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Abstract

[-Glucans are water-soluble cell-wall polysaecharides consisting of (1=+3, | —4)-linked f-p-glucopyranosyl monomers that com-

prise a considerable proportion of soluble fiber from certain grains

including outs and barley. Consumption of foods containing

p-glucan or fi-glucan-enriched fractions prepared from these grains lower serum cholesterol concentrations in humans and in ani-
mal models of hypercholesterolemia. The present study was conducted to evaluate the toxicity of f-glucan-enriched soluble fiber
from barley in Wistar rats on dietary administration at concentrations of 0.7, 3.5 and 7% [-glucan for 28 days. There were no
adverse effects on peneral condition and behavior, growth, feed and water consumption, feed conversion efficiency, red blood cell
and clotting potential parameters, clinical chernastry valucs, and organ weights. Mecropsy and histopathology findings revealed no
treatment-related changes in any organ evaluated, A dose-dependent increase in Tull and empty cecum weight was observed. This is
a commaon physiological response of rodents to high amounts of poorly digestible, fermentable carbohydrates, and was of no lox-
icolagical concern, The enly finding of possible biological relevance was an increase in the number of circulating lymphocytes
ohserved in males. However, the increase was not dose-dependent and was not observed in females. Results of this study demon-
steated that consempiion of concentrated barley f-glucan was not associated with any obvious signs of toxicity in Wistar rats even

following consumption of large gquantities.
i 2003 Elsevier Scienee Lid, All rights reserved.
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1. Introduction

Oats and barley have long been known to lower
serum cholesterol concentrations in animal models of
hypercholesterolemia (De Groot et al, 1963). Con-
sumption of these cereal grains has also demonsirated
cholesterol-lowering activity in humans (Judd and
Truswell, 1981 Anderson et al.. 1984; Newman et al,
F089a b: Kestin ot al., 1990; McIntosh et al,, 1991; Rip-
sin et al, 1992 Lupton et al., 1994; Thegami et al., 1996,
Kahlon and Chow. 1997), However, consumption of
relatively large amounts is required to produce clinically

* Corresponding suthor, Tel: + 1-952.742-4627; fux: + 1-952-742-
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Fenail address: beyan_delaney@cargill.com (B, Delaney).
! Present address: Land ©'Lakes, Ine., PO Box 64101, St. Paul,
MM 35164-0101, USA.

relevant reductions (Braasten et al. 1994). Therefore,
many studies have been conducted to identify compo-
nents present in these prains to which cholesterol-low-
ering activity could be attributable. Several substances
have been identified that possess cholesterol-lowering
activities (e.g. tocotrienols: Peterson and Qureshi, 1997;
Qureshi et al., 1980, 1986). However, it is the bran frac-
lions to which the cholesterol-lowering activity has most
consistently been associated (Kirby et al., 1981, Anderson
¢t al., 1984, 1990, 1991), more specifically, to the B-glucan
component (Davidson et al, 1991; Braaten et al,, 1994),
Relative to other cereal grains, oat bran contains high
concentrations of soluble fiber ol which a considerable
proportion is f-glucan (= 30%: Asp et al,, 1992; Aman
and Grakam, 1987). The concentration of p-glucan in
barley appears Lo be even higher than that ol outs (Aman
and Graham, 1987 Mewman <t al., 1992), Chemically,
p-glucans are a heterogeneous group of water-soluble

0278-6015/03% - see Trent matter © 2003 Elsevier Seicnce Lid, AN rights reserved.
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endospermic  cell-wall polysaccharides consisting ol
(1=+3,1—+4)-f-p-linked glucose units (Wood et al,
1959). The p-glucan from barley and oats appears 1o be
chemically indistinguishable (Jeraci and Lewis, T35,

Concentrated preparations of oat [-glucan have
demonstrated cholesterol-lowering activity in humans
and animal models of hypercholesterolemia {Kirby et
4l 1981: Davidson el al, 1991; Knuckles et al., 1992;
Jonnaingndda et al., 1993; Kahlon et al., 1993; Braalen
et al., 1994; Zhang el al. 1994; Yokoyama ¢l al., 109%;
Onning et ab., 1999), as have similar products prepared
from barley (Mewman et al, 198%ab: Enuckles et al,
1992 Wang et ab,, 1992; Kahlon el al., 1993 German el
al.. 1996; Maqueda de Guevara et al., 2000). A recent
study comparing f-glucan-enriched fractions from oals
and barley in hypercholesterolemic hamslers demon-
strated that the cholesterol-lowering activity of f-glucan
from oats and barley was nearly identical (B. Delaney &t
al,, unpublished data, 2002).

These studies suggest that f-glucan-enriched soluble
fiber from barley may be useful in contrelling elevated
serum cholesterol concentrations in humans and an inter-
esting commercial product. Although barley itsell’ and
foods containing soluble fibers are not considered unsale,
little toxicological information is available regarding the
safety following repeated exposure Lo concentrale enriched
in f-glucan. In the present study, the toxicity of a water-
extracted [-glucan-enriched soluble fiber from barley
(Barley Betafiber) was evaluated in a 28-day [eeding
study in Wistar rats. This study was conducted in
accordance with OECD Guideline for Testing Chemi-
cals n. 407 (adopted July 27, 1995) and in compliance
with the OECD Principles of Good Laboratory Practice.

