—contain-
B-Glucan—enriched pasta (g) _ _ 100.0 ing pasta; WBFHS—qucan—enrlched pasta.
Protein (% of energy) 19 18 18 ?Including B-glucans.
Carbohydrate (% of energy) 56 57 57
Fat (% of energy) 25 25 25

: _ munoassay, plasma cholecystokinin adsorbed on thawed Sep-
~ 'CLFP, low-fiber wheat pasta; PBFP, naturally hRgglucan—contain-  pak cartridges was eluted into assay tubes with 3 mL of a solu-
ing pasta, WBFFB-glucan—enriched pasta. tion of 50% acetonitrile and 0.025% trifluoroacetic acid and then
dried by vacuum centrifugation at 1580g for 12—14 h at ambi-
ent temperature (Speed Vac Concentrator SVC200H; Savant
Instruments, Farmingdale, NY). Assay tubes were incubated for
Each of the 12 subjects consumed each of the 3 test mea¥sd at #4C in 1 mL gelatin-phosphate buffer containing anti-
(CLFP, PBFP, and WBFP) on 3 different days, 1-3 wk apart in @erum at a titer of 1:1000000 and 2000 cpm 125| Bolton
randomized, crossover design. Five of these 12 subjects alddunter—labeled sulfated cholecystokinin-8 (Amersham, Arling-
consumed the NLFP meal. Subjects fasted for 12 h before then Heights, IL). Separation of bound from free radiolabel wasa
test period began, which started between 0800 and 1000 for alchieved with 0.2 mL 3% dextran (average molecular weight:2

Study design

apeojumoqd

meals. A catheter was placed in an antecubital vein and a bas&?000; Sigma Chemical Co). g
line (0 min) blood sample was drawn. Subjects then had 20 min = ) o
to eat the test meal. Blood samples were drawn 30, 45, 60, 12§:tat|st|cal analysis S
180, 240, 300, and 360 min after the meal began. A continuous Two-factor, repeated-measures analysis of variance (ANOVA)E

slow infusion of 0.9% NaCl maintained the catheter betweerwas used to analyze the digt time interaction. One-factor
blood drawings. Blood was collected into syringes and therANOVA was used to compare responses to the diets at differerg
transferred to Vacutainer tubes containing EDTA (Becton Dick-time points. One-sampletests were used to determine differ- S
inson, Rutherford, NJ) and centrifuged at 120@ at 4°C for 20  ences between postprandial time points and baseline for each
min to separate plasma. Samples of plasma glucose, insulin, triiet (STATVIEW 512t; Brain Power, Calabasas, CA). All values‘g
acylglycerol, and cholesterol were stored -aR0°C until were converted to increments by subtracting baseline valueg
assayed. For cholecystokinin analysis, 2 mL fresh plasma wasom each time point. Values are expressed as meaBEMs.
passed through a,CSep-Pak cartridge (Waters, Milford, MA) Statistical significance was setRi 0.05.
and rinsed with 20 mL distilled, deionized water. The cartridges
were preconditioned with 5 mL methanol and rinsed with 20 mL
distilled, deionized water. The plasma-loaded cartridges wer&ESULTS Q
stored frozen at-70°C until assayed. The triacylglycerol-rich Subjects maintained their body weight and exercise habits”
fraction was fractionated (24) from 2 mL fresh plasma (densitythroughout the experimental period. Subjects consumed
<1.0063 kg/L) by ultracentrifugation with a Sorvall fixed-angle 9710+ 2390 kJ, 10Qt 39 g protein, 326t 96 g carbohydrate,
rotor (TFT 45.6) in a Sorvall OTD-65B ultracentrifuge (Dupont 69 + 26 g fat, 19+ 9 g fiber, and & 11 g ethanol during the
Biomedical Products, Sorvall Instruments, Wilmington, DE). study period. Nutrient intakes during the time periods between
TRLs were collected by tube slicing. test meals were not significantly different between subjects. Data
analysis showed that BMI was not a significant factor in any of
the measured responses; therefore, subjects with a high and low
Plasma glucose was determined by the glucose oxida€gMI were grouped together. One subject did not comply with the
method (kit 315; Sigma Chemical Co, St Louis). Plasma angrotocol and was dropped from data analysis. The initial con-
TRL lipid analyses (cholesterol and triacylglycerol) were per-centration obtained at time O h for each variable is shown in
formed in the University of California, Davis, Lipid Assay Lab- Table 4. There were no significant differences in concentrations
oratory, which is standardized by participation in the Centers foemong the 3 test-meal groups.
Disease Control's National Heart, Lung, and Blood Institute’s
Lipid Standardization Program (LSP-206). Plasma insulin wa$>/ucose
determined by radioimmunoassay according to the method of The postprandial glucose response pattern varied with meal
Yalow and Berson (25) with a modified precipitation methodtype Figure 1A). At 4 h postmeal, the 2 barley meals produced
(26). Apolipoprotein (apo) B-48 and apo B-100 were quantifieda larger increase from baseline than did the CLFP meal. Maxi-
by using the method described by Schneeman et al (27). mal mean glucose responses were ¥.8.4, 7.8+ 0.6, and
Plasma cholecystokinin concentrations were measured with a3+ 0.4 mmol/L for the CLFP, PBFP, and WBFP meals, respec-
previously described radioimmunoassay (28). Before radioimtively (n = 11; NS). Postprandial glucose increased significantly
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TABLE 4

