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Abstract

Soybean and its isoflavones have been shown to have beneficial effects on carbohydrate and lipid metabolism and on renal function.
Probiotics may potentiate the beneficial effects of isoflavones by converting the inactive isoflavone glycoside to aglycones, which are
biologically active, thereby producing a synergistic effect. We therefore studied the effects of soybean isoflavones in the presence and
absence of probiotics on glucose and triglyceride metabolism and the peptide hormones involved in their metabolism. Lean and obese SHR/
N-cp rats were fed AIN-93 diets containing 0.1% soybean isoflavone mixture, 0.1% probiotics mixture or both. Plasma was analyzed for
glucose, triglycerides, parameters of renal function and peptide hormones—insulin, leptin, glucagon and ACTH—that are involved in
glucose and lipid metabolism. Isoflavones given alone lowered plasma glucose in both phenotypes while triglyceride was decreased only in
lean animals. Isoflavones also lowered aspartate amino transferase and alanine amino transferase in both phenotypes. Isoflavones had
significant effect on plasma insulin, leptin and glucagon in lean rats but not in obese rats. Thus, our data show that in lean animals,
isoflavones have hypoglycemic and hypolipidemic effect, and the effect is mediated by changes in peptide hormones. When lipid levels are
very high as in obese rats, isoflavones fail to lower plasma triglyceride levels. Probiotics do not appear to enhance the effect of isoflavones.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction cholesterol, which is one of the major risk factors of
cardiovascular disease [2-9].

The lipid-lowering effect of soy protein is well
documented. Recent studies in normal and hypercholester-
olemic human subjects confirm the reduction in plasma
total and non-HDL cholesterol without significant effect on
HDL cholesterol and triglycerides by soy protein [10-12].
However, it is not clear whether the effect of soy protein is
related to isoflavones. Similarly, the data are lacking on the
effect of isoflavones on serum triglyceride and uric acid.
This is of interest, since both hypertriglyceridemia and
hyperuricemia are known to have an independent relation-
ship with other cardiovascular risk factors, such as obesity,
type II diabetes mellitus and hypertension, which are major
components of the insulin resistance syndrome [13—18].
Moreover, an elevated serum triglyceride level is not

In recent years, there has been a considerable interest in
the effects of soybean and soy-based products in human
health, especially their potential role in cardiovascular
disease. This was further spurred by the approval by the
United States Food and Drug Administration in October
1999 of a health claim by food manufacturers that
consumption of 20 g of soy protein, as part of a diet low
in saturated fat and cholesterol, may help reduce the risk of
coronary heart disease [1]. This claim is based on
accumulated evidence from numerous studies in humans
and animals, showing that soy protein reduces serum
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only a common lipid abnormality in free-living individuals
but also an independent risk factor for coronary artery
disease [19-21].
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There have been few studies suggesting that soy foods
may have beneficial effect on obesity and diabetes [22].
However, the studies on the effects of soy on glucose
metabolism are lacking. Taha and Wasif [23] reported that
in alloxan diabetic hypercholesterolemic rats, soy flour
added to whole durum meal lowered the elevated plasma
glucose concentration. However, in obese Wistar fatty rats,
Iritani et al. [24] observed no significant difference between
dietary soy protein and casein on plasma glucose concen-
tration. Thus, the effect of soy protein and isoflavones on
glucose metabolism is unclear. In addition, studies on the
effect of probiotics on carbohydrate metabolism are also
lacking. Therefore, in the present study, we sought to
determine whether soy isoflavones and/or probiotics from
lactobacilli have significant effect on carbohydrate metab-
olism and triglyceride in a genetic model of obesity and
diabetes, and compared it to lean controls. Secondly, since
carbohydrate and lipid metabolisms are influenced by
peptide hormones, we further studied the effects of soy
isoflavones and probiotics on peptide hormones involved in
their metabolism.

Commonly used probiotics have been shown to have
beneficial effects on cholesterol metabolism in vitro [25,26].
The data on the effects of probiotics on LDL cholesterol in
animal studies are equivocal [27]. Similarly, some evidence
exist that combined use of probiotics and soygerm powder
may enhance beneficial effects of probiotics [28]. The
effects of probiotics on triglyceride and glucose metabolism
are lacking.

The SHR/N-cp rat is a genetic animal model of obesity
and type II diabetes mellitus and exhibits many feature
characteristics of the insulin resistance syndrome, namely
glucose intolerance, hyperinsulinemia, hypercholeste-
rolemia, hypertriglyceridemia and mild hypertension
[29-32]. The purpose of this study is to determine the
effects of soy isoflavones on glucose and triglyceride
metabolism and the hormones influencing their metabo-
lism. The second aim of the study is to determine whether
probiotics have additive or synergistic effect with iso-
flavones on these parameters.