2. Materials and methods

2.1, Preparation of B-glican enriched soluble fiber
concenirale

B-Glucan from hulless barley (Azhul variety) was
extracted by a process similar to thal of Aman and
Hesselman (1983) but without the amyloglucosidase
treatment step. The composition of the concentrated
p-glucan product (Barley Betafiber, Cargill, Inc., Way-
zala, MM) is presented in Tabic 1.

2.2, Analysts of f-glucan in barley concenivale and rei feed

p-Glucan in the barley concentrate was quantified
enzymatically (McCleary, 198%) using a Megazyme
f-olucan mixed linkage assay kit, f-Glucan-enriched
soluble fiber samples were milled to pass through a
{.5-mm screen in an ultracentrifugal mill (Retsch Type
ZM1) at 18,000 rpm and weighed 20-mg aliquots into
50-ml polypropylene tubes. Aqueous E1OH (0.1 ml,

Table 1
Composition of f-glecan-enriched soluble fiber concenteate from barley
{Barley Betafiber)®

Prercent
Carbohydrles B0.2
(Tonal fber) {T45)
{p-Glucan) (64.00)
(Salible fber) (60.3)
{Insoluble fiber) (19.3)
Pradein 104
Fat .00
Ash 1594
Maoislure 782
Total 100.0

 Tatal, soluble, and insoluble dictary fiber were determined by AOAC
metlod 991,43, protein concentration was detenmined by AOAC method
991,20, fut concentration was determined by ADAC methad 933,05, and
molsiure was determined by ACAC method 326.08 (AGAC, 2000). The ash
concenlration was determined using Comn Refiners Association Standurd
Analytical Method A-3 (CRA, 1H97). Curbohydrate concentition was
determined by suliteaction of the concentrations of pretein fat, meisture, and
ash from the 1ol dict

50%, v/v) was added to the Lubes followed by addition

ol 5.0 ml of sodium phosphate bufer (20 mu, pH 6.3)

and the tubes mixed vigorously, The tubes were then
incubated in boiling water for 2 min, mixed vigorously
and incubated again in boiling water for 3 min. Tubes
were then cooled to 50 °C, lichenase (0.2 ml, 10 U specilic,
endo-(1—+3)(1—+4)-f-D-glucan  4-glucanohydrolase; EC
3.2,1.73) was added, and the tubes were incubated at 50°C
for 1 1. The volume in each tube was then adjusted to 30
m) with delonised water, mixed and centrifuged at 1000 g
for 10 min. Aliquots (0.1 ml) of the supernatant were
removed, placed into three glass test tubes and then 0.1 ml
of acetate buffer (50 my, pH 4.0) was added to the blank.
To the other two tubes was added 0.1 ml of p-glucosidase
(0.2 U; EC 3.2,1.21) in acetate buffer and the test tubes
incubated at 50 °C for 15 min. The Megazyme glucose
oxidase/peroxidase reagent was added to each tube (3.0
ml) and they were incubated at 50 *C for 20 min and
absorbance measured at 510 nm. The concentration of
B-glucan was determined using the following equation:

1 o 100 v 162
1000 W 180
where: d£= Absorbance (sample) —Absorbance (blank)

F=100 pg of glucosefabsorbance of glucose standard
(conversion [actor from Absorbance to pg glucose).

300 =Volume correction {i.e. 0.1 ml taken [rom 30.0 ml)

B-Glucan(%iw/w) = dE »x F »x 300 x

L Conversion fi 1
Toop = Conversion from g 0 mg
jop  Factor to express B-glucan content as a
W= percentage (W = Sample dry weight)

162 _ Adjustment from free glucose to anhydro
180 = glucose (as occurs in [-glucan)
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The concentration of -glucan in rat feed was deter-
mined by extraction and quantified using the MeCleary
method (1983), Feed samples were dried at 105 °C for |
h. after which 0.5 g of each blend was weighed into a 50-
ml polypropylene conical lest tube. One milliliter of
EIOH (95%. v/v), 5.0 ml of sodium phosphate buffer
(20 mm, pH 6.5) and 4.0 ml of deionised waler were
added 1o each sample and mixed vigorously, The sam-
ples were then incubated in a boiling water-bath for 2
min, mixed vigorously and incubated in a boiling waler-
bath for an additional 3 min, allowed to cool to 30 =C.
Lichenase (0.2 ml, 10 U specific, endo-{1—=3)(1—4)-
f-D-glucan 4-glucanohydrolase; EC 3.2.1,73) was added
to cach tube followed by incubation at 50 °C for | h.
The volume in each tube was then adjusted to 30 ml
with deionised water. After mixing, | ml of each sample
solution was filtered through an Acrodisc® syringe [ilter
(0.45 um) and 0.1-m1 aliquots of each filtrate were care-
fully transferred into three glass test tubes (13 =100
mm). To the first test tube, 0.1 mi of acetate buffer (50
mu, pH 4.0) was added and designated as the sample
blank. To the other two test tubes, 0.1 ml of P-glucosi-
dase (0.2 U; EC 3.2.1.21) in acetale buffer was added.
All the samples were then incubated at 50 = for 15 min.
With each set of samples, a reagent blank and a glucose
standard were prepared consisting of (.1 ml deionised
water and 0.1 ml sodium acetate buffer (50 my, pH 4.0).
The glucose standard consisted of 0.1 ml sodium acetate
bufler (50 ma, pH 4.0) and 0.1 ml glucose standard {100
pe/0.1 ml). Three mi of the Megazyme ™ glucose
oxidase/peroxidase reagent was added to all tubes
{blanks, samples and standards) followed by incubation
at 50 °C Tor 20 min. The absorbance ol the mixture was
measured at 510 nm and the concentration of B-glucan
in dried rat feed was determined using the equation
described above.

