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Abstract

An increasing number of studies indicate that dairy products, including whey protein, alleviate several disorders of the
metabolic syndrome. Here, we investigated the effects of whey protein isolate (whey) in mice fed a high-fat diet
hypothesising that the metabolic effects of whey would be associated with changes in the gut microbiota composition.
Five-week-old male C57BL/6 mice were fed a high-fat diet ad libitum for 14 weeks with the protein source being either
whey or casein. Faeces were collected at week 0, 7, and 13 and the fecal microbiota was analysed by denaturing gradient
gel electrophoresis analyses of PCR-derived 16S rRNA gene (V3-region) amplicons. At the end of the study, plasma samples
were collected and assayed for glucose, insulin and lipids. Whey significantly reduced body weight gain during the first four
weeks of the study compared with casein (P,0.001–0.05). Hereafter weight gain was similar resulting in a 15% lower final
body weight in the whey group relative to casein (34.061.0 g vs. 40.261.3 g, P,0.001). Food intake was unaffected by
protein source throughout the study period. Fasting insulin was lower in the whey group (P,0.01) and glucose clearance
was improved after an oral glucose challenge (P,0.05). Plasma cholesterol was lowered by whey compared to casein
(P,0.001). The composition of the fecal microbiota differed between high- and low-fat groups at 13 weeks (P,0.05)
whereas no difference was seen between whey and casein. In conclusion, whey initially reduced weight gain in young
C57BL/6 mice fed a high-fat diet compared to casein. Although the effect on weight gain ceased, whey alleviated glucose
intolerance, improved insulin sensitivity and reduced plasma cholesterol. These findings could not be explained by changes
in food intake or gut microbiota composition. Further studies are needed to clarify the mechanisms behind the metabolic
effects of whey.
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Introduction

The prevalence of obesity is increasing dramatically in both

Western and developing countries [1]. Therefore nutritional

approaches to prevent and control obesity are crucial to fight

the epidemic of obesity-related disorders, such as type 2 diabetes

and cardiovascular diseases.

Over the last decade, several studies have indicated that dairy

consumption has beneficial effects on life style diseases. Elwood

and colleagues [2] reported an overall survival advantage from the

consumption of milk and dairy foods based on meta-analyses of

several studies. Epidemiological studies consistently show that

dairy-product intake is inversely related to obesity, as determined

by body mass index [3–5], and the metabolic syndrome [6–8]

which is defined as a cluster of risk factors for cardiovascular

disease and type 2 diabetes [9,10]. Conclusions from intervention

studies are, however, rather inconsistent, as some studies

demonstrate a beneficial effect of dairy product intake on the

amount of body fat [11,12] whereas other studies show no effect

on body weight and other parameters related to the metabolic

syndrome [13,14]. Various milk components have been suggested

to be beneficial, including the milk proteins whey and casein. Both

are high quality proteins and contain all the essential amino acids

[15]. Recent studies indicate that whey protein in particular

reduces body weight and improves insulin sensitivity in rodent

models [16–19] as well as in humans [20–22].

Within the last years, it has become increasingly evident that the

gut microbiota (GM) plays an important role in conditions such as

obesity and type 2 diabetes [23–25]. Diet influences the

composition of the GM; especially high-fat diet [26,27] and non-

digestible carbohydrates [28], named prebiotics, are known to

have a strong impact on GM. Only a few studies have been

published regarding the influence of dietary protein quality or

quantity on the GM. Yet, whey protein has been shown to increase

the quantity of fecal lactobacilli and bifidobacteria when

compared with casein in a study by Sprong et al. [29]. Thus,

whey protein potentially influences metabolic health, and a

possible mechanism may be through changes in the GM. In this

study, we therefore investigated the metabolic effects of whey

protein compared with casein in mice fed a high-fat diet, and we

hypothesised that the effects of whey protein on the various
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hallmarks of the metabolic syndrome would be associated with

changes in the GM composition.

Results

Body weight, feed efficiency, and organ weights
Replacement of casein with whey in the diet markedly

decreased weight gain during the early weeks of the study. After

the first week of diet intervention, mice on high-fat (HF) whey had

gained 1.060.3 g of body weight compared to 4.160.3 g in the

HF casein group and 2.960.3 g in the low fat control (LF casein)

(HF whey vs. HF casein: P,0.001; HF whey vs. LF casein:

P,0.001). The difference in weekly weight gain declined the

following three weeks and thereafter the weight gain was similar

between the two HF groups. At the end of the study, this resulted

in a significantly lower final body weight in the HF whey group

(34.061.0gram) compared to the HF casein group

(40.261.3gram) (P,0.001) (Figure 1 and Table 1).