Initial concentration of each variable before the test meal was consums :BI 59A
CLFP PBFP WBFP E 4
Glucose (mmol/L) 5803 59+05 5.1+03 o 3 PBFP,WBFP
Insulin (pmol/L) 52.6£12.0 457+9.6 36.0+4.3 § 2
Cholecystokinin (pmol/L) 4204 3.7£0.3 3.9+ 0.2 3
Plasma cholesterol (mmol/L) 4+470.3 4.6+0.3 4.6+ 0.3 ©
Plasma triacylglycerol (mmol/L) 120.1 1.1+ 0.1 1.1+ 0.2 g
TRL-triacylglycerol (mmol/L) 0.740.1 0.6+ 0.1 0.6£0.2 a
TRL-cholesterol (mmol/L) 0.30.05 0.3:t0.04 0.3+0.09 E

Apolipoprotein B-100 (nmol/L) 103.24 10.8 95.7+ 12.5 82.5+18.5
Apolipoprotein B-48 (nmol/L) 5%13 39+15 3.5+1.2

1X + SEM. CLFP, low-fiber wheat pasta; PBFP, naturally Higghu- %’
can—containing pasta; WBF@;glucan—enriched pasta; TRL, triacylglyc- £
erol-rich lipoprotein. E
§ CLFP
from baseline after all test meals. Glucose concentratic S i
returned to baseline values 1 h after the barley meals, incre: : NLFP
significantly above baseline 3 h postmeal, and remained ab g
baseline until 6 h postmeal. Glucose concentrations returner  ©
baseline values 45 min after the CLFP meal and remainec C<L] o
until 5 h postmeal, at which time they increased significan g
above baseline. The area under the incremental glucose resp o 5
curves (AUCs) were calculated from 0 to 6 h postmeal (CLF :;’ 50 eLrp g ” §.
42+ 2.2 mmol-hiL; PBFP: 6.8 1.5 mmol-hiL; WBFP: & 0] 5 G &
7.1 £+ 2.1 mmol-h/L). Because of the highly individua ~ 350 ] e 1 werFp S
responses, the AUCs did not differ significantly. £ § —O— CLFP 2,
Glucose data for the subset of 5 subjects who consumed @ 250 1 —2&— PBFP S
) . . £ —{O— WBFP 5
NLFP meal in addition to the 3 commercial, extruded pas 150 AWBF g
meals (CLFP, PBFP, and WBFP) showed a different respo g §:
pattern (Figure 1B). The NLFP meal resulted in a plasma gluc & 5° 2
concentration that was significantly above baseline 30 minan % s f— 7 CLFP___ a
h postmeal. Glucose concentrations after the NLFP meal w 00 10 20 30 40 50 6.0 g
significantly different from concentrations after the WBFP me Time (h) :%
6 h postmeal, but were not significantly different from conce 2]