2.3, Stability, homogeneity and content af B-glican in rat
feed

Following blending of the diets, samples of each diet-
ary blend were covered in dry ice and shipped from
TNO to Cargill. On arrival, small samples (0.5 g) of
cach dict were removed and the remainder stored in the
durk at —20 °C, Of the samples removed for day 0, two
samples (0.5 g) were weighed for extraction and gquanti-
tation of P-glucan. The remainder was left at room
temperature (approximately 23 °C) with alternating
light/dark cycles of approximately 12 h for & days prior
to analysis. At weekly intervals, two samples of each
feed hlend were removed from the [reezer, stored at
room lemperature for 6 days {corresponding to the days
that new feed was administered to the animals) and
fi-elucan analysis was conducted as indicated above.
Results were expressed as an adjusted value by sub-
tructing the concentration detected in the starch control

diet from the value obtained for the different samples
containing the test material (Table 2). Additionally, the
concentration of B-glucan was measured in five separale
samples of each dietary blend, taken at different loca-
tions from the feed mixture to determine if the diets
were blended homogeneously.

2.4, Animals and maintenance

Wistar outbred [Crl:(WI)WU BR] rats were obtained
from Charles River Deutschland (Sulzfeld, Germany),
and acclimatized to the laboratory conditions for 1
week. At the start of treatment, they were about 6 weeks
old. On the starting day, the rats were allocated to four
groups of five rats per sex, proportionate to body
weight, using & compuler-randomization program. Ani-
mals were identilied by unique tattoos on the cars and
housed individually in macrolon cages with stainless-
steel prid covers and sterilized wood shavings (Woody
Clean, Type 3/4) as bedding material. The experimental
room was ventilated at 10 air exchanges per hour and
maintained at a temperature of 22£3 °C with a relative
humidity of 30-70%. Artificial lighting was sequenced
at 12-h light/dark cycles. Feed {(during the treatment
period provided as a powder in stainless-steel cans) and
drinking water (tap water provided in polypropylene
bottles) were available ad lib. except for overnight fast-
ing prior to necropsy, The welfare of the animals was
maintained in accordance with the general principles
governing the use of animals in toxicity experiments of
the European Communities (Directive 86/609/EEC) and

Table 2
Content and stability of f-glucan in et feed

Dictary concentration of barley [-glucan concentrate
{in dricd dieth

Control 1.0%: 0% 10.0%
Day O .66 L.skh 4,05 1.0l
Adjusted? 0.78 334 6,335
Week 1 0.7l 1.41 404 713
Adjusted? 070 3.33 .42
Week 2 0.7 1.44 4.27 T.58%
Adjusted 0.66 3.4% 680
Week 3 079 1.52 4.40 7.4
Adjusted” 0,73 370 7.05
Week 4 064 1.36 4.21 7.55
Adjusted* 072 1.57 691

= Adjusted concentration is the amount of f-ghtean measured in the
contral feed subteeted from the value obtained in the corresponding
test dict sumple Tor the sume time point. Control dict was formulated
with pregelatinized polato starch. Values presented represent the con-
centristions of feglucan determined from two separale exteactions of
the same dictary blend. Target [-glucan concenteations were 1,
1.5 and 7.0%, corresponding 1o 1, 5 and 10% inclusion of the barley
P-glucan congentrate in the experimental diets.
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Dutch legislation (The Experiments on Animals Act,
1997). The research plan for this study was approved by
the ethical review committee for animal experiments.

2.5. Exposure regimen

Prior to initiation of treatment, all animals were fed a
cereal-based, closed-formula rodent diet (Rat and
Mouse No.3 Breeding diet; RM3) from Special Diets
Services (Witham, UK). From the start af the 4-week
treatment period (day 0), animals were fed modified
diets prepared from the RM3 diet. Animals in the con-
tral group were fed the modified RM3 diet in which
20% of the natural ingredient barley was replaced by
20% of a purified, digestible carbohydrate ingredient
(pregelatinized potato starch: Paselli WA-4 [from
AVEBE, Foxhol, The MNetherlands). Animals in the
experimental groups were fed modified RM3 diets
supplemented with barley B-glucan concentrale at 1%
{low-dose), 5% (mid-dose) or 10% (high-dose), and 19,
15 or 10% pregelatinized potato starch, respectively.
One batch of experimental diets was prepared shortly
hefore the start of the treatment period and stored at
—20 °C in quantities required for 1 week.

2.6, Observations

The rats were observed twice daily for abnormal clin-
ical signs (general clinical observations). Meurobeha-
vioral funclioning was evaluated by weekly, detailed
clinical observations made outside the home cage in a
standard arena, and a functional observational battery
and motor activily assessment conducted in the fourth
week ol exposure. The functional observational battery
consisted of non-invasive, observational and interactive
measures designed to assess the neurobehavioral and
functional integrity of the rat, using measures taken
fram different functional domains including autonomic
and neuromuscular function, sensorimotor reactivity,
arousal and excitability. Spontaneous maotor activily
was assessed during a 30-min test period using an auto-
mated quantitative microprocessor-based video image
analysis system (Ethovision, Noldus Information Tech-
nology b.v., The Netherlands).

Body weights were recorded on days 0, 7, 14, 21, 27
and ?%. Food consumption was measured over succes-
sive periods of 7 days (weeks 1-3) and 6 days (week 4)
by weighing the feeders, Food conversion efficiency was
caleulated as gram weight gain per gram food con-
sumed. The intake of the test material per kg body
weight per day was calculated from the feed intake and
the body weight. Water consumption was measured by
weighing the drinking bottles daily during 4 consecutive
days in week 1.