While cumulated energy intake did not differ significantly

between HF whey and HF casein group, feed efficiency was

reduced in the HF whey group compared to HF casein during the

first four weeks (P,0.001) but not during the last 10 weeks

(Table 1). Food intake was not at any time point significantly lower

in HF whey than in HF casein, indicating that palatability was not

compromised when replacing casein with whey (data not shown).

Whey reduced the relative inguinal (subcutaneous) fat pad

weight compared to casein (P,0.05, HF casein vs. HF whey) while

the relative weights of the epididymal and perirenal/retroperito-

neal fat pad (intra-abdominal fat) were unaffected by protein

source (Table 2). Consequently, body fat percentage, as estimated

by the total amount of measured fat divided by body weight, was

not significantly different between HF casein and HF whey (data

not shown). Absolute muscle weights (Table 2) and liver weights

(data not shown) did not differ between groups.

Plasma lipids
Fasting plasma total cholesterol was significantly lowered by

whey (P,0.001, HF casein vs. HF whey) to a concentration not

different from the LF casein group whereas fasting plasma

triacylglycerols and non-esterified fatty acids were similar in all

groups (Table 3).

Glycemic parameters
Fasting blood glucose prior to glucose administration during the

OGTT was significantly lower in the HF whey group compared to

HF casein (P,0.001). Even though blood glucose rose to a

significantly higher level at time = 30 minutes (P,0.05), blood

glucose was significant lower in the HF whey group compared to

the HF casein group at time = 90 (P,0.01), 120 (P,0.01), and

180 (P,0.05) minutes after glucose administration (Figure 2).

While AUC calculations did not reveal any significant difference

between HF casein and HF whey due to the higher peak of HF

whey at time = 30 (data not shown), ANOVA Repeated

Measurements revealed a significant difference in blood glucose

curves between HF casein and HF whey (P,0.05) (Figure 2). At

Figure 1. Body weight during 14 weeks of dietary intervention.
The body weight of HF whey was lower than HF casein at all times after
week 0 (P,0.05). The weekly weight gain was lower in HF whey than HF
casein at week 1, 2, and 4 (*, P,0.05). Data is presented as mean 6SEM
and compared by one-way ANOVA. HF casein, high-fat diet with casein
(n = 15), HF whey, high-fat diet with whey protein isolate (n = 15), LF
casein, low-fat diet with casein (n = 10).
doi:10.1371/journal.pone.0071439.g001

Table 1. Food intake and feed efficiency.

HF casein HF whey LF casein

Weight gain (g/cage) 0–4 weeks 49.161.5a 24.363.9b 35.362.1a,b

Energy intake (kJ/cage) 0–4 weeks 6723.3681.0a,b 7479.16344.1a 5860.36283.5b

Feed efficiency (mg/kJ) 0–4 weeks 7.3160.24a 3.2460.44b 6.0160.06a

Weight gain (g/cage) 4–14 weeks 74.167.0a 68.060.2a 38.562.1b

Energy intake (kJ/cage) 4–14 weeks 15060.16685.3 15381.861035.0 13681.0647.2

Feed efficiency (mg/kJ) 4–14 weeks 4.9060.26a 4.4660.30a 2.8160.14b

Results not sharing a common superscript differ significantly (P,0.05).
doi:10.1371/journal.pone.0071439.t001

Table 2. Body composition after 14 weeks of dietary
intervention.

HF casein HF whey LF casein

Inguinal fat (mg/g) 23.8661.85a 18.3861.64b 13.6261.10b

Epididymal (mg/g) 30.4561.36a 30.6162.33a 18.5861.12b

Perirenal and retroperitoneal
fat (mg/g)

10.0960.30a 9.5260.76a 6.4760.44b

Gastrocnemius and soleus
muscles (mg)

15465 15665 15965

Quadriceps muscles (mg) 18068 18268 191612

Results not sharing a common superscript differ significantly (P,0.05).
doi:10.1371/journal.pone.0071439.t002

Metabolic Effects of Whey Protein in Mice
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the end of the study, fasting insulin was significantly reduced by

whey feeding (P,0.01) and fasting plasma glucose was also

reduced although it failed to reach statistical significance (P,0.10,

HF casein compared to HF whey) (Table 3). Consequently, insulin

sensitivity in the HF whey group, as estimated by the Quantitative

Insulin Sensitivity Check Index (QUICKI), was markedly

improved compared with HF casein (P,0.01) (Table 3). HbA1c

was not significantly different between any of the three groups

(Table 3).