trations after the CLFP and PBFP meals. The increase in gluc ~ FIGURE 1. Mean ¢ SEM) changes from baseline in plasma glucose S
concentrations 6 h after the 3 extruded pasta meals®dsld (A) and insulin (C) gqnceqtraﬂons in 1_1 healthy men gfter consumpnongz)
higher than the increase after the NLFP meal. Maximal g|UCUaOf test meals containing high- or low-fiber pasta and in afq'UbsesI N
responses occurred 6 h after both the CLFP and WBFP meals of thgse men_(B) after consump_tlon of a test meal containing a nonconff.
. ‘mercial, low-fiber pasta made with a homestyle pasta maker. Values th
h after the PBFP meal, fdnd 30 min after the NLFP meal. AUCare significantly P < 0.05) different from baseline are indicated by filled 5
were not significantly different (CLFP: 4.4 4.8 mmol-h/L;  sympols. Meal designations above and below a time point indicate which
PBFP: 7.4+ 2.9 mmol - h/L; WBFP: 9.& 2.9 mmol-h/L; NLFP:  groups differed significantly. Incremental areas under the curve for

2.8+ 1.0 mmol - h/L). insulin are inset as a bar graph. For each time period, different letters

. indicate significant differences between meals. CLFP, low-fiber wheat
Insulin pasta; PBFP, naturally high-glucan—containing pasta; WBFP:glu-

Plasma insulin (Figure 1C) peaked 30 min (488.85.3, can—enriched pasta; NLFP, low-fiber wheat pasta made with a noncom-

370.7 + 49.3, and 349.% 39.8 pmol/L for CLFP, PBFP, and Mercial homestyle pasta maker.

WBFP, respectively) after all meals and remained significantly

above baseline for 6 h. At 30 min postmeal, insulin was higheficantly lower after the CLFP than after the PBFP meal
after the CLFP meal than after the WBFRP<0.05) and PBFP  2-6 h postmeal.

(NS) meals. At 1 h postmeal, insulin was significantly higher .

after the PBFB meal than after either the CLFP or WBFP meaE:hoIecystokmm

at 5 h postmeal, insulin was higher after the PBFB meal than Cholecystokinin increased significantly above baseline after
after the CLFP meal only. The AUCs for insulin were not signi-each meal. Maximal mean cholecystokinin responses were as
ficantly different (CLFP: 528.4+ 54.5 pmol-h/L; PBFP: follows: CLFP: 7.7+ 1.5 pmol/L at 1 h; PBFP: 6:40.7 pmol/L
655.3 + 67.6 pmol-h/L; WBFP: 498.2 57.8 pmol-h/L). at45 min; WBFP: 6.& 0.8 pmol/L at 30 minKigure 2). Chole-
Because of the apparent biphasic glucose response, AUCs foystokinin concentrations had returned to baseline concentra-
insulin were calculated for the time periods 0—1 and 2—-6 h postions 3 h after the CLFP meal, whereas concentrations remained
meal. Although there were no significant differences in AUCs forsignificantly above baseline 2 h after the 2 barley-containing
glucose, the AUCs for insulin 0-1 h postmeal were significantlymeals (PBFP and WBFP). Cholecystokinin returned to baseline
higher after the CLFP than after the WBFP meal and were sign6 h after the WBFP meal. The calculated incremental AUCs were
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69 5 0.6-
- 3
% £ 054 —O— CLFP
£ E —a— PBFP
e Qo 047 —O— WBFP
£ S ]
£ D 034
= g ]
2 ©
= 5. 0.2 9
2 3
.8 =011
© 4
g g 0.0
g &
o
ft“ 4q 0 +—TF—T———————
P 0.0 1.0 2.0 3.0 4.0 5.0 6.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.2 7