2. Material and methods
2.1. Animals

Thirty-two male lean and 32 male obese SHR/N-cp rats
were obtained from the National Institutes of Health at
approximately 5—-6 weeks of age. At this age, obesity is
already evident in SHR/N-corpulent (cp/cp) rats as indicated
by higher body weight (average, 125 g) than their lean
littermates (average, 96 g) and increased abdominal girth.
The experimental protocol was approved by the Institutional
Animal Care and Use Committees of the Agricultural
Research Service, U.S. Department of Agriculture,
Beltsville, MD, and by the George Washington University,
Washington, DC. All animals were housed individually

in stainless steel wire cages with controlled temperature
(21-23°C) and relative humidity (40-50%) and main-
tained on a reverse 12-h dark (0900-2100 h) and light
(2100-0900 h) cycle.

2.2. Diets and experimental protocol

All animals were provided with a Purina rat chow and
were maintained on this diet for 2 weeks until 7-8 weeks of
age. Food and water were consumed ad libitum. The rats
were then randomly divided into four groups of eight lean
rats and four groups of eight obese rats and fed AIN-93 diet
[33]. Group 1 rats were fed 20% casein; group 2 rats were
fed 20% casein with 0.1% soybean isoflavone mixture
containing genistein, daidzein and glycetin; group 3 rats
were fed 20% casein with 0.1% probiotic mixture (10'°
colony forming units) containing Lactobacillus acidophilus
(LA 140), Lactobacillus casei subsp. casei (LC 107) and
Bifidobacterium bifidum (BBL 730) and group 4 rats were
fed 20% casein with 0.1% isoflavone mixture and 0.1%
probiotic mixture. All diets were identical and contain
similar amounts of protein, fat, carbohydrates, minerals and
vitamins. All diets contained (g/kg) dextrinized cornstarch,
155; sucrose, 100; soybean oil, 40; cellulose, 50; mineral
mix (AIN-93M-MX), 35; vitamin mix (AIN-93-VX), 10;
L-cystine, 1.8; choline bitartrate, 2.5; and fert-butylhydroqui-
none, 0.008. Casein and L-cystine were purchased from
Sigma, St. Louis, MO. Soy isoflavone mixture was obtained
gratis from Protein Specialties Division, Archer Daniels
Midland, Decatur, IL. tert-Butylhydroquinone was pur-
chased from Aldrich, Milwaukee, WI. All other ingredients
were purchased from Dyets, Bethlehem, PA.

The diet was supplemented with the probiotic mixture to
obtain enhanced intestinal milieu. When probiotics mixture
was added to diets, Lactobacilli and Bifidobacterium strains
showed growth of 131x10® and 35x 10 respectively. In
view of these results, we attempted to supplement the rats
fed with mixture of probiotics concentration to meet
nutritional requirements.

Table 1
Effects of soy isoflavones and probiotics on plasma glucose and triglyceride
in a genetic model of obesity and diabetes

Phenotype  Diet Glucose (mmol/L)  Triglyceride (mmol/L)

Lean Casein 19.89+£2.90 0.81£0.05
Isoflavones 14.36+2.71 0.61+0.04
Probiotics 19.92+3.84 0.76+0.16
I+P 18.87+2.41 0.63%+0.10

Obese Casein 27.24+3.13 5.55+£0.47
Isoflavones 19.95+2.95 7.10+£0.26
Probiotics 26.06+3.09 5.99+0.14
I+P 27.51+2.36 8.34£0.27

ANOVA Phenotype P<.001 P<.0001
Diet NS NS
PxD NS P<.018

Values are means+S.E.M. of eight rats.
[+P, isoflavones+ probiotics; PxD, phenotype X diet.
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Table 2
Effects of soy isoflavones and probiotics on plasma enzymes in a genetic
model of obesity and diabetes

AST (uKat/L) ALT (uKat/L) LDH(uKat/L)

Phenotype  Diet

Lean Casein 2.5154+0.04 1.103£0.02 4.991£0.52
Isoflavones 1.843+0.13 0.615+0.04 5.775+£0.49
Probiotics ~ 2.302+0.03 1.117+0.05 6.318+0.44
I+P 1.037£0.08 0.554+0.09 4.22240.64

Obese Casein 8.373£0.06 6.570£0.06 42.664+5.2
Isoflavones 4.222+0.09 3.773£0.15 29.362+4.8
Probiotics ~ 7.2154+0.17 8.735+0.12 41.381+4.9
I+P 4.402£0.05 4.758%0.10 47.287+8.8

ANOVA Phenotype P <.0001 P<.0001 P<.0001
Diet P<.017 P<.018 NS
PxXD NS NS NS

Values are means+S.E.M. of eight rats.
1+P, isoflavones + probiotics; PXD, phenotype X diet.