Fecal microbiota
The composition of the GM, analyzed by denaturing gradient

gel electrophoresis (DGGE), was similar between all groups at the

beginning of the experiment and after 7 weeks of diet intervention

(data not shown). After 13 weeks there was a significant difference

between high- and low-fat diets (P,0.05) while protein source did

not affect GM composition (Figure 3).

Discussion

In this study, we showed that whey reduces body weight gain,

alleviates glucose intolerance, improves insulin sensitivity and

reduces plasma cholesterol in mice fed a high-fat diet. Interest-

ingly, whey had an acute but not chronic effect on weight gain.

After the first week the effect gradually ceased but the weight

difference persisted throughout the study period. During the initial

weeks, even the control group on a low-fat diet gained more

weight than the mice fed a high-fat diet with whey. While many

studies have shown a reductive effect of whey on final body weight

the time course of the effect is typically not discussed. As estimated

by the published graphs of body weight gain in related studies,

timing is a factor that should be taken into consideration when

exploring the mechanisms of whey-reduced body weight gain. As

an example, female whey-fed C57BL/6J mice did not gain weight

during the first 10 days of the high-fat diet intervention while the

high-fat control mice immediately gained weight [18]. In another

mouse study, whey reduced weight gain gradually during the diet

intervention [30]. In one rat study, the most profound reduction in

body weight gain by whey was seen during the first week of the

diet intervention when whey protein was compared to red meat

protein [19] while Royle et al. [17] reported reduced weight gain

by whey compared to casein during both early and later weeks of

the intervention. Thus, published data indicate that whey protein

feeding requires a couple of weeks of adaption before normal body

weight gain is re-established.

Accumulated food intake was neither reduced by whey in our,

nor in the above-mentioned studies. Our data does not suggest

that changes of the composition of the GM are responsible for the

reduced body weight gain either as no difference was found on the

DGGE between casein and whey fed mice. However, early GM

changes cannot be ruled out completely as faeces was sampled

after seven and thirteen weeks of intervention where body weight

gain was unaffected by protein source. The scarcity of studies on

the effect of dietary protein on faecal GM composition might be

explained by an efficient absorption of protein in the small

intestine causing possible changes in the proximal gut to be non-

detectable when the intestinal content reaches the rectum.

As both whey and casein are high-quality protein sources it

seems unlikely that the reduced weight gain of whey-fed mice is

due to suboptimal nutrition. However, the absorption kinetics of

whey and casein are rather different. Whey proteins enter the

small intestine as intact proteins and are relatively quickly

absorbed. Casein forms a clot in the acid environment of the

stomach which causes a slower absorption [31]. One explanation

of the acute effect of whey on weight gain could be that the

postprandial amino acid delivery to the liver is too rapid to be fully

utilised by the body, at least until a certain adaptation has

occurred. This explanation is supported by the results of a study by

Lacroix et al. [32] where healthy volunteers received a meal with

different [15N]-labelled milk protein fractions. During the follow-

ing eight hours plasma amino acids, proteins, urea and urinary

urea were measured. Milk soluble protein isolate (whey protein)

caused a high but transient hyperaminoacidemia which concom-

itantly lead to an earlier and higher transfer of dietary nitrogen to

urea when compared to casein and total milk protein. Total

postprandial deamination was increased by whey protein indicat-

ing a higher degree of ‘‘protein-waste’’ and therefore a suboptimal

ability to support (muscle) growth. These findings in humans are

based on a single meal whereas the mice in our study were fed ad

libitum. Mice and rats do however tend to eat in a meal-like

pattern with three larger meals eaten during the dark phase

[33,34]. Catabolism of amino acids is an energy-consuming

Table 3. Plasma lipid profile and glycemic parameters.