On day 28, in such a sequence (stratified randomly)
{hat the average time of killing was about the same for

each group, the rats were killed by exsanguination from
the abdominal aorta under CO2/O anesthesia, Routine
hematology and clinical chemistry were conducted on
all animals at the end of the exposure period. Following
an overnight fast, animals were anesthetized with CO./
0, and blood was drawn from the abdominal aorta into
tubes with K.-EDTA for hematology and heparin for
clinical chemistry. Plasma was prepared by centrifu-
gation. Hemoglobin, PCV, RBC, reticulocytes, throm-
bocytes and total WBC were determined with an ABX
Pentra 120 Haematology Analyzer (ABX Diagnostics,
France). The MCV, MCH and MCHC were calculated
from hemoglobin, PCV and RBC. Prothrombin time
was evaluated with the NMormotest modified method for
EDTA blood (Nyegaard and Co AjS, Oslo, Norway).
Differential white blood cell counts were determined by
microscopic examination of stained blood smears (Gor-
er and de Graaff, 1935), Plasma concentrations of glu-
cose, ALP, ALAT, ASAT, GGT. toul protein,
albumin, urea, crealinine, total bilirubin, total choles-
terol, triglycerides, phospholipids, Ca**, Na™, K7,
Cl~ and inorganic phosphate were determined using a
Hitachi-911 Analyzer. The ratio of albumin to globulin
was caleulated by dividing the concentration of albu-
min by the difference in total protein and albumin
concentralions.

Following sacrifice a thorough necropsy was per-
formed on all animals. The following organs were
weighed (paired organs together) after dissection: adre-
nals, brain, cecum (full and empty), epididymides, heart,
kicneys, liver, ovaries, spleen, testes and thymus. The
organ-lo-body weight ratios (relative organ weights)
were calculated from the absolute organ weights and the
terminal body weight of the rats. Samples ol the
weighed organs and of the colon, gut associated lym-
phoid tissue including Peyer’s patches, lymph nodes
(axillary, mesenteric), lungs, mammary gland, peri-
pheral nerve (sciatic), esophagus, parathyroids, pitui-
tary, prostate, rectum, small intestines (duodenum,
ileurn, jejunum), spinal cord (three levels), sternum
with bone marrow, stomach, thyroid, trachea with
bronchi, urinary bladder, uterus, vagina and all gross
lesions were preserved in a neutral aqueous phosphate
buffered 4% solution of formaldehyde. Histopatholo-
gic analysis was conducted on - sections of parafl-
fin-embedded tissues, stained with haematoxylin and
eosin, of the preserved organs from all control and
high-dose animals by light microscopy. Additionally,
histopathologic analysis was conducted on the spleens
from all experimental groups.

2.7. Statistics
Evaluation of body weights was conducted by one-

way analysis of covariance (covariate: body weight on
day 0) followed by Dunnett’s multiple comparison tests.
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Feed consumption and efliciency, water consumption,
red blood cell parameters except for reticulocytes and
WRBC (total and absolute differential) counts, coagu-
lation variables, clinical chemistry wvalues, organ
weights, continuous neurobehavioral parameters and
motor activity were evaluated by one-way analysis of
variance (ANOYA) followed by Dunnett's multiple
comparison tests. Independent from ANOVA, the
homogeneity of variances was tested by means of
Bartlett’s test (all parameters showed homogeneous
variances). Reticulocytes, relative difTerential white
blood cell counts and rank order neurobehavioral
parameters were evaluated by Kruskal-Wallis non-
parametric analysis of variance followed by Mann-
Whitney U-tests. Categorical neurobehavioral data
were evaluated by Pearson chi-square analysis. Eval-
uation of histopathological changes was conducted by
Fisher's exact probability test. Statistical significance is
indicated as *for P-values =0.05 and **for P-values
=0.01,

3. Results
3.1, Analysis of p-glican in rat feed

The concentration of f-glucan was determined in the
different feed samples blended with the indicated con-
centration of the (Barley Betafiber). Limited specificity
of the analytic method was observed since control
diets appeared Lo pOSSEss approximately 0.7% [-glu-
can (Table 2). This observation indicated either that
a small amount of glucose was released by the enzy-
matic treatment during the analysis or that the diet-
ary blend did contain a small amount of B-glucan,
Following correction for the f-glucan detected in the
control diets, the corresponding concentrations ol
[-glucan in the experimental diets were approximately
0.7, 3.5 and 7.0%, respectively in the low-, mid- and
high-dose groups. The results were close Lo the target
concentrations, indicating that the dietary blending
process and the conditions under which the experi-
mental diets were stored did not cause breakdown of
the P-glucan (Table 2). A separate analysis to deter-
mine the concentration of P-glucan in multiple diet-
ary blend samples demonstrated that P-glucan was
blended homogeneously into the diet {(data not
shown}.

3.2, Clinical signs and newrobehavioral observations

All rats survived until scheduled necropsy. Daily gen-
eral observations and neurobehavioral examinations
revealed no treatment-related changes in the animals’
appearance, general condition or behavior.