All animals were fed the experimental diets for 20 weeks
and weighed biweekly throughout the study. Food intake
was measured biweekly over 2-day period. At the end of the
feeding period, after an overnight fast, animals were
anesthetized under carbon dioxide and blood was drawn
by cardiac puncture. Blood was collected in tubes contain-
ing EDTA (1.4 g/L) and Trasylol (100 kU/L), and plasma
was separated for subsequent biochemical analyses and
stored at —70°C.

2.3. Analytical measurements

Plasma was analyzed using Alcyon analyzer, ATAC 8000
(Abbott Laboratories) and kits from Elan Diagnostics for
glucose (cat. #s. 532-018), triglyceride (cat. # 589-018),
creatinine (cat. # 518-480), blood urea nitrogen (BUN) (cat.
# 512-028), uric acid (cat. # 590-008), aspartate amino
transferase (AST) (cat. # 536-018), alanine amino transfer-
ase (ALT) (cat. # 538-018) and lactate dehydrogenase
(LDH) (cat. # 550-018). Protein was determined by the
method of Lowry et al. [34]. Plasma insulin and leptin were
measured by ELISA using kits from ALPCO (cat. # 008-10-
1145-01 and 022-LEP-R61, respectively). Plasma glucagon
and ACTH were measured by radioimmunoassays using kits
from ICN Biomedicals (cat. # 07-152101 and 07-106101).

Table 3

Lactobacilli from feces of rats fed the mixture of
probiotics were enumerated anaerobically as described by
Gilliland et al [35]. Bifidobacterium counts were deter-
mined anaerobically according to the method of Doleyres
et al. [36].

2.4. Statistical analysis

Results are expressed as meanzstandard error of the
mean (S.E.M.). Comparisons between groups were made
using two-way analysis of variance (ANOVA). When an
effect was statistically significant (P <.05), mean compar-
isons were done. A Sidak adjusted significance level was
used for the pairwise comparisons of the means so that the
overall significance level was .05.

3. Results

The effects of isoflavones and probiotics on plasma
glucose and triglycerides are summarized in Table 1. Plasma
glucose is higher in this rat model compared to Sprague—
Dawley rats. There was a significant phenotypic effect on
plasma glucose being higher in obese rats than in lean
phenotypes. Isoflavones alone appear to lower plasma
glucose in both phenotypes, but when combined with
probiotics, the effect is not present. Plasma triglyceride
was 7- to 10-fold higher in obese rats than lean rats. There
was an interaction between isoflavones and probiotics in
different phenotypes. Thus, isoflavones appear to lower
triglycerides in lean rats but not in obese rats. Probiotics had
no significant effect on plasma triglycerides in either lean or
obese rats.

Table 2 summarizes the data on the effect of isoflavones
and probiotics on plasma enzymes AST, ALT and LDH,
which are involved in liver function. All of the parameters
were significantly higher in obese rats than in lean
littermates. There was also a significant diet effect on
AST and ALT. Isoflavones significantly decreased both
enzymes in lean as well as obese phenotypes. The decrease
was observed in the absence as well as the presence of
probiotics. Isoflavones had no significant effect on plasma

Effects of soy isoflavones and probiotics on plasma creatinine, BUN, protein and uric acid in a genetic model of obesity and diabetes

Phenotype Diet Creatinine (umol/L) BUN (mmol/L) Protein (g/L) Uric acid (pmol/L)
Lean Casein 34.48+3.54 7.05+0.49 80.38+8.42 239.11£35.09
Isoflavones 29.17£2.65 7.3440.55 60.76+4.50 190.34+32.71
Probiotics 30.94+2.86 6.47+0.49 60.79+2.81 217.70+33.76
I+P 28.294+3.25 6.83+0.51 60.69+2.53 195.69+42.74
Obese Casein 21.22+3.59 8.20%0.57 70.31+£3.20 277.18+41.04
Isoflavones 15.91+2.51 7.41+0.49 80.13+2.71 205.21+35.06
Probiotics 24.75+3.83 8.06+0.42 60.83+8.44 249.82+38.29
I+P 15.914+3.24 6.884+0.39 80.68+6.40 267.66+27.19
ANOVA Phenotype P<.0001 P<.043 NS NS
Diet NS NS NS NS
PxD NS NS P<.052 NS