Ti h =]
ime =
(h) g 0.1
FIGURE 2. Mean (+SEM) changes from baseline in plasma chole § ool;
cystokinin concentrations in 11 healthy men after consumption of t o -
meals containing high- or low-fiber pasta. Values that are significan % l
(P <0.05) different from baseline are indicated by filled symbols. CLF 9 014 g
low-fiber wheat pasta; PBFP, naturally higkglucan—containing pasta; 2 §
. (&) =
WBFP, B-glucan—enriched pasta. < 921 S
£ 1 PBFP,WBFP 2
& 034 e
not significantly different (CLFP: 6.4 1.5 pmol-h/L; PBFP: e g
7.5+ 1.1 pmol-h/L; WBFP: 8.% 1.9 pmol-h/L). < 04 — T T — T 7T 2
0.0 1.0 2.0 3.0 4.0 5.0 8.0 8
Triacylglycerol ) :
acylglycero Time (h) g
Plasma triacylglycerol concentrations increased significan Ed
from baseline after all meals, but the response was not sigr FIGURE 3. Mean (+SEM) changes from baseline in plasma triacyl- 2

cantly different among the test-meal groups. Concentratic glycerol and cholesterol concentrations in 11 healthy men after cona
were significantly greater than baseline values 1, 2, 3, and - sumption of test meals containing high- or low-fiber pasta. Values tha&
after the CLFP meal and 2, 3, and 4 h after the PBFP rRagl (  are significantly P < 0.05) different from baseline are indicated by filled ‘(El—)
ure 3). After the CLFP meal, triacylglycerol concentrations wele symbols. Values that are significantly different from each other at an
higher 1, 2, 3, and 4 h postmeal. After the PBFP meal, triacylgive” time pqint are_indicated by mgal designation above and below thg
glycerol concentrations were higher 2, 3, and 4 h postmeaIme at that time p0|_nt_. CLFP, I'ow-flber wheat pagta, PBFP, naturally =
Triacylglycerol concentrations after the WBFP meal were signi-hlgh B-glucan-containing pasta; WBHFglucan-enriched pasta.
ficantly higher than baseline only at 3 h. Maximal incremental o
responses occurred 3 h after all meals and were+0031, both the CLFP and PBFP meals, returning to baseline 6 h posR
0.4+ 0.1, and 0.3 0.1 mmol/L for the CLFP, PBFP, and WBFP meal. Concentrations remained above baseline 2 and 3 h after tife
meals, respectively. The AUCs for the different meals were noWBFP meal. There were no significant differences in responses
significantly different (CLFP: 1.0+ 0.4 mmol-h/L; PBFP: to the meals. Incremental AUCs were not significantly different
1.0£ 0.2 mmol - h/L; WBFP: 0.% 0.4 mmol-h/L). among test-meal groups (CLFP: 0.2®.34 mmol-h/L; PBFP:
1.05+ 0.14 mmol-h/L; WBFP: 0.82 0.36 mmol-h/L). The
TRL-cholesterol response was not significantly different among
Both barley meals resulted in a significantly lower cholesterokest-meal groups. Cholesterol increased significantly above base-
increment at 30 min than did the CLFP meal. The WBFP meal alskine after the PBFP meal but not after the other 2 meals (Figure
resulted in a lower incremental response at 4 h than did the CLFHP. The AUCs were not significantly different among test-meal
meal. Maximal increments were 0.0860.062 mmol/L after the groups (CLFP: 0.13t 0.13 mmol-h/L; PBFP: 0.24 0.09
CLFP meal,—0.162+ 0.065 mmol/L after the PBFP meal, and mmol-h/L; WBFP: 0.1% 0.18 mmol- h/L).
—0.218+ 0.088 mmol/L after the WBFP meal. The incremental
AUCs, although not significantly different among test-meal AP0 B-48 and apo B-100
groups, were positive for the CLFP meal and negative for both of Apo B-48 concentrations increased significantly above base-
the barley meals (CLFP: 0.1% 0.03 mmol-h/L; PBFP: line at all time points for all meal$-igure 5). Peak responses
—0.48.0+ 0.31 mmol - h/L; WBFP=0.60+ 0.31 mmol-h/L). occurred 2, 3, and 4 h after the CLFP, PBFP, and WBFP meals,
respectively, and the mean incremental response was highest
after the PBFP meal (580.8 nmol/L). The AUCs for each meal
TRL-triacylglycerol concentrations increased significantly were not significantly different (CLFP: 255 5.9 nmol-h/L;
from baseline after all meal&igure 4). Triacylglycerol concen- PBFP: 20.9+ 3.2 nmol - h/L; WBFP: 17.4 3.2 nmol-h/L). The
trations were still greater than baseline concentrations 4 h afténcrease in apo B-100 concentrations was significantly greater