HF casein HF whey LF casein

Cholesterol (mM) 4.4960.14a 3.6660.15b 3.4460.15b

Triacylglycerols (mM) 0.9260.05 0.9660.05 0.9560.04

Non-esterified fatty acids
(mM)

1.6560.10 1.7360.10 1.8060.10

Glucose (mM) 16.8860.69a 14.7560.68a,b 12.8960.68b

HbA1c (%) 4.3160.04 4.3960.04 4.2760.06

Insulin (pM) 762.16149.6a 318.4633.1b 221.0629.6b

QUICKY 0.2360.005a 0.2560.004b 0.2660.004b

Results not sharing a common superscript differ significantly (P,0.05).
HbA1c, glycated haemoglobin. QUICKI, Quantitative Insulin Sensitivity Check
Index.
doi:10.1371/journal.pone.0071439.t003

Figure 2. Oral glucose tolerance test after 12 weeks of dietary
intervention. Glucose clearance was significantly improved by whey
(P,0.05, HF casein compared to HF whey, Repeated Measurements
ANOVA and Tukey’s Post Hoc test). Asterisks indicate time points were
blood glucose in HF whey is significantly lower than in HF casein (one-
way ANOVA). * P,0.05, ** P,0.01, *** P,0.001 in comparison to HF
casein. Data is presented as mean 6SEM. HF casein, high-fat diet with
casein (n = 15), HF whey, high-fat diet with whey protein isolate (n = 15),
LF casein, low-fat diet with casein (n = 10).
doi:10.1371/journal.pone.0071439.g002

Metabolic Effects of Whey Protein in Mice
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process [35,36], hence an increased influx of amino acids into the

urea cycle as a consequence of hepatic amino acid overload after

whey intake could therefore explain the decreased feed efficiency

at week 0–4 seen in the present study. After a couple of weeks, a

physiological adaptation seems to occur and the amino acids of

whey are apparently more successfully utilized for growth in

consistency with the similar weight gain during the last period of

the study and the similar final muscle mass to HF casein. In our

study the mice were rather young (five weeks old) and displaying a

high growth rate when placed on the test diets which might have

made them even more susceptible to a possible decreased

utilisation of whey protein. In the study by Lacroix et al. [32]

total milk protein ingestion resulted in the best dietary nitrogen

utilisation suggesting that the natural combination of casein and

whey in milk is the most beneficial for growth (80:20 ratio in cow’s

milk).

Irrespective of the similar weight gain during the last ten weeks

of the study and the same relative amount of intra-abdominal fat,

whey significantly alleviated other parameters of the metabolic

syndrome compared to casein at the end of the study. Glucose

intolerance and insulin resistance were attenuated in agreement

with the findings in female C57BL/6 mice by Shertzer et al. [18].

Fasting plasma cholesterol was also lowered by whey consistent to

the results of a human dietary intervention study [21]. These

beneficial effects of whey could not be explained by changes in

feed efficiency or GM composition in our study. Whey differs,

however, from casein in other ways than absorption kinetics.

While casein is a well-defined pure protein, whey consists of a

heterogeneous group of soluble proteins that exhibits some

variation depending on the manufacturing process. For instance,

glycomacropeptide, a whey protein which has been shown to

improve several metabolic parameters as investigated by Royle et

al. [17], is removed by ion exchange and therefore is not found in

the diet tested in the present study. Generally, whey is rich in

branched-chain amino acids including leucine which have been

shown to decrease obesity, improve glycemic control and decrease

plasma cholesterol in high-fat fed C57BL/6J mice [37]. Casein is

rich in phosphor which might influence mineral absorption when

caseino-phosphopeptides are formed during casein digestion.

Since calcium binds to the caseino-phosphopeptides [38] there

might be less free calcium available for synthesis of intestinal fat-

calcium salts, leading to a smaller fat excretion and thus higher

apparent fat absorption, in casein-fed mice compared to whey-fed

mice as suggested by Pilvi et al. [30]. Thus, the higher level of

branch-chained amino acid and the potentially decreased fat

absorption might add to the explanation of the metabolic effects of

Figure 3. Fecal microbiota profile after 13 weeks of dietary intervention. Principal Component Analysis Plot based on Denaturing Gradient
Gel Electrophoresis profiles of 16S rRNA gene PCR-derived amplicons of fecal samples. Each ball represents the relative bacterial composition of one
fecal sample. No difference in gut microbiota composition was detected between HF casein (red balls) and HF whey (green balls) while the
composition significantly differed between high-fat and low-fat groups (LF casein, yellow balls) (P,0.05). HF casein, high-fat diet with casein, HF
whey, high-fat diet with whey protein isolate, LF casein, low-fat diet with casein.
doi:10.1371/journal.pone.0071439.g003

Metabolic Effects of Whey Protein in Mice
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whey compared to casein observed in this study. As our

experiment was designed to study the effects in a high-fat fed

model and therefore did not include a low-fat whey-group we

cannot rule out a potential interaction between whey and dietary

fat content.