Values are means+S.E.M. of eight rats.
I+P, isoflavones + probiotics; P XD, phenotype X diet.
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Table 4

Effects of soy isoflavones and probiotics on plasma peptide hormones in a genetic model of obesity and diabetes

Phenotype Diet Insulin (pmol/L) Leptin (ng/L) Glucagon (pmol/L) ACTH (nmol/L)
Lean Casein 192.2+26.1 11.33+2.60 228.2+ 76.5 1.70+£0.47
Isoflavones 76.8+10.2 2.79+0.32 137.5+37 2.024+0.44
Probiotics 181.5+21.4 8.83+0.96 223.6+70.8 0.93+0.24
+P 103.7£14.5 3.25+0.41 114.0+38 0.66+0.20
Obese Casein 28861240 78.40+10.2 372.3+43.8 1.12+0.24
Isoflavones 3151+233 89.08+11.6 281.0+37 0.86+0.25
Probiotics 46474355 88.89+9.8 344.4+76.5 0.98+0.22
I+P 46021358 68.25+8.4 340.3+40 0.89+0.24
ANOVA Phenotype P<.0001 P<.001 P<.0003 NS
Diet NS NS NS NS
PxD P<.05 P<.05 NS NS

Values are means+S.E.M. of eight rats.
I+P, isoflavones+ probiotics; PxD, phenotype X diet.

LDH. Probiotics alone had no significant effect on any of
these enzymes.

Since isoflavones significantly decreased kidney weight
in lean and obese rats [37], we studied the effects of
isoflavones and probiotics on the parameters of kidney
function. Plasma creatinine levels were lower in obese rats
than lean rats while BUN levels were higher in obese rats
than lean rats (Table 3). The effects of isoflavone appeared
to be different in lean obese rats. In lean rats, isoflavones
decreased plasma protein and uric acid levels but not in
obese rats. Thus, there was no overall significant effect of
isoflavones or probiotics on any of these parameters.

Table 4 summarizes the effects of isoflavones and
probiotics on plasma levels of insulin, leptin, glucagon
and ACTH in lean and obese SHR/N-cp rats. Note that
plasma insulin, leptin and glucagon were significantly
higher in obese rats than in lean littermates. Isoflavones
lowered plasma insulin, leptin and glucagon in lean rats but
not in obese phenotypes. Probiotics increased the levels of
insulin and leptin in obese rats but not in lean rats. There
was a significant interaction between phenotype and diet for
insulin and leptin, thereby negating the diet effects of
isoflavones on plasma insulin leptin in these rats. Neither
phenotype nor diet had any significant effect on plasma
ACTH levels.

4. Discussion

We have previously described the effects of isoflavones
and probiotics on body weight, fat distribution, cholesterol
metabolism and steroid and thyroid hormones in this animal
model [37]. In the present study, we did not observe overall
significant effect of isoflavones on plasma glucose or
triglycerides though both were lowered in lean animals.
Our results are thus similar to previous results observed by
us using soy protein [21,38,39]. Thus, soy protein or soy
isoflavones [2-9] affect cholesterol but not plasma glucose
or triglyceride levels in obesity or diabetes. It is interesting
to note that previous studies in humans have shown that soy
polysaccharide [40,41] but not soy protein [42,43] lowers
postprandial glucose and triglyceride concentrations. How-

ever, in male Wistar rats, Lavigne et al. [44] observed lower
fasting plasma glucose and lower incremental area under the
curve glucose after an intravenous glucose load than casein.

Hypertriglyceridemia is a characteristic lipid abnormality
in obesity and type II diabetes mellitus and has been linked
to the development of fatty liver in obesity [10,45].
Numerous studies in experimental animals and humans
have documented the hypolipidemic effects of soy protein
[2-12]. In the present study, soy isoflavones reduced
triglycerides in lean rats by 25%, but in obese rats, there
was no significant effect. The levels of triglyceride in obese
rats were 7- to 10-fold higher than in lean rats, and that soy
isoflavones may not be effective in lowering triglycerides
when levels are extremely high.