3.3. Body weight, feed and water conswmption and
B-glecan intake

Compared to animals fed the starch control diet, there
were no significant changes in body weight (Table 3), feed
consumption (Table 4) except for two incidental decreases
in the low-dose (0.7% P-glucan) group, or feed conversion
efficiency (Table 5), Water consumption was comparable m
all groups during the first week of exposure (data not
shown); therefore, it was nol monitored al subsequent time
points. The overall mean intake of f-glucan in the low-,
mid- and high-dose group was, respectively 0.535, 2.9 and
5.6 g/kg body weight/day.

Takle 3
Body weights of rats consuming barley fb-glucan concentrale for 28
lays

[ictary concentration of barley feglucan concentrate

Contrel 1.0% 5.0% 10.0%

Mules

Day 0 163.2+3.5 16395332 LR 165330
Day 7 20334310 2019231 01 44=5.4 200.0+2.5
Day 14 246.6k4,2 238,025 240.5+6.5 M1L3E43
Dy 2 179559 26591246 269.6:£6.8 el
Dy 27 MWIHETH 256832 91.7£72 293039
Day 28 2805260 2670432 21712474 270139
Females

Dy O 133425 1354407 1337420 1353+£27
Day 7 148.4£3.5 1453138 147.8+£2.0 130.7£29
Day 14 1639231 158,94 2.0%" 1619=1.5 105.2£32
Dy 21 1TR.5£4.0 170,845 1752514 1775449
Dray 27 1918453 1823458 186,026 187.2+£5.2
Day 28 17753442 1671249 170,220 169,52 3.9

Pody weight means {geat+ 5. EM.) of Wistar rats {n = Sfsexjdose) con-
suming different dielary concentrations of barley soluble fiber enriclied
with frglucan, **F <001 sompansd with control (0%) group by analysis
of covariance followed by Dunneil's 1250

Table 4
Feed consumed by rats exposed to barley f-glucan concentrate for 28
days

[retary concentralion of bacley fkglucan concentrate

Control 1.0% 505 10.0%%
Males
Day 7 18005 17.6203 173208 16,9403
Duy 14 ApA =05 19.0:£0.3 148017 19.0£0.5
[y 21 0.720.7 190403 N £iG 19.3:£0.5
Day 27 19.5X0.6 174202 18.4:0.7 18.5:£0.6
Females
Dy 7 133204 12.0+£0.5 128204 12,7005
Duy 14 13,503 12.14£0.3* 13304 13,504
Day 21 13.9£0.2 125+£04 13,405 13.2:£0.5
13,405 126207 12,9405 12902

Day 27

Feed consumption mesns (glrat/day + 5.E.M.) of Wistar ruts (o= 35/
dosg) consuming different dietary concentrutions of barley soluble fiber
enriched with [eplucan.* P <005 compared with control (0%) group by
AMNOVA followed by Dunnett's -1est.
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Talile 5
Feed conversion efficiency of rais exposed 1o barley [i-glican con-
centrate for 28 days

Drietary concentration of harley f-gleean concentrate

Control 1.0%% 5.0% 10.0%%

Males

Dy 7 0322001 0531001 B,3l£000  0.30£0001

Dhay 14 (.30 4:0.02 0,27=0.01 Q.28 40,01 0.30-E0.01
Day 21 0.23£0.00 021 20401 0.21:£001 (.21 40,01
Dray 27 020001 0022001 0. 20:50,001 0,21 20010
Females

Day 7 0. 16001 (12210010 0160001 017002
Day Ld OB 00 0, 16003 0150002 0154001
Dy 21 (L13:E0001 0.1340.02 0,14 40,01 013002
Dy 27 . 160,02 0156002 0, 14 0.02 0134001

Mean feed conversion cfficiencies [(z weight gain)i{g lead con-
sumed)£5.E.M.] of Wistar ruts (= 5/sex/dose) consuming differem
dietary concentrations of barley [i-glucan conccntrate, Values were
determined over a period of 7 days (days 7, 14 and 21 or & days {clay
37). Mo statistizally sipnificant differences were observed between the
[glucan groups and control males or femiles.

3.4, Hematelogy and clinical chemistry

Historical values (meansS.D., range) are [rom
untreated control groups [WBC (1= 5/group) or clinical
chemistry values {n=8/group]] from recent studies con-
ducted at TNO Mutrition and Food Research with ani-
mals of the same strain and age as used in the present
study.

led blood cell and coagulation parameters did not
show any statistically or biologically significant difTer-
ences between rats fed the test substance and starch
controls (Table 6). However, significant increases were
noted in total WBC counts in low-dose males (12.2:£0.8
w 10% cells/l: 37% increase) and mid-dose males
(14,1409 % 107 cells/l; 58% increase) compared with
starch control males (8.9+£0.7 = 107 cells/1). Total WBC
counts also increased in high-dose males (10.9£0.9 x
107 ¢ells/; 22% increase) but the difference from con-
trols was not statistically significant compared with
control males (Table 7). The values observed in the
males consuming the control diet were similar to thosc
ohserved in historical control (untreated) male animals.!
The increase in total WBC was attributable to an
increase in the number of lymphocytes since no changes
were noted in the numbers of other white blood cells
(neutrophils, eosinophils, monocytes and basophils;
Tabte 7). Compared with WBC counts in female control
animals (11.7£1.0 x 10” cells/l), a decrease was noted
in high-dose females (8.1+0.6 x 107 cells/l) but no
changes were observed in the low- or mid-dose females.

| Tolal WRC count in untreated males=93:22 = 107 cells/l;
range 6.3-11.6.

However, in this study, the WBC counts in the control
female animals were higher than the values observed in
historical control females of the same age.” Substitution
of the control values observed in the current study with
historical control values revealed the same bell-shaped
dose—response curve as observed in the males.