In conclusion, whey significantly alleviated several conditions

associated with the metabolic syndrome in mice fed a high-fat diet.

The mechanisms behind the early reducing effect of whey on body

weight as well as the other metabolic effects remain to be studied

further.

Materials and Methods

Ethics Statement
The study design was approved by the National Committee for

Animal Experimentation, Ministry of Justice, Copenhagen, Den-

mark (License Number: 2007/561-1434 C1).

Experimental design
40 male C57BL/6NTac mice (Taconic, Laven, Denmark) were

purchased at the age of three weeks and housed in groups of five

with free access to food and water. Temperature was maintained

at 20–24uC, the relative humidity was 55%610% and the light

was automatically switched off from 6 pm to 6 am. During two

weeks of acclimatization, all mice were fed an Altromin 1324

standard rodent diet (Brogaarden, Denmark). At the age of five

weeks, the cages were matched by body weight and divided into

three experimental groups (‘‘HF casein’’, ‘‘HF whey’’, and ‘‘LF

casein’’) to be fed a high-fat diet with casein, a high-fat diet with

whey protein isolate, and a low-fat control diet with casein,

respectively, as described below. The groups were fed the

respective test diets for 14 weeks. Body weights were recorded

weekly and food intake was recorded twice weekly.

Test diets
The HF casein group and the LF casein group were fed the

widely used casein-based D12492 and D12450B with 60%,

respectively 10%, of energy from fat (Research Diets Inc., New

Brunswick, NJ, USA). The HF whey group received a high-fat diet

similar to HF casein except for the protein source which was

replaced with whey protein isolate (custom made based upon

D12492 by Research Diets) (Table 4). The whey protein isolate

consisted of undenatured soluble whey proteins processed by ion

exchange and ultrafiltration (NZMP, New Zealand). Amino acid

profiles of both protein sources are listed in Table S1.

Fecal sampling and analyses
At week 0, 7, and 13 weeks fecal pellets were collected in

autoclaved micro tubes (Brand, Wertheim, Germany) immediately

after defecation. If the mouse did not defecate spontaneously when

restrained it was kept in a clean cage until defecation. The samples

were initially kept on ice and subsequently stored at 280uC until

further analyses. DNA extraction, Polymerase Chain Reaction

(PCR), denaturing gradient gel electrophoresis (DGGE), and data

analyses were performed as previously described [39]. In brief,

bacterial DNA was extracted using the QIAamp DNA Stool Mini

Kit (Qiagen, Hilden, Germany). Quality and concentration of the

extracted DNA was verified on a NanoDrop 1000 Spectropho-

tometer (Thermo Scientific, USA). Genetic material was then

amplified by PCR, using primers specific to the V3 region of the

16S rRNA gene and genetic material was separated by means of

DGGE on a polyacrylamid gel containing a 30%–65% denaturing

Table 4. Detailed diet compositiona of the three experimental groups.

Group and product code HF casein (D12492) HF whey (D10082504) LF casein (D12450B)

Casein, 30 Mesh (g) 200 0 200

Whey protein isolateb (g) 0 189 0

L-Cystine (g) 3 3 3

Corn Starch (g) 0 0 315

Maltodextrin 10 (g) 125 125 35

Sucrose (g) 68.8 68.8 350

Cellulose, BW 200 (g) 50 50 50

Soybean Oil (g) 25 25 25

Lard (g) 245 245 20

Mineral Mix S10026 (g) 10 10 10

DiCalcium Phosphate (g) 13 13 13

Calcium Carbonate (g) 5.5 5.5 5.5

Potassium Citrate, 1H2O (g) 16.5 16.5 16.5

Vitamin Mix V10001 (g) 10 10 10

Choline Bitartrate (g) 2 2 2

Energy (kJ/g) 21.4 21.4 15.5

Protein (kJ%) 18 18 18

Carbohydrate (kJ%) 20 20 71

Fat (kJ%) 62 62 10

aDiets were formulated and produced by Research Diets Inc. (New Brunswick, NJ, USA).
bAlacen 895, NZMP, New Zealand.
doi:10.1371/journal.pone.0071439.t004

Metabolic Effects of Whey Protein in Mice
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gradient (100% corresponds to 7 M urea and 40% formamide).

The DGGE is further explained in Figure S1.