We have previously shown that isoflavones significantly
lowered liver weight in both lean and obese SHR/N-cp rats
[37]. However, the data on the effects of isoflavones and
probiotics on plasma levels of enzymes that are involved in
liver function are lacking. We observed significant decrease
in AST and ALT in rats fed isoflavones while feeding
probiotic mixture had no significant effect. Li et al. [46] fed
a probiotic mixture to obese mice along with high-fat diet
and observed decrease in serum ALT levels. Lower levels of
ALT were also observed in hinds fed a probiotic mixture
[47]. Thus, our results in rats differ from those in obese mice
and hinds. In the present study, neither isoflavones nor
probiotics had any significant effect on LDH. Choi and Lee
[48] have reported a dose-dependent effect of genistein on
LDH in rat brain, the level being higher at high dose (20 mg/
day) and lower with lower dose of genistein (2 mg/day). In
the present study, the activity of all three enzymes was
higher in obese phenotypes compared to lean.

Isoflavones alone appeared to reduce plasma creatinine,
BUN and uric acid in obese rats and plasma creatinine,
protein and uric acid in lean rats. However, the effects were
not statistically significant. In earlier study, soy protein also
failed to show any significant effect on these parameters in
two different rat models [21]. In humans, Garrel et al. [49]
have reported increased plasma uric acid after ingestion of
soy protein compared to casein or lactalbumin. It thus
appears that neither soy protein nor its isoflavones have
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significant beneficial effect on renal function. However, soy
protein has been shown to retard the development and
progression of chronic renal disease in humans and animals
[50-59]. However, this effect may not occur when there is
persistence of diabetes and insulin resistance as in SHR/N-
cp rat [38] or in patients with type II diabetes mellitus,
obesity and hypertension [12].

The effects of isoflavones and probiotics on peptide
hormones are not well defined. In the present study, neither
isoflavones nor probiotics had significant effect on plasma
insulin levels in obese rats, but isoflavones did decrease
plasma insulin, leptin and glucagon in lean rats. Persky et al.
[60] also observed no significant effect of isoflavones on
plasma insulin in hypercholesterolemic postmenopausal
women. In postmenopausal women, Goodman-Gruen and
Kritz-Silverstein [61] reported that the consumption of
isoflavones was associated with lowered plasma insulin
response to glucose load. Akahoshi et al. [62] reported that
consumption of soy protein compared to casein lowered
plasma insulin levels in rats. Several other studies [63—66]
have also reported lower insulin concentration and increased
insulin sensitivity in rats fed soy protein compared to those
fed casein. Thus, soy protein may act differently than the
isoflavones present in soybean or that isoflavones are less
effective than soy protein in affecting peptide hormones. In
the present study, we observed low insulin/glucagon ratio in
obese rats but not in lean rats fed isoflavones. Sanchez and
Hubbard [67] also observed low postprandial insulin/
glucagon ratio in humans after a single meal containing
soy protein compared to casein.

The data on the effect of probiotics on plasma insulin and
glucagon levels are lacking. In Holstein cows, direct-fed
microbial supplementation increased plasma insulin and
glucose levels during postprandial period [68]. In our study,
probiotics had no significant effect on plasma insulin or
glucagon levels in rats.

In the present study, we observed a differential effect of
isoflavones on plasma leptin levels. Isoflavones significant-
ly lowered plasma leptin in lean rats but not in obese
phenotypes. Soy protein compared to casein has been
reported to lower plasma leptin, though not significantly,
in male rats [62]. In humans also, high dose of isoflavones
had no significant effect on plasma leptin levels [69]. Lack
of effect of isoflavones on plasma insulin, leptin and
glucagon in obese rats may, in part, explain the lack of
effect of isoflavones on plasma triglyceride in obese rats.
Probiotics had no significant effect on plasma leptin in
either lean or obese rats. In healthy male and female
subjects, administration of Lactobacillus plantarum 299 v
was shown to reduce plasma leptin levels [70].

In our study, plasma ACTH levels were not significantly
altered by either isoflavones or probiotics. Lephart et al. [71]
observed significantly increased plasma ACTH levels in
male rats fed phytoestrogens. Thus, the data on the effects of
isoflavones and probiotics on plasma peptide hormones are
equivocal and need further study.

In summary, we have shown that soy isoflavones lower
plasma glucose and triglyceride levels in animals. However,
when levels of triglycerides are extremely high as observed
in obese rats, isoflavones fail to lower the triglyceride
levels. Further, changes in glucose and triglycerides are
brought about by the changes in the peptide hormones that
control their metabolism. Our data also show that pro-
biotics that were used in the present study do not potentiate
the beneficial effects of isoflavones on glucose or
triglyceride metabolism or the peptide hormones involved
in their metabolism.
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