‘)z Re
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FIGURE 4. Mean (¥SEM) changes from baseline in plasma triacyl- FIGURE 5. Mean (+SEM) changes from baseline in plasma triacyl-
glycerol-rich lipoprotein (TRL) triacylglycerol and cholesterol concen- glycerol-rich lipoprotein (TRL) apolipoprotein (apo) B-48 and apo B-
trations in 11 healthy men after consumption of test meals containin(100 concentrations in 11 healthy men after consumption of test mea
high- or low-fiber pasta. Values that are significany<(0.05) different containing high- or low-fiber pasta. Values that are significarfly (
from baseline are indicated by filled symbols. CLFP, low-fiber wheat 0.05) different from baseline are indicated by filled symbols. CLFP, low-
pasta; PBFP, naturally higB-glucan—containing pasta; WBFB;glu- fiber wheat pasta; PBFP, naturally highglucan—containing pasta;
can—enriched pasta. WBFP, B-glucan—enriched pasta.
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than baseline 3, 4, and 6 h after the PBFP meal and 6 h after taed the AUC for insulin 0—1 h after the CLFP meal were signifi- o
WBFP meal (Figure 5). The AUCs were not significantly differ- cantly higher than those after the WBFP meal. Several studie§
ent among test-meal groups (CLFP: 6&717.4 nmol-h/L; have reported differences in the glycemic response to individuaR
PBFP: 76.7+ 25.3 nmol - h/L; WBFP: 54.& 20.1 nmol- h/L). foods; however, incorporation of these foods into a meal car”
obscure differences in the plasma glucose response (29-31) and
can stimulate the insulin response because of the release of chole-
DISCUSSION cystokinin (14).