Oral glucose tolerance test and HbA1c
An oral glucose tolerance test (OGTT) was performed after 12

weeks of diet intervention. After an overnight fast (10 hours) the

mice were gavaged orally with a glucose solution of 2 mg glucose/

g body weight, and blood glucose was measured before dosing and

after 30, 60, 90, 120, and 180 minutes using Freestyle Mini

Glucometer (Hermedico, Copenhagen, Denmark). At week 13,

HbA1c was measured on a Siemens DCA Vantage Analyzer

(Siemens Healthcare Diagnostics, Ballerup, Denmark) by trans-

ferring 1 ml full blood from a tail vein puncture to the supplied

collection cassette.

Blood sampling and tissue collection
After 14 weeks of diet intervention, the mice were anesthetised

with a Hypnorm/Dormicum mixture (Hypnorm: 0.315 mg/ml

Fentanyl, 10 mg/ml Fluanisone; VetaPharma Ltd, Leeds, UK.

Dormicum: 5 mg/ml Midazolam; Roche A/S, Hvidovre, Den-

mark) injected subcutaneously as a 1:1:2 sterile water solution

(0.006 ml/g body weight) after an overnight fast (10 hours). Blood

was collected from the periorbital plexus in EDTA coated micro

tubes (Milian, Geneva, Switzerland) and immediately centrifuged

for plasma. The mice were killed by cervical dislocation. Liver,

fatty and muscular tissues were weighed and kept on dry ice until

storage at 280uC or fixated in formalin for future studies.

Plasma analyses
Plasma glucose, cholesterol, non-esterified fatty acids and

triacylglycerols were analysed on an automatic analyser (Cobas

Mira Plus, Roche Diagnostics, Hvidovre, Denmark) using reagents

from Horiba ABX (Montpellier Cedex 4, France). Plasma insulin

was measured by a commercial mouse ELISA kit (Mercodia,

Uppsala, Sweden). The QUICKI index was calculated based on

the logarithmic transformation: 1/(log insulin [mU/ml]+log

glucose [mg/dl]).

Statistics
Results are presented as mean 6SEM unless otherwise stated.

The Prism software package (Version 5.02, GraphPad Software

Inc., San Diego, CA, USA) and SAS Analyst (Version 9.2, SAS

Institute Inc., Cary, NC, USA) were used to manage and

statistically analyse the data. Experimental groups were compared

by one-way ANOVA and Tukey’s Post Hoc test. For the OGTT,

both one-way ANOVA on area under the curve (AUC)

calculations and Repeated Measurements ANOVA with Tukey’s

Post Hoc test were applied. When relevant, data (glucose, insulin)

was log transformed to normality. DGGE profiles were analysed

for clustering by Dice similarity coefficient with a band position

tolerance and optimization of 1% using the Unweighted Pair

Group Method with Arithmetic averages clustering algorithm

(UPGMA) and Principal Component Analysis (PCA) (BioNu-

merics, Version 4.5, Applied Maths, Sint-Martens-Latem, Bel-

gium) as previously described [39]. The significance level was set

at 0.05.

Supporting Information

Figure S1 Cluster analysis similarity tree of fecal
microbiota. Dendrogram of DGGE profiles representing 16S

rRNA gene-derived amplicons of fecal samples collected from

C57BL/6 mice fed high-fat diet with casein (red circles), high-fat

diet with whey (green circles) and low-fat diet with casein (yellow

circles), respectively, for 13 weeks. Each horizontal lane represents

one fecal sample (indicated by an arrow) and each band (black

line) on a lane represents in principle one bacterial species. The

larger the distance between two samples in the dendogram the

more different their compositions are. The mice clustered strongly

after gel which was included as a factor in the statistical analysis.

Principal Component Analysis revealed a significantly different

clustering between high- and low fat groups (P,0.05) demon-

strating different fecal microbial composition while there was no

effect of protein source. DGGE, denaturing gradient gel

electrophoresis.

(PDF)

Table S1 Amino acid profile of casein and whey protein.

(DOCX)

Acknowledgments

The authors kindly thank Martin Haupt-Jørgensen, Bartholin Institute,

and Mette Nelander and Helene Farlov, Department of Veterinary Disease

Biology, for skilled technical assistance.

Author Contributions

Conceived and designed the experiments: BT LIH KS IR ME AKH.

Performed the experiments: BT AJ IR ME. Analyzed the data: BT LIH JL

AJ DSN AKH. Wrote the paper: BT LIH JL DSN AKH.

References

1. WHO (2013) Obesity and overweight, Fact sheet Nu311. 2013.

2. Elwood PC, Givens DI, Beswick AD, Fehily AM, Pickering JE, et al. (2008) The

survival advantage of milk and dairy consumption: An overview of evidence

from cohort studies of vascular diseases, diabetes and cancer. J Am Coll Nutr 27:

723S–34S.