Clinical chemistry values showed statistically sig-
nificant changes in the plasma concentrations of total
protein, albumin, urea, creatining, calcium and chloride
(Table 8). A significant decrease in total protein con-
centration was observed in mid- and high-dose females
compared with controls but the values were within the
range historically observed in control female animals,”
These changes were accompanied by decreased con-
centrations of albumin in the mid- and high-dose female
groups, Although significantly different from the con-
trol animals, the albumin values in both groups were
well within those historically observed in control female
animals.® There were no changes in the albumin to glo-
bulin ratio in either sex, or in the concentration of total
protein ot albumin in the males. Plasma urea con-
centrations were elevated in the mid- and high-dose
groups, bul the increase was only statistically significant
in males. In both sexes, the urea levels in mid- and high-
dose rats fell within the historical range, whereas con-
current control values were on the lower end of this
range.® The increased plasma level of creatinine in low-
dose males was considered a fortuitous finding because
it was not confirmed at the higher dose levels. Plasma
concentrations of electrolytes showed a decrease in cal-
cium in mid- and high-dose females and an increase in
chloride in males at all dose levels, These electrolytes
were not significantly changed in the other sex, and
the values remained within the range observed in his-
torical controls® Fasting glucose tended to be
decrensed, dose-dependently, in both sexes, bul the
differences from controls did not reach the level of
statistical significance,

1.5, Organ weights and pathalagy

There was a dose-related increase in the weight of the
full and empty cecumn in mid- and high-dose rats of both
sexes (Table ). At the high-dose level, the differences
from controls amounted to about 30% in females and

! Total WEBC count in untreated Temales=T7221.4 = 107 cells/l;
range 5.0-8.3.

¥ Taotal plasma protein concentration in untreated feniles = 6343
gfl; range 386k,

4 Plasma albumin concentration in untreated females=4222 gfl;
range 3813,

¥ Historic concentration of urea in untrested moles (659411
mmol/l; range 5.4-8.8) and females (7.6:2 1.3 mmaolfl; range 5.9-9.8).

% Mistoric concentrations of calcium (2.85:£0.23 mmeol/l, range
2.49-3.2%) and ehloride (10242 mmel/l, range 94-105) from untreated
animals.
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Table 6
Hemutelogy values (RBC and cosgulution parameters) from s exposed o barley foglucan concentrate for 25 doys

Dietary concentration af barley [-pglucin concentrile

RBC HB PCY MY MCH

MCHC PT (s} Reticulocyles Thromhbooyles

(= 101 (ol (1) (1) (fmaol) {mmol/l) (= 1041 (1000 = 10%1)
Males
Contral 8.0 = (b (R 10,3400 0454 0,002 56,5207 1.28&0.01 I2630.1 JHEEDS 42.04:=1.0 1024 425
1.0% T.70:kE0.14 L0010 0440 £ 000G 572405 1314000 220401 41.3 0.6 457454 1020425
5.0% B.O2£026 102402 0443:L0007 553401 1274002 230401 396207 403%£16 954430
10.0% 203023 [0,34:0.3 0448:E0013  FEEE06 1.28:4002 229402 412212 432+14 1005429
Females
Contral TA3ED]S 10.04:10.2 LET PR 64409 1.34 4002 28402 32507 WrTLI0 Q5% 439
1.09% 7450015 90402 04160000 SERL06 334002 23902 344304 350£13 BRS04
5.0 1.26:E0,07 9.8::0.1 04050006 355209 1L33£002 42403 41207 358+1.06 928436
10,05 146016 97402 0403 £ (. (W 54.0£0.2 1.30£0.00 EINE N 13,7407 264272 91938

Mean hematelogic values (£ 5.EM.) of Wistar ats (5= 5fsex/dose) consuming dilerent dietary concentrations of barley soluble fiber enriched with
[-glucan. ROC, red blood cell concentration; HB, hemoglobin concentration; PCY, packed cell volume; MCV, mean corpuscular volume; MCH,
mean corpuscular hemoglobing MCHC, mean corpuscular hemaglobin concentration; PT, prothrombin time. Statistical analysis demonstrated no
significant differences between the [i-glucan groups and control males or females.

Table 7
Hematology values (tetal and differential white blood cell counts) from rals exposed to barley f-glucan concentrale for 28 days

Dietary conceniration of barley f-glucan concenirate

—

WECH Lymphocytes*  (%)® Meutrophils® (%" Eosinophils* ()" Monocytes® (%"

Males

Control - = 82404 [‘}lﬂd:US] 074010 [TAEDT) (U E A (0,240, 2) 00400 (0.2}
1.0%4 12 240.8* 11,0406 [90.84:1.7) 10403 (TaL1.6) (L E 4] 00,2402y  0.10010 [1.2:0.7)
5.0% 14.1£0.9%* 13,340 (0418 07402 (52417 100 (04402 Q1400 (A£0.2)
10.0%% 109411 100411 914419 08402 (74£1.9) [IRE=11 1] (0.64:0.4) 1 =040 (0602
Females

Control 710 11,3209 (9684071 0.24:0.1 {1.8£0.6)  0.040.0 (02200 0400 {1.240.a)
1.05% Q04009 B.0E20.9 95.01.1 03401 {3.6::0.9) 01400 (0.8£0.2) 0, =00 (0.640.2)
5.0% 118409 11.2£04 [95.41.4) 05401 JEL0) 0.1 0.0 (0.4£0.2) 0,1 £0,] {0.420.4)
10.0%% 8.1 E0.6* 1.7 206* (95.2%1.3) 0301 (d0:=0.8) 00000 0000 (0.6 20.4)

((L2£0.3)

Mean hematologic values (£ 5.E.M.) of Wistar rats (0= 5/sex/dose] consuming different dietary concentrations of barley soluble fiber enriched with
f-glucan. Values in parcniheses indicate the percentage of the total WBC fraction, Meon basophil counts were also evaluated but values were 0.0 in
all groups (data not shown), *Ff <005 and **F <001 by ANOVA followed by Dunnett’s i-lest,

oo 107

 Differentiol of total WEC count (% indicated in pareniheses).