In the present study, the postprandial response of healthy sub- Although the overall glucose response did not differ as a
jects to a complete meal that incorporated pasta made from whea&sult of pasta type, a second increase in plasma glucose began
flour or wheat flour plus either barley flour enriched witlylgi- 2 h after ingestion of the high-glucan barley pastas and 4 h
can or barley flour from a high-@lucan genotype, was deter- after ingestion of the control wheat pasta. Many postprandial
mined. All subjects consumed pastas that were processed Byudies, especially glycemic studies, measure glucose and other
using a commercial method of extrusion. In addition, a subset gflasma variables for only 2-3 h after a meal and thus miss
subjects was fed an additional meal that contained pasta madbanges that occur later than this. Cara et al (32) reported a
from wheat flour that was processed with a noncommercial hommarked increase in serum glucose 3 h after ingestion of a pasta
pasta maker so that the glucose response to a commercial ameal in healthy subjects. In the present study, the second peak
noncommercial pasta could be compared. The high-fiber mealspay have been due to slower digestion of the pasta that was pre-
which contained barley flour, did not blunt the overall postpranspared by extrusion. Results from the subgroup of 5 subjects who
dial glucose response. Although the plasma glucose response didnsumed a homemade pasta meal indicated that a factor inher-
not differ significantly after the pasta-containing meals, theentto the 3 extruded pastas led to this delayed increase in plasma
plasma insulin response did differ, indicating that carbohydratglucose. Such a delay is most likely explained by slower diges-
from the meal withB-glucan—enriched pasta (WBFP) was tion and absorption of the carbohydrate in extruded pastas. Tests
digested and absorbed more slowly than that from the low-fibein rats have shown that extrusion processes can affect the struc-
meal (CLFP). The peak insulin response 1 h after the CLFP me#iral characteristics of cereal grains and consequently the meta-
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bolic response to the product (33). Rice noodles, processed Byolt et al (42) studied the effect of cholecystokinin on satiety
extrusion, blunted blood glucose response in healthy subjectsind reported that the cholecystokinin response was higher when
however, subjects were only followed for 60 min postmeal, sahe glycemic impact of food was low. Their studies indicated that
the extended metabolic response was not known (34). The invea-high-fiber cereal with low glycemic and insulinemic indexes
tigator postulated that the starch in the rice noodles retrogradetad the largest cholecystokinin response, suggesting a direct
making it more difficult to digest. The extruded pastas wereeffect of fiber on plasma cholecystokinin. Méssner et al (40) fed
more difficult to chew, as reported verbally by subjects, whichtheir subjects several different meals and found that a liquid meal
may have led to larger particle sizes entering the small intestinkigh in fiber resulted in higher plasma cholecystokinin concen-
and slower penetration by the digestive enzymes. In addition, thigations than did a low-fiber, control diet. They also fed their
fiber in the barley-containing pastas may have provided an addsubjects 2 solid meals, 1 that was high in fiber and 1 that
tional physical interference to starch degradation. included spaghetti. Interestingly, the spaghetti meal produced a
Although the secondary increase in plasma glucose was nédrger plasma cholecystokinin response than did the high-fiber
associated with a second peak in insulin response, plasma insulineal, suggesting that the response to spaghetti is different from
concentrations were elevated above baseline for the 2—6 that of other starchy foods and could explain why there were no
period. The lack of a sharp increase may have been due tosignificant differences in the cholecystokinin response to the dif-
slower release of carbohydrate from the extruded pasta-contaiflerent pastas used in the present study.
ing meals. Cholecystokinin may have a role in enhancing insulin Although differences in cholecystokinin concentrations were
release (14). Results in rats suggest that the insulin responseriot observed among the meals, the pattern of cholecystokinin
cholecystokinin is dose dependent (35); therefore, the increase masponse was different; 3 h postmeal the plasma cholecystokinin
cholecystokinin above baseline 3—-6 h postmeal may not haveoncentration had returned to baseline after the low-fiber meal
been large enough to produce an insulin response. A late podiut remained significantly elevated after the high-fiber meals.g
prandial increase in glucose may be advantageous for providinghis prolonged elevation in cholecystokinin concentration may2
energy in a long-term, sustained activity. reflect the prolonged presence of fat in the small intestine as &
The lack of difference in glycemic responses, despite differentesult of the slower digestion and absorption of fat after the high§.
insulin concentrations, suggests that this difference in response fiber meals. Sustained stimulation of cholecystokinin release by=
the high- and low-fiber pastas may have been due to the relativefower lipid absorption has been associated with greater feelingg
low glycemic response to pasta, as reported by several investigaf satiety (15). 2.
tors. The glycemic response to various processing conditions of Postprandial concentrations of cholesterol and triacylglycerolS
pasta was lower after consumption of spaghetti and linguine thanere determined in addition to hormone response. The type oﬁ
it was after consumption of bread made with the same ingredpasta had no effect: plasma and TRL-triacylglycerol concentra%:
ents, but differed only slightly between the pasta types (36). Jantions did not differ significantly among the 3 test-meal groups,2
et al (37) reported similar results when comparing the glycemibut did increase significantly from fasting values after all 3<
response to a pasta meal with that to a meal containing breaxleals. The increase in TRL-triacylglycerol was associated with2
made with pasta ingredients. Peak increases in blood glucosesignificant increase in apo B-48, which is the apolipoprotein‘%
concentrations in the present study (1-2 mmol/L) were similar tdound in intestinally derived TRLs. These increases were%
those in other studies in healthy subjects after consumption afbserved even though the diet only provided 25% of energy fron$
pasta (36, 38, 39). Thus, the use of pasta as the fiber-suppl&at. Data from Dubois et al (43) suggest that meals with <18% 0§
mented food in the test meal resulted in overall lower increases inergy from fat do not evoke an increase in plasma triacylglyc}i1
glucose after the meal but no differences in plasma glucose coerol concentrations. Most postprandial studies in the Iiterature:
centrations based on the fiber content of the pasta. used higher dietary fat intakes, usually 40-50% of energy, tR
In addition to plasma glucose and insulin, we sought to charevoke alimentary lipemia (4, 8, 9, 27, 44); however, even low-fat®
acterize plasma postprandial cholecystokinin responses to pagiéets will cause alimentary lipemia. The increase in plasma and
meals. The cholecystokinin response to the meals was in generBRL-triacylglycerols is due to an accumulation of both chylomi-
lower than responses reported in the literature and did not diffesron remnants and hepatic VLDLs (27).
among the test-meal groups. Few studies have been undertakenThe lack of fiber-induced differences in plasma and TRL-tria-
to determine plasma cholecystokinin concentrations after aylglycerols may be related to the low daily fiber intake in the
mixed meal with solid foods low in fat. Mossner et al (40) background diet of subjects. Dubois et al (45) reported signifi-
reported that the plasma cholecystokinin response is lower afteantly higher lipemia when a test meal was supplemented with
a solid than after a liquid meal of the same composition, whichpat bran but only in subjects who consumed a high-fiber back-
in addition to the lower fat content of the diet, may contribute toground diet for 14 d before the test meal. All previously reported
the lower cholecystokinin concentrations observed in the presestudies that examined the effect of fiber on postprandial lipemia,
study. The few mixed-meal studies that used solid foods reporteid single test-meal studies with a design similar to ours, used
conflicting results of the effect of fiber. Fifteen grams of pectinhigher dietary fat intakes than we did, and the results are variable.
did not alter the cholecystokinin response in obese subjects (41Redard et al (8) found that guar gum and oat bran added to a test
However, their test meal contained only 1046 kJ (250 kcal) andneal resulted in higher lipemia than that from a low-fiber test
the macronutrient composition was not given, making comparmeal. Gatti et al (9) reported lower triglyceridemia after a test
isons with the present study difficult. DiLorenzo et al (41) meal containing guar-enriched pasta was eaten. Soybean fiber
reported that gastric emptying was delayed and satiety increasedded to tomato sauce fed with pasta resulted in a slight rise in
by pectin but that the cholecystokinin response was not changettjacylglycerol compared with a low-fiber and a pea-fiber meal
which led them to suggest that some factor other than cholecy$45). It is likely that different methods of incorporating fiber into
tokinin may have been responsible for the effects of fiber (41)the meal as well as differences in the type of dietary fiber and the
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amount and type of fat in the test meal contributed to this variresponsible for the different responses to the 2 barley types.
ability. Overall, these results are consistent with the idea thablthough both types of barley used clearly contributed to an
there are other factors in addition to the fiber content of the meaiacrease in fiber intakes, specificallg-glucan intakes, the
that contribute to the triglyceridemic response. Further research Waxbar barley flour appeared to have a greater effect on both
needed to define the specific role of fiber and to determine thglycemic and lipemic responses.
interaction between dietary fat and fiber so that recommended The postprandial glucose, insulin, and cholecystokinin
intakes of these 2 dietary components can be clarified. responses of subjects in the present study after consumption of
Although no differences in triacylglycerol responses werebarley-containing pasta, either naturally high in or enriched with
observed, postprandial cholesterol did differ among the dietar$-glucans, support the hypothesis that viscous polysaccharides
treatment groups. Chronic fiber consumption has been shown ia the diet slow the rate of carbohydrate and lipid digestion and
lower total plasma cholesterol (4-7, 9). Our laboratory hasabsorption. The changes in blood cholesterol after a low-fat meal
hypothesized that sources of viscous fiber may alter plasma chgupport the hypothesis that viscous polysaccharides lower

lesterol via a slowing of the digestion and absorption of lipid andlasma cholesterol, in part, by facilitating reverse cholesterol
subsequent modification in the pattern of alimentary lipemia otransport.

composition of postprandial lipoproteins. Differences in plasma
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