3. Varenna M, Binelli L, Casari S, Zucchi F, Sinigaglia L (2007) Effects of dietary

calcium intake on body weight and prevalence of osteoporosis in early

postmenopausal women. Am J Clin Nutr 86: 639–644.

4. Marques-Vidal P, Goncalves A, Dias CM (2006) Milk intake is inversely related

to obesity in men and in young women: Data from the portuguese health

interview survey 1998-1999. Int J Obes (Lond 30: 88–93.

5. Mirmiran P, Esmaillzadeh A, Azizi F (2005) Dairy consumption and body mass

index: An inverse relationship. Int J Obes (Lond)29: 115–121.

6. Pereira MA, Jacobs DR Jr, Van Horn L, Slattery ML, Kartashov AI, et al.

(2002) Dairy consumption, obesity, and the insulin resistance syndrome in young

adults: The CARDIA study. JAMA 287: 2081–2089.

7. Azadbakht L, Mirmiran P, Esmaillzadeh A, Azizi F (2005) Dairy consumption is

inversely associated with the prevalence of the metabolic syndrome in tehranian

adults. Am J Clin Nutr 82: 523–530.

8. Liu S, Song Y, Ford ES, Manson JE, Buring JE, et al. (2005) Dietary calcium,
vitamin D, and the prevalence of metabolic syndrome in middle-aged and older

U.S. women. Diabetes Care 28: 2926–2932.

9. Alberti KG, Zimmet P, Shaw J (2006) Metabolic syndrome–a new world-wide

definition. A consensus statement from the international diabetes federation.
Diabet Med 23: 469–480.

10. National Cholesterol Education Program (NCEP) Expert Panel on Detection,

Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III). (2002) Third report of the national cholesterol education

program (NCEP) expert panel on detection, evaluation, and treatment of high

blood cholesterol in adults (adult treatment panel III) final report. Circulation
106: 3143–3421.

11. Eagan MS, Lyle RM, Gunther CW, Peacock M, Teegarden D (2006) Effect of

1-year dairy product intervention on fat mass in young women: 6-month follow-
up. Obesity (Silver Spring) 14: 2242–2248.

12. Zemel MB, Teegarden D, Loan MV, Schoeller DA, Matkovic V, et al. (2009)

Dairy-rich diets augment fat loss on an energy-restricted diet: A multicenter trial.
Nutrients 1: 83–100.

13. Wennersberg MH, Smedman A, Turpeinen AM, Retterstol K, Tengblad S, et

al. (2009) Dairy products and metabolic effects in overweight men and women:

Results from a 6-mo intervention study. Am J Clin Nutr 90: 960–968.

Metabolic Effects of Whey Protein in Mice

PLOS ONE | www.plosone.org 6 August 2013 | Volume 8 | Issue 8 | e71439



14. Van Loan MD, Keim NL, Adams SH, Souza E, Woodhouse LR, et al. (2011)

Dairy foods in a moderate energy restricted diet do not enhance central fat,
weight, and intra-abdominal adipose tissue losses nor reduce adipocyte size or

inflammatory markers in overweight and obese adults: A controlled feeding

study. J Obes 2011: 989657.
15. Hoffman JR, Falvo MJ (2004) Protein - which is best? Journal of Sports Science

and Medicine; 2004.3: 3, 118–130.many ref.
16. Shi J, Tauriainen E, Martonen E, Finckenberg P, Ahlroos-Lehmus A, et al.

(2011) Whey protein isolate protects against diet-induced obesity and fatty liver

formation. Int Dairy J 21: 513–522.
17. Royle PJ, McIntosh GH, Clifton PM (2008) Whey protein isolate and

glycomacropeptide decrease weight gain and alter body composition in male
wistar rats. Br J Nutr 100: 88–93.

18. Shertzer HG, Woods SE, Krishan M, Genter MB, Pearson KJ (2011) Dietary
whey protein lows the risk for metabolic disease in mice fed a high-fat diet. J Nutr

141: 582–587.

19. Belobrajdic D, McIntosh G, Owens J (2004) A high-whey-protein diet reduces
body weight gain and alters insulin sensitivity relative to red meat in wistar rats

RID B-5741-2011 RID C-9744-2009. J Nutr 134: 1454–1458.
20. Mortensen LS, Hartvigsen ML, Brader LJ, Astrup A, Schrezenmeir J, et al.