50% in males. At the low-dose level, there were no sta-
tistically significant differences in cecum weights, though
the weight of the full cecum of males was nearly 209
higher than that of controls, The increased full cecum
weight was due Lo increases in the weights of both the
cecal contents and the empty cecum. The proportionate
increases in the weights of the [ull and empty cecom and
the cecal contents were similar., The statistically sig-
nificant increase in relative spleen weight in low-dose
males was neither confirmed at the higher dose levels
nor accompanied by histopathological alteralions and,
therefore, not ascribed to treatment.

Gross examination at necropsy and microscopic
examination revealed no changes attributable to the
ingestion of the test substance (data not shown). The

changes observed represent commaon findings in rals of
the strain and age used, and occurred only incidentally
or al comparable incidences in the treated group(s) and
controls.

4. Discussion

Oats and harley lower serum cholesterol concen-
tration in humans (Judd and Traswell, 1981; Anderson
et al, 1984, Newman et al., 1989 b, Kestin el al., 1990;
Melntosh et al,, 1991; Ripsin et al,, 1992: Lupton et al.,
F994; lkegami et al. [996; Kablon and Chow, [997).
This activity is attributable to the soluble fiber fraction
of these cereal grains, more specifically, to the f-glucan
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Table 8

Clinieal chemistry values (rom ruts exposed 1o barley fb-gleean concentrate for 28 days
Dictary concentration of barley [i-glucan concentrate

Na

Cl
{mmol/l) {mmol1} {mmol/l)

Ca

Urca Chol. Glucose TG PL

Bili.
{pmel/l) (pmolfl) {mmolfi) (mmol/l)

Creal.

Alh

=

ALAT ASAT GGT

ALP

{mmell)  {mmaoldy {mmol/ly  {mmol/l)

{mmaol/l)

[zl
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13120004 3.59:0.19 3064005

18204 6.8203% 17940012 7932034 0.95£0.00 1762008 3464018 3034003
15202 6.9+£0.3% 1580006 8082067 0.71£0.13 1652009 3854042 5004006

inc aminotransferase; ASAT, asparlate aminotransferase; GGT, pamma-glutamy] transferase; TP total protein; Alb, albumin, Creal., ereatining Bili.,

, cholesteral; TG, triglyeerides; PL, phospholipids; P, inorganic phosphate.

161006 $843066 10142005 1.66200% 3854020 3114005
Statistical significance relative Lo control indicated as *F <005 and **F <001 by ANOVA followed by Dunnett's J-test.
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component {(Davidson et al., 1991 Braaten e al, 19%4).
The [-glucan in ocats and barley appears to be chemi-
cally similar (Jeraci and Lewis, 1989, Although pre-
parations enriched in P-glucan from oats or barley
lower serum cholesterol concentrations in animal mod-
els of hypercholesterolemia (Inglest, 1991 Knuckies ot
al., 1992 Cerman el al, 1996 Kablon and Chow, 1997;
Ricekholt e al, 1999 Magueds de Guevara et al.,
20000 they have not been evaluated for the potential to
cause adverse effects.

In the present study (product name), a water-soluble
B-glucan-enriched concentrate was prepared {Tom Azhul
barley and evaluated in Wistar rats exposed by incor-
poration of the concentrate into a cereal-based, natural
ingradient diet, The feeding of the barley soluble fker
product enriched in f-glucan at dietary levels of 1, 5 and
10% {corresponding to 0.7, 3.5 and 7% [P-glucan) to
male and female Wistar rats lor 4 weeks was not asso-
ciated with adverse effects on general condition and
behavior, growth, leed and water consumption, feed
conversion efficiency, red blood cell and clotting polen-
tial parameters, clinical chemistry values, and organ
weights, nor by abnormalities in necropsy and histo-
pathology findings.

Mot unexpectedly, the ingestion of barley soluble fiber
resulted in cecal enlargement as reflected in the dose-
related increase in the weight of the full and empty
cecum. Cecal enlargement is commonly observed in rats
fed high levels of fermentable carbohydrates that are
either poorly digestible or slowly absorbed (Newberpe
et al., 1948). Because such substances are incompletely
absorbed in the small intestines, they reach the large
intestine where they are fermented by microflora. It is
believed that fermentation products, including short-
chain falty acids, increase the osmotic load and attract
water leading to distension and increased weight of bath
the large intestine itself and its contents. This phenom-
enon is considered of no toxicological concern (WHO,
R8T