(2009) Differential effects of protein quality on postprandial lipemia in response

to a fat-rich meal in type 2 diabetes: Comparison of whey, casein, gluten, and
cod protein. Am J Clin Nutr 90: 41–48.

21. Pal S, Ellis V, Dhaliwal S (2010) Effects of whey protein isolate on body
composition, lipids, insulin and glucose in overweight and obese individuals.

Br J Nutr 104: 716–723.
22. Baer DJ, Stote KS, Paul DR, Harris GK, Rumpler WV, et al. (2011) Whey

protein but not soy protein supplementation alters body weight and composition

in free-living overweight and obese adults. J Nutr 141: 1489–1494.
23. Turnbaugh PJ, Backhed F, Fulton L, Gordon JI (2008) Diet-induced obesity is

linked to marked but reversible alterations in the mouse distal gut microbiome.
Cell Host Microbe 3: 213–223.

24. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, et al. (2006) An

obesity-associated gut microbiome with increased capacity for energy harvest.
Nature 444: 1027–1031.

25. Larsen N, Vogensen FK, van den Berg FWJ, Nielsen DS, Andreasen AS, et al.
(2010) Gut microbiota in human adults with type 2 diabetes differs from non-

diabetic adults. PLoS ONE 5: e9085 EP -.

26. Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA, Hamady M, et

al. (2009) High-fat diet determines the composition of the murine gut
microbiome independently of obesity. Gastroenterology 137: 1716–24.e1–2.

27. Murphy EF, Cotter PD, Healy S, Marques TM, O’Sullivan O, et al. (2010)

Composition and energy harvesting capacity of the gut microbiota: Relationship
to diet, obesity and time in mouse models. Gut 59: 1635–1642.

28. Delzenne NM, Neyrinck AM, Cani PD (2011) Modulation of the gut microbiota
by nutrients with prebiotic properties: Consequences for host health in the

context of obesity and metabolic syndrome. Microb Cell Fact 10 Suppl 1: S10.

29. Sprong RC, Schonewille AJ, van der Meer R (2010) Dietary cheese whey
protein protects rats against mild dextran sulfate sodium-induced colitis: Role of

mucin and microbiota. J Dairy Sci 93: 1364–1371.
30. Pilvi TK, Korpela R, Huttunen M, Vapaatalo H, Mervaala EM (2007) High-

calcium diet with whey protein attenuates body-weight gain in high-fat-fed
C57Bl/6J mice. Br J Nutr 98: 900–907.

31. Boirie Y, Dangin M, Gachon P, Vasson MP, Maubois JL, et al. (1997) Slow and

fast dietary proteins differently modulate postprandial protein accretion. Proc
Natl Acad Sci U S A 94: 14930–14935.

32. Lacroix M, Bos C, Leonil J, Airinei G, Luengo C, et al. (2006) Compared with
casein or total milk protein, digestion of milk soluble proteins is too rapid to

sustain the anabolic postprandial amino acid requirement. Am J Clin Nutr 84:

1070–1079.
33. Rosenwasser AM, Boulos Z, Terman M (1981) Circadian organization of food

intake and meal patterns in the rat. Physiol Behav 27: 33–39.
34. Ho A, Chin A (1988) Circadian feeding and drinking patterns of genetically

obese mice fed solid chow diet. Physiol Behav 43: 651–656.
35. Gerrits WJ, Dijkstra J, France J (1997) Description of a model integrating protein

and energy metabolism in preruminant calves. J Nutr 127: 1229–1242.

36. Coles L, Rutherfurd S, Moughan P (2013) A model to predict the ATP
equivalents of macronutrients absorbed from food. Food Funct 4: 432–442.

37. Zhang Y, Guo K, LeBlanc RE, Loh D, Schwartz GJ, et al. (2007) Increasing
dietary leucine intake reduces diet-induced obesity and improves glucose and

cholesterol metabolism in mice via multimechanisms. Diabetes 56: 1647–1654.

38. FitzGerald RJ (1998) Potential uses of caseinophosphopeptides. Int Dairy J 8:
451–457.

39. Hufeldt MR, Nielsen DS, Vogensen FK, Midtvedt T, Hansen AK (2010)
Variation in the gut microbiota of laboratory mice is related to both genetic and

environmental factors. Comp Med 60: 336–347.

Metabolic Effects of Whey Protein in Mice

PLOS ONE | www.plosone.org 7 August 2013 | Volume 8 | Issue 8 | e71439