Significant increases in total WBC counts were
observed in males from the low- and mid-dose batley
f-glucan concentrate groups. The WBC counts were
also increased in males from the high-dose group; how-
ever, the increase was not statistically significant com-
pared with controls. The increases in WBC count were
attributable to the lymphocytes as no significant changes
were noted in the numbers of other white blood cell
types, Similar effects have been observed in laboratory
animals consuming high concentrations of soluble fiber
from other dietary sources such as rice (Takenaks and
loyama, 1992). In contrast to males, WBC and lyvm-
phocyte counts in females were deereased in the high-
dose group compared with controls (P =0.05). However,
in this study, the WBC counts in the concurrent female
conirol group were considerably higher than those
in histarical controls. If the historic value for age- and
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Tahle 4
Ohrpgan 1o bady weight ratios from rals exposed 1@ barley [i-gheean concentrate for 28 duys

Dictary concentration of barley (-glican concentrale

Adrenals Kidneys Thymus Brain Spleen Heart Liver Cecum Testes
Full EmpLy
Males
Contrel 018020006 6945022 208001 63504015 | 574004 35008 322406 140412 KNI 1084 0.4
L0 0200008 644012 2282004 6654013 230:40,12% 375001 3408 1654210 33402 170027
50% 01940007 6792025 2254000 6524013 213005 350£007 3L0£05 1792 0.3% LELO0*  |L16£047

0% Q900007 66520060 2082008 6634005 2103004 A26E05G 324409 205 0.0% 4. T£0.2% 11004050

Females Crvnries

Control 032440031 7.51£021 2404%0.001 B%54024 22434007 IB1E0D] 295405 1404000 d.0410.2 0,440 40,0258
1.0%% 033860014 7242004 20320009 985030 2164007 30140013 205403 149407 17402 04540019
5.0%, 033120012 7293000 2158008 9.05:£0.13 2344006 303:E006 28812 1T.6409* 42402 0.400+0.020

10.0% 03370000 6354020 222:£0.21 9.79:0.08 2342010 30:EM16 29700 1B240.8% 5014£0.3% 0.42540.023

Meun relative organ weights in glkp of body weight {£5.E.M.) of Wistar rats {r= Sfsex/dose) consuming different dictary concentrations of barley
soluble fiber eariched with [i-plucun. Epididymus weight was also evaluated but values in treated males were not different from the values-observed
in the control gronp (data not shown). Statistical significance relative o control indicated us * £<0.03 and **# =001 by ANOYA followed by

Duinmeit's r-test.

sex-matched controls was substituted for the values
observed in the current study, a dose-dependent increase
similar in trend and magnitude to that observed in male
rats could also be implied for the females. These results
suggest that f-glucan enriched soluble fiber from barley
possesses immune modulating activily [ollowing oral
exposure. Numerous siudies have demonstrated immu-
nologic activity of P-glucan from various sources
including barley, Human macrophages appear to pos-
sess receptors for barley P-glucan (Crop and Austen,
1985) and immune stimulating activity has been repor-
ted following exposure to P-glucan (Czop and Kav,
1901 DBenzo el al, 19913, The effects of f-glucan on
immunity are commonly attributed to effects on mac-
rophages (Seljelid ot al,, 1987 Suzuki et al., 19%0) either
directly or indirectly through modulation of growth
factors and cytokines {(Rasmussen et al, 1992). The
characterized effects appear to be more directed at
modulating macrophage activity rather than on pro-
liferation (Bogwaid et al., [984; Rasmussen ¢t al., 1987,
Seljelic et al.. 1987). Results from those studies are in
agreement with the resulls of the current study in that
the number of circulating monocytes and macrophages
wits not altered from control values in any [-glucan
exposure  group. Increased lymphokine production
(TL-2, IL-4 and IFN-y) has been reported following
frglucan exposure that could lead to proliferation of
lymphocytes as was observed in the current study
(Estrada et al., 1997

Compared with concurrent controls, rats fed barley-
soluble fiber showed slight changes in some clinical
chemistry values (plasma levels of urea, total protein,
albumin, chloride, calcium) but these were not regarded
to represent adverse effects of the test substance lor the
following reasons. The increases in urea, total protein

and albumin, possibly indicating renal or hepatic toxi-
city, were not accompanied by significant changes in
other indicators of damage to the kidneys or liver.
Moreover, all values in the test groups fell within the his-
torical control range whereas several concurrent control
values were at the lower (chloride, urea) or upper (total
protein, albumin} end of this range. Finally, most of these
finding were not confirmed in the opposite sex. Despite
the ability of P-glucan-enriched preparalions to reduce
serum cholesterol, such an efect was not observed in the
present study, This doas not indicate o lack of effective-
ness of the current preparation because this toxicity study
was not designed to examine ellicacy. For example, the
diets were not formulated with supplemental cholesterol
and cholic acid, both of which are necessary to elevate
serum cholesterol in rats and thus to creale a more sensi-
tive rat model for detection of cholesterol lowering activ-
ity (Beynen et al., 1986: Abbey et al., 1993).

The current study demonstrated that daily consump-
tion ol large amounts of concentrated barley P-glucan
was not associated with any obwvious signs of toxicity
in Wistar rats. The only finding of possible biological
relevance was the increased number of circulating lym-
phoeyies and even that effect did not appear to be dose-
dependent and did not occur in the females, The highest
dietary concentration of fi-glucan from the enriched
barlev-soluble fiber administered in this study (approxi-
mately 7% B-glucan) corresponds with an overall intake
of 5.6 g [f-glucan/kg body weight/day. For a 60-kg adult,
this corresponds to 336 g of f-glucan/day, which is more
than 100-fold higher than the daily amount recom-
mended for lowering scrum cholesterol (i.e. 3 g/day). 1tis
therefore concluded that consumption of barley-soluble
fiber enriched in [-glucan is not likely to cause adverse
effects under the conditions ol intended use,